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Abstract
The integrity of the intestinal barrier is a signi�cant contributor to various pathophysiological condi-
tions, including malnutrition. Abnormalities in the structure and function of the GI tract can lead to
increased intestinal permeability, in�ammation and severe nutrient malabsorption. Despite the im-
portance of gut function, current techniques to assess intestinal permeability are costly, invasive,
unreliable and/or dif�cult to perform in certain populations.

To address this, this thesis describes the development and validation of an optical sensing tech-
nology – transcutaneous �uorescence spectroscopy – to improve non-invasive assessment of gut
permeability. This technique involves the oral administration of �uorescein and the following mea-
surement of �uorescence signals non-invasively through the skin. The thesis �rst reports develop-
ment of computational algorithms to process transcutaneous �uorescence signals. These algo-
rithms provided successful classi�cation of �uorescence signals from different gut permeability
conditions induced in healthy volunteers.

To further optimise this technology to facilitate more widespread clinical adoption, subsequent
work focused on developing a portable optical sensor. This system utilises a �bre-optic probe
attached to a �nger clip for light delivery/collection. In vivo validation of this device demonstrated
non-invasive detection of �uorescein’s permeation under different conditions, further showcasing
potential for clinical use. A subsequent clinical study demonstrated the capability to distinguish
healthy and undernourished participants, and revealed correlation of data with existing, clinically-
approved tests.

Finally, an in vitro study was performed to evaluate permeation of �uorescein (and other �uo-
rophores) through cell monolayer models of the intestinal barrier. This study further validated �u-
orescein as a marker of impaired gut barrier function and indicated that it could provide a low-cost
alternative to larger molecules (such as FITC-dextran) for assessment of epithelial permeability in
cellular models.

Overall, this thesis reports the development and validation of a portable �uorescence sensing tech-
nology for clinical assessment of gut permeability and the implementation of computational tech-
niques for rapid clinical diagnostics/assessments.
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�.6 Comparison of different median �lter windows using the Fluorescence vs time
curves for Participant ��. Raw data is presented in blue and �ltered data is pre-
sented in red. (A)Median �lter with awindowof �. Noisewithin the raw data (blue),
manifested as rapid and discontinuous changes in amplitude, is still present in
the �ltered data (red). (B) Median �lter with a window of ��. Noise is effectively
removed from the raw data(blue), while preserving the pro�le of the curve. (C)
Medial �lter with a window of ��. Signal distortion is produced due to excessive
attenuation, leading to information loss. . . . . . . . . . . . . . . . . . . . . . 8�

�.� Exponential decay approaches: examples of �uorescence – only signals from Par-
ticipant � and ��. (A) Single (�-term) exponential decay model. The �uorescence –
only data used for the �tting is represented in blue and the starting point is deter-
mined by the Peak Time, extracted from Method � (see Section �.�.�.�). From the
predicted decay function (I(t)), in red, the parameters I� and b can be extracted
and will be used to correct for the elimination of the �uorescein in the body. The
performance of the �tting model is assessed by the R

2 and RMSE values, also
shown in the graphs. (B) Double (�-term) exponential decay model. As before, the
�uorescence data used for the �tting is represented in blue and the starting point
is determined by the Peak Time from Method �. In this case, parameters a, b, c,
and d are extracted from the predicted decay function (I(t)), in red, and will be used
to correct for the elimination of the �uorescein in the body. The performance of
the �tting model is also assessed by the R2 and RMSE values. . . . . . . . . . . 8�

�.8 Single (�-term) exponential decay �tting applied to the Fluorescence vs time curves
for all �� participants under two experimental conditions: �uorescein solution only
(left) and �uorescein solution + sugar (right). Data points used for the �tting ap-
proaches are represented in blue and the resulting �tting functions are illustrated
in red. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ��
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�.� Exponential decay �tting applied to the Fluorescence vs time curves for Partici-
pants �, 6 and 8, using the new suggested Peak Times. Data points used for the
�tting approaches are represented in blue and the resulting �tting functions are
illustrated in red. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ��

�.�� Exponential decay correction using the predicted parameters extracted from �-
term and �-term approaches. (A) Fluorescence signals from Participants � and ��
(left graphs) and the �tting functions (in red) predicted by �-term (top) and �-term
(bottom) approaches. In this case, both exponential decay �tting approaches pro-
vided R

2 values > �.���. This determined a good prediction of the clearance of
�uorescein, recovering the data on the clearance phase to a plateau pro�le (right).
(B) Fluorescence signals from Participants 8 (left graphs) and the �tting functions
(in red) predicted by �-term (top) and �-term (bottom) approaches. In this case,
both exponential decay �tting approaches provided R

2 values < �.8��. This de-
termined an inaccurate prediction of the clearance of �uorescein (see right graphs). ��

�.�� Impact of the Peak Time values on the corrected �uorescence signals. (top) Dou-
ble exponential decay �tting (red) applied to the blue data points from the �uo-
rescence signal (black). The starting point for the �tting algorithm is the original
Peak Time value for Participant � (��minutes). The corrected �uorescence data is
illustrated on the right, with a maximum peak intensity of ��.���. (bottom) Double
exponential decay �tting using in this case a modi�ed peak time of �� minutes. In
this case, the corrected �uorescence data, illustrated on the right, has amaximum
peak intensity of �.��6�. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . �6

�.�� Mean and STD �uorescence signals after the correction for the elimination of �uo-
rescein from the body is applied. Mean �uorescence-only (blue) and �uorescence
+ sugar (red) signals after applying the correction decay from the �-term model
(left) and �-term model (right). . . . . . . . . . . . . . . . . . . . . . . . . . . ��

�.�� Fluorescence vs time curves for all �� participants under two experimental condi-
tions: �uorescein solution only (blue) and �uorescein solution + sugar (red). Flu-
orescence signals for each condition were collected on different days using the
spectroscopy system displayed in Figure �.� for a total period of �8� minutes. . . ���

�.�� Mean �uorescence intensity as a function of time after ingestion of �uorescein for
the �uorescein only (solid blue line) and �uorescein + sugar (dotted red line) mea-
surements. The blue and red lines represent mean values calculated across all
�� participants. The shaded blue and red regions represent ±� standard deviation
from the mean. Peak Time and Peak Intensity values calculated from the mean
�uorescence curves are also displayed (not to be confused with the average Peak
Time and Peak Intensity values calculated amongst all �� participants, shown in
Tables �.�, �.�) and �.�. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ���
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�.�� Comparison of the parameters extracted from the �uorescence vs time curves.
(left to right) Scatter-Box plots showing the parameter values calculated using
Method �, Method � and Method �. (top to bottom) Parameters extracted from
the �uorescence curves – Peak Time, Peak Intensity, Peak AUC, Peak AUC/Slope
and Peak AUC*Peak Time. Box plots also showmedian values (red lines), 25th and
75th percentiles (upper and lower bounds of black box), most extreme data points
excluding outliers (whiskers), and outliers (red crosses) for the �uorescence only
study (blue) and �uorescein + sugar study (red). Outliers, shown for visualization
purposes only, were de�ned as points that fell below the 25th percentile or above
the 75th percentile by more than �.� times the interquartile range. All calculations
(e.g. of means, medians, etc.) and all statistical tests were performed based on
the data points from all �� participants (i.e. including outliers) in all cases. . . . . ���

�.�6 Phasor components extract from the �uorescence signals. (A) Phasor plot with
the Real (g) and Imaginary (s) components of each participant for the �uorescence-
only (blue) and �uorescence + sugar (red) studies. Mean values, as well as the
��% con�dent interval (ellipses), are also shown. (B) Vector plot of the individual
phasor components of each participant. Fluorescence-only phasor components
are represented in blue and �uorescence + sugar phasor components are repre-
sented in red. The black arrow illustrates the shift of the data from study day �
(�uorescence -only) and day � (�uorescence + sugar). . . . . . . . . . . . . . . ��6

�.�� The decision boundary generated by the SVMalgorithm implementedwith the pha-
sor components extracted from the �uorescence signals. SVM support vector are
also illustrated in the graph with circles. . . . . . . . . . . . . . . . . . . . . . . ���

�.� Compact �uorescence sensor for transcutaneous assessment of gut function. (A)
Schematic diagram of the compact �uorescence sensor; (B) Custom �bre probe
diagram showing distal �bre arrangement (left) and full bundle (right). (C) Exci-
tation/emission/sensitivity spectra of optical components (including �uorescent
contrast agent) used in the compact �uorescence sensor; data extracted from
component datasheets. (D) Photograph of compact sensor deployed in a clinical
environment. The laptop shows the user interface developed for collection and
pre-processing of data. The interface can be seen in more detail in Section �.�.�.�
- Fig. �.6. A �D printed �nger clip is shown next to the �bre tip. A close-up of the
distal tip of the optical �bre probe is shown in the insert (red box). . . . . . . . . ���
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�.� Light suppression comparison between single and dual �lter con�guration. Graphs
show spectra collected using a FLAME spectrometer (Ocean Insight) when LED
excitation light (�6� nm central emission wavelength) was directed through long
pass and short pass �lters (with cut-off frequency at ��� nm) into an optical �-
bre probe connected to the spectrometer. (A) Spectra acquired for single (left)
and dual (right) �lter con�gurations with � ms integration time. Inset graphs show
close-up views of the spectra. (B) Spectra acquired for single (left) and dual (right)
�lter con�gurations with �� ms integration time. For both integration times, the
residual LED signal is considerably lower when using the dual �lter con�guration
as compared to the single �lter con�guration. . . . . . . . . . . . . . . . . . . . ��6

�.� Diagrams illustrating the arrangement of �bres at the distal and proximal ends
of the custom optical �bre probe: (A) shows the front and cross section �bre
con�guration at distal end; (B) displays the end view of the proximal ends for the
excitation branch (red �bre labelled as LED) and collection branches (labelled as
PD1 and PD2). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ���

�.� Characteristic signals obtained in vivo using the compact �uorescence sensor. (A)
Example raw data (after ampli�cation) collected with the compact sensor in a clin-
ical experiment lasting approximately ���minutes. (B) Close-up of data collected
in a single duty cycle (of �� seconds) from data displayed in (A) (as indicated by
the arrow in panel A). graphs show signals from both the Fluorescence Photodi-
ode (blue) and Backscatter Photodiode (red). ON and OFF window regions are
displayed in (B). These regions were used to extract the photodiode output volt-
ages for calculation of the normalized �uorescence signal. . . . . . . . . . . . . ��8

�.� Electronic con�guration for the compact sensor. (A) Circuit design in LTSpice to
characterize the starting point of the electronic gains suitable to amplify the pho-
todiodes signal. The values Rf, R� and R� are then used as a starting point to
design the next iterations of the electronic circuit. (B) Final version of the elec-
tronic con�guration of the compact sensor. Values of the components used in the
�nal version of the sensor are also depicted. . . . . . . . . . . . . . . . . . . . ���

�.6 The LabView user interface developed for collection and pre-processing of data.
(A) Main tab of the LabView interface showing the raw voltage data collected by
the sensor photodiodes (upper graph; PD� – Backscatter Photodiode; PD� – Flu-
orescence Photodiode), the normalized �uorescence intensity data (lower graph),
and the main sensor/acquisition controls. (B) Secondary interface tab with addi-
tional information (including mean ‘Off’ and ‘On’ data for each photodiode). . . . ���
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�.� In vitro experimental setup. (A) Photograph of experimental setup. The sensor
(placed below the laptop) collects the �uorescence intensity of �uorescein solu-
tions in transparent thermoplastic containers. Thermoplastic containers are dis-
played on the right-hand side of the image and contain aqueous �uorescein so-
lutions at concentrations of � �.���� mg/ml. Container with � mg/ml �uorescein
(i.e., baseline containing only water) is not visible in the image. This container
is located inside a black box (marked in red), which was used to minimize back-
ground signals. (B) Diagram of the inside of the black box (marked in red in panel
A) used to collect �uorescence data. The �uorescein solution is attached to the
inside of the box using �D printed supports to maintain a constant position during
measurements. The �nger clip (including the optical �bre probe) is clamped to
the �uorescein sample. The spring-loaded mechanism of the �nger clip allows a
secure and constant position to be maintained throughout the collection time. (C)
Experimental set up for Motion artifact analysis. The sensor is attached to the �n-
gertip of one of the participants and an accelerator is secured on top of the same
hand. The sensor and the accelerator were subjected to three hand-motion sce-
narios: static (no motion), low and fast movements. The accelerometer collected
data from the x, y and z-axes. . . . . . . . . . . . . . . . . . . . . . . . . . . . ��6

�.8 Laboratory validation of compact �uorescence sensor (against benchtop system)
and safety evaluation. (A) Normalized �uorescence intensity as a function of �u-
orescein concentration (in aqueous solutions) for the compact sensor (blue, left
y-axis) and benchtop system (orange, right y-axis). Concentration range: �-�.����
mg/ml. Baseline levels (signals from a concentration of � mg/ml �uorescein) for
each system were subtracted from all measurements (hence, the �rst datapoint
occurs at the origin (�,�) for both devices). (B) Temperature measurements col-
lected over a time period of � hours for two different locations: surface of the LED
(left), tip of the �bre probe (right). Temperature measurements (at the surface of
the LED) over three continuous duty cycle are presented in D. (C) Optical power
measurements collected over a time period of � hours for the same locations: sur-
face of the LED (left), tip of the �bre probe (right). Background optical power (from
ambient light) was measured and subtracted from the recorded signals. (D) Tem-
perature measurement at the surface of the LED. (left) Temperature as a function
of time for data collected over a time period of �8� minutes. (right) Close up of
the region highlighted by the red box in the left graph. This region represents three
complete LED duty cycles (illustrated with red arrows), which include � seconds
of LED on and � seconds of LED off in all three cycles. . . . . . . . . . . . . . . ���
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�.� Motion Artifact analysis: comparison of different hand-motion scenarios and com-
pact sensor stability for a period of �� minutes. (A) Displacement along the x, y
and z axes derived from the accelerometer dataset. The three motion scenarios:
static, slow and fast movements, are visually identi�able, as the frequency and
displacement patterns differ between scenarios. (B) Sensor output voltages from
both Photodiodes (PDF : Fluorescence Photodiodes and PDBS : Backscattered
Photodiodes). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ���

�.�� In vivo validation measurements in healthy volunteers. (A). Examples of Scaled
�uorescence intensity vs. time curves from compact �uorescence sensor (blue)
and benchtop system (orange) for participants � and �. Participant � shows a
typical time-resolved �uorescence curve, with a single peak followed by a decay
towards the baseline. Participant �, on the other hand, exhibits a “double peak
phenomenon” (an effect observed in certain drugs [��6] with biphasic absorption
behaviour). (B) The mean and standard deviation (STD) of the �uorescence in-
tensity vs. time curves for both the compact sensor (blue) and benchtop system
(orange). The individual scaled �uorescence intensity vs. time curves for partic-
ipants �-8 are presented in Fig. �.��. (C) The mean area under the curve (AUC)
calculated for both systems (for participants �-8). Error bars represent upper and
lower bounds on the AUC values calculated by assessing the AUC for the mean
curves ± � STD (i.e., the AUC values corresponding to the upper and lower bounds
of the shaded regions in B). Total AUC values for each participant and for themean
curves are presented in Table �.�. . . . . . . . . . . . . . . . . . . . . . . . . ���

�.�� Individual scaled �uorescence intensity vs. time curves for participants �-8. Bench-
top system – orange; compact sensor – blue. Signals were recorded for a total
of �8� minutes, with the exception of participants � and �, where data collection
issues necessitated early termination of experiments (after ��� and �� minutes
respectively). The presented �uorescence vs. time curves are scaled to their max-
imum intensity (from � – �) in order to address the different absolute values pro-
duced by the compact sensor and benchtop system (due to differences in the
detection electronics used and the corresponding outputs). This facilitated inves-
tigation of correlation between datasets collected with the two devices. . . . . . ��6
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�.�� Characterization of compact sensor under different �uorescein dose conditions.
(A) Time-resolved normalized �uorescence signals for participants �-8 (left; ���
mg �uorescein in ���ml water) and participants �-�� (right; ���mg �uorescein in
��� ml water). Participants � and � present shorter signals (��� and �� minutes
respectively) due to data collection issues that necessitated early termination of
experiments. (B) Mean (± STD) normalized �uorescence vs. time curves for both
dose conditions: ��� mg (blue), ��� mg (orange). The irregularities/discontinu-
ities observed at �� and ���minutes on the mean normalized �uorescence signal
for the ��� mg dose are a result of the shorter data collection times for partic-
ipants � and �. (C) Mean peak (maximum) intensity values extracted from the
normalized intensity curves shown in panel A. Note that the maximum intensity
values in panel C do not correlate to the maximum values observed on the curves
shown in panel B due to variability in the time at which peak intensities were ob-
served in each participant (see panel A). That is, the values reported in panel C
represent the averages of the maximum intensity values observed in each curve
in panel A. Thus, any effect of peak time is removed/ignored in the average calcu-
lation in panel C (unlike in panel B, where varying peak time leads to changes in the
location and intensity of the curve’s peak). A statistically signi�cant differencewas
observed between the ��� mg and ��� mg peak intensity values. When a correc-
tion factor (of �.�) was applied to the ��� mg peak intensity (“Corrected ��� mg”;
green bar), no statistically signi�cant difference was observed when compared
against the ��� mg dose, indicating an approximately linear relationship between
dose and peak intensity. * – p value< �.��; ns – not signi�cant. . . . . . . . . . ���

�.�� Peak Time, Total AUC and Normalized Peak Intensity values calculated from the
compact sensor datasets for all participants (P�–��). Values for participants �–��
were extracted from the full �8�minutes of collected data. Due to early termination
of data collection (explained above), parameters for participants � and � (indicated
with an *) were extracted from ��� and �� minutes of data respectively. On each
graph, data is classi�ed according to contrast agent dose (including the “Corrected
���mg” data, where data collected at ���mgwasmultiplied by a correction factor
of �.� to allow comparison to data collected at ��� mg). Bars are color-coded
based on the Fitzpatrick skin tone type for each participant (see legend). The
numbers of participants in each Fitzpatrick group are shown in the legend. Dotted
lines represent the values from the mean �uorescence vs. time curves (presented
in Fig. �.��B) for each dose condition. (A) Peak Time parameter representing the
time (in minutes) at which the signal reaches maximum intensity. (B) Total AUC.
(C) Normalized Peak Intensity representing the maximum �uorescence intensity
value for each dataset. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ���
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�.�� Characterization of benchtop system under different �uorescein dose conditions.
(A) Time-resolved normalized �uorescence signals for participants �-8 (left; ���
mg �uorescein in ��� ml water) and participants �-�� (right; ��� mg �uorescein
in ��� ml water). Participant � and � present shorter signals (��� and �� minutes
respectively) due to data collection issues that necessitated early termination of
experiments. (B) Mean (± STD) normalized �uorescence vs. time curves for both
dose conditions: ��� mg (blue), ��� mg (orange). The irregularities/discontinu-
ities observed at �� and ���minutes on the mean normalized �uorescence signal
for the ��� mg dose are a result of the shorter data collection times for partic-
ipants � and �. (C) Mean Peak (maximum) intensity values extracted from the
normalized intensity curves shown in panel A. A statistically signi�cant difference
was observed between the ��� mg and ��� mg peak intensity values (p value =
�.����). When a correction factor (of �.�) was applied to the ��� mg peak in-
tensity (“Corrected ��� mg”; green bar), no statistically signi�cant difference was
observed when compared against the ��� mg dose (p value = �.6���), indicating
an approximately linear relationship between dose and peak intensity. * – p value
<�.��; ns – not signi�cant. . . . . . . . . . . . . . . . . . . . . . . . . . . . . ���

�.�� Peak Time, Total AUC and Normalized Peak Intensity values calculated from the
benchtop system datasets for all participants (P�–��). Values for participants
�–�� were extracted from the full �8� minutes of collected data. Due to early ter-
mination of data collection (explained above), parameters for participants � and
� (indicated with an *) were extracted from ��� and �� minutes of data respec-
tively. On each graph, data is classi�ed according to contrast agent dose (includ-
ing the “Corrected ��� mg” data, where data collected at ��� mg was multiplied
by a correction factor of �.� to allow comparison to data collected at ��� mg).
Bars are color-coded based on the Fitzpatrick skin tone type for each participant
(see legend). The numbers of participants in each Fitzpatrick group are shown
in the legend. Dotted lines represent the values from the mean �uorescence vs.
time curves (presented in Fig. �.��) for each dose condition. (A) Peak Time pa-
rameter representing the time (in minutes) at which the signal reaches maximum
intensity. (B) Total AUC. (C)Normalized Peak Intensity representing themaximum
�uorescence intensity value for each dataset. . . . . . . . . . . . . . . . . . . . ���
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�.�6 Total AUC values extracted from the mean normalized �uorescence intensity vs.
time curves for both devices (left – compact sensor; right – benchtop system).
Values were extracted from data shown in Fig. �.�� (for compact sensor) and Fig.
�.��B (for Benchtop system). Statistically signi�cant differences were observed
between the ��� mg and ��� mg Total AUC values for both devices (identi�ed
by *). When a correction factor (of �.�) was applied to the ��� mg Total AUC
values (“Corrected ���mg”; green bar), no statistically signi�cant differences were
observed when compared against the ��� mg data (for both devices), indicating
an approximately linear relationship between dose and Total AUC. * – p value <
�.��; ns – not signi�cant. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ���

�.�� Characterization of compact sensor under different skin tone conditions. (A)Mean
(± STD) backscattered and �uorescence photodiode values from the �rst �� min-
utes of the collected data (i.e., where no �uorescein signal is present) for each
Fitzpatrick group (i.e. Type �, � and �/�). (B) Mean (± STD) normalized intensity
values extracted from the �rst �� minutes of data for each Fitzpatrick group. (C)
Mean (± STD) total AUC values extracted from the full normalized �uorescence vs.
time curves (�8� minutes) for each Fitzpatrick group and each dose. Note that no
error bar is shown for Type �/�, ���mg dose, as only one participant was catego-
rized into this group. (D)Mean (± STD) peak intensity values extracted from the full
normalized �uorescence vs. time curves (�8� minutes) for each Fitzpatrick group
and each dose. Bars are color-coded according to Fitzpatrick skin tone type (see
legends). The numbers of participants included in each group (including dose con-
ditions) are shown in the legends (total number of participants: n=��). Dotted lines
in A and B represent the mean values extracted from the curves averaged across
all participants (i.e. from the curves presented in Fig. �.��A for the normalized
intensity values), where Fitzpatrick classi�cation is not considered. Dotted lines
in C and D are represent the values extracted from the mean curves presented in
Fig. �.��B . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ���
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�.�8 Characterization of compact sensor under different skin tone conditions – individ-
ual values. (A)Photographs of the hands and arms of three participants represent-
ing Fitzpatrick types �, � and � (left to right respectively). (B) Individual backscat-
tered (upper graph) and �uorescence (lower graph) photodiode values averaged
over the �rst �� minutes of data (i.e., where no �uorescein signal is present). (C)
Individual normalized intensity values averaged over the �rst �� minutes of data
(i.e., where no �uorescein signal is present). Bars are color-coded according to
Fitzpatrick skin tone type (see legends). The numbers of participants included in
each group are shown in the legends (total number of participants: n=��). Fluo-
rescein doses used for each participant are indicated on the graphs. Dotted lines
represent the mean values extracted from the values averaged across all partici-
pants (i.e., with Fitzpatrick classi�cation not considered). . . . . . . . . . . . . . ���

�.�� Miniaturisation of the compact optical sensor. (A) Initial con�guration of the com-
pact sensor presented in the previous sections. Top and front view are shown. The
top view also depicts the internal electronic con�guration of the sensor, showcas-
ing the differences in size between the electronics (integrated inside the metallic
boxes) and the NI DAQ used to control and collect data. (B) First PCB design. In-
ternal parts, including the ampli�cation stages (denoted as “Amp stage”) and the
LED driver, are identi�ed. (C) Size comparison between the PCB designs and the
LED and SMA connectors. (D) Final PCB design. As before, internal parts, includ-
ing the ampli�cation stages and the LED driver, are identi�ed. (E) Current version
of the miniaturisation developed in collaboration with Dr. Nilanjan Mandal. It inte-
grates the �nal PCB design shown in (D). A battery source, as well as a touchable
screen (WIO terminal) and an SD card port are included. As in the compact sen-
sor shown in (A), the custom �bre probe is attached to the photodiodes and LED
through SMAs connectors. The distal part of the probe is then attached to the
participant using a �D printed �nger clip (not present in the image). . . . . . . . ���
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6.� Compact �bre-optic �uorescence sensor used for transcutaneous assessment of
intestinal permeability. (A) Schematic diagram of the compact �uorescence sen-
sor; (B) Custom �bre probe diagram showing distal �bre arrangement (left) and
full bundle (right). (C)Photograph of original compact sensor deployed in a clinical
environment in the UK. The laptop shows the user interface developed for collec-
tion and pre-processing of data. The interface can be seen in more detail in Fig
�.6. A �D printed �nger clip is connected to the �bre tip. The �uorescein solution
ready to be ingested by a volunteer is also shown in the photo. It contains ���mg
of �uorescein mixed with ���ml of water. (D) Photograph of the replica compact
sensor. A �bre-probe (similar to the original sensor in (C) and with the same con-
�guration as in (B)) is connected to the sensor. The �nger clip has been removed
for a better visualization of the �bre-probe. This sensor is then connected to a lap-
top (as the sensor in (C)) to collect and process the �uorescence intensity data.
(E) A close-up of the distal tip of the optical �bre probe used for both sensor (C)
and (D). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ���

6.� Electronic con�guration of Sensor � and Sensor �. Two stage ampli�cation cir-
cuit is implemented. The electronic con�guration shared between the sensors is
colored in black. Modi�cations applied speci�cally to Sensor � are shown in red. . ���

6.� Calibration experiment setup. (A) (top) Experiment set up. Fibre probe (with the
�nger clip removed) is placed inside the �D printed mount. The �D printed mount
prevents background light affecting the measurements. The �bre-probe tip is po-
sitioned perpendicular to the Fluorescence re�ectance standard and the ND Filter.
(bottom) Diagram of the set up. The different ND �lters are placed in between the
�bre-probe and the re�ectance standard to modify the amount of light re�ected
to the �bre-probe. (B) (top) Photography of the LABSPHERE Certi�ed Re�ectance
Standard used to assess the dynamic response of both compact sensors. (middle)
Illustration of the different ND Filters. The background red line helps to visualize
the different transparencies of the ND Filters. The lower the ND value, the higher
the optical transmittance achieved. (bottom) Emission and Excitation spectra, ac-
cording to the manufacturer, for the Re�ectance standards shown in (B) (top).
Excitation and Emission ranges for this re�ectance standards are ���-�6�nm and
���.6��nm, respectively, with an additional excitation band at �6�nm. . . . . . . ��6
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6.� Clinical setup of the compact transcutaneous �uorescence sensor (Sensor �). (A)
Clinical setup of the portable �uorescence sensor (main components indicated
by annotations). The laptop contains the LabView interface developed to control
and collect data from the sensor. (B) Photography of the room where Sensor � is
deployed. Laptop and sensor are both easily accessible to the clinician/user. The
participant is sat with the arm rested in a comfortable position and the �D printed
�nger clip shown in (A) is attached to the fore�nger of the participant before the
experiment starts. (C) Photography of the St Augustine Clinic (Lusaka, Zambia)
where Sensor � is deployed, and the Undernutrition study takes place. . . . . . . ��8

6.� (left) Image taken from Alshamy et al. [���] showing the morphometry measure-
ments relevant for this chapter: VH - villus height (A), CD - crypt depth (C) and
ESA - epithelial surface area (D). (right) Illustration of parameters VH and CD. In
our case, the ESA parameter, represented in green in the left image (D), is also
normalised by the size of the mucosa sample. . . . . . . . . . . . . . . . . . . �6�

6.6 (A) Photodiode output signals from both of the sensors (Sensor � in blue and Sen-
sor � in orange) for the different ND �lters. Both photodiodes (Fluorescence pho-
todiode in the left and Backscattered photodiode in the right) include a saturation
region at a value of �V, due to the con�guration of the electronic circuit. Values
used to calculate the Calibration Ratio are highlighted with a dotted red box, as
they lie within the non-saturated and non-zero regions. These are the values from
the �.6, �.8 and � ND �lters. (B) Mean ratios and SD calculated from �� repeats
on � different days following equations 6.�, 6.� and 6.� for the output values from
the �.6, �.8 and � ND Filters. (left) Individual ratios from each ND �lter - �.6 (left),
�.8 (middle) and �.� (right) - and Photodiodes, as well as the Normalised Intensity
(Norm Int) values calculated following equation �. The exact values can be ob-
served in Table 6.�. (right) Final mean and SD Calibration ratios obtained for each
photodiode as well as the Normalised Intensity are shown. These also correspond
to the values presented in Table � - as the mean and SD values calculated across
the � ND �lters and the � days - and are used to correct for differences between
the developed sensors (Sensor � and �). . . . . . . . . . . . . . . . . . . . . . �6�

6.� Photodiode and Normalised Intensity signals from the in vitro validation experi-
ment. Different �uorescein concentration, ranging from � to �.���� mg/ml of �u-
orescein, were used to validate the Calibration factors presented in Table � and
Fig 6.6. Signals from Sensor � (blue), Sensor � (yellow) and corrected Sensor �
(orange) are shown. (A)Output signals form the Fluorescence (left) and Backscat-
tered (right) photodiodes. The saturation region is also included for the PDF , as
it represents the region above which the photodiodes are saturated, which in this
case is �V. (B) Normalised Intensity signal calculated using the values from the
photodiodes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . �66
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6.8 Fluorescence Intensity signals collected from participants in Group � (Healthy vol-
unteers) using the compact Sensor �. (A) Time-resolved normalized �uorescence
signals for participants �-��. (B) Mean (± STD) normalized �uorescence vs. time
curves for participants in panel A. A wrong adjustment of the �nger clip caused
higher intensity values (from � to �� minutes) to Participant UK8 (see panel A).
This was resolved by adjusting the �nger clip. However, this dif�culted the ex-
traction of baseline signals needed for a correct signal normalization. Therefore,
Participant UK8 was not included for the calculation of the mean curve. (C) Total
AUC values and Peak (maximum) intensity values extracted from the normalized
intensity curves shown in panel A. Note that the mean values (both in Total AUC
and Peak Intensity) are extracted from the averages observed in each curve in
panel A. That is, the mean Peak Intensity shown do not correlate with the value
observed on the curve shown in panel B due to variability in the time at which peak
intensities were observed in each participant (see panel A). . . . . . . . . . . . �68

6.� (A) Linear regression model applied to Peak AUC vs L:M ratio (LMR) data. The
goodness of �t of the linear model is represented by theR2 value. Its correspond-
ing p-value is also included. The equation �tted to the data (red line) is presented
in the form of y = mx + c. (B) Linear regression model applied to the same
dataset (Peak AUC vs LMR) but, this time, values from Participant � (UK�) are not
considered. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ���

6.�� Fluorescence Intensity signals collected from participants in Group � (potential
undernourished volunteers) using the compact Sensor �. (A) Time-resolved nor-
malized �uorescence signals for participants �-��. (B) Mean (± STD) normalized
�uorescence vs. time curves for participants in panel A. (C) Total AUC values and
Peak (maximum) intensity values extracted from the normalized intensity curves
shown in panel A. Note that the mean values (both in Total AUC and Peak Inten-
sity) are extracted from the averages observed in each curve in panel A. That is,
the mean Peak Intensity shown do not correlate with the value observed on the
curve shown in panel B due to variability in the time at which peak intensities were
observed in each participant (see panel A). All participants were classi�ed as Fitz-
patrick type �/6. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ���

6.�� (A) Linear regression model applied to Peak AUC vs L:R ratio (LRR) data. The
goodness of �t of the linear model is represented by theR2 value. Its correspond-
ing p-value is also included. The equation �tted to the data (red line) is presented
in the form of y = mx + c. (B) Linear regression model applied to the same
dataset (Peak AUC vs LRR) but, this time, values from Participant � (UK�) are not
considered. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ���
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6.�� Linear regression models applied to �uorescence parameter and morphometry
data in Table 6.� and 6.�. The goodness of �t of the linear model is represented
by theR2 value. Its corresponding p-value is also included. The equation �tted to
the data (red line) is presented in the form of y = mx + c. (A) Linear regression
model applied to Peak AUC vs villus height (VH) data presented in Table 6.� and
6.� Linear regression model applied to Peak Intensity vs ESA data presented in
Table 6.� and 6.�. (C) Linear regression model applied to epithelial surface area
(ESA) vs villus height (VH) data. In this case, data includes values from within
the entire cohort of participants recruited in Zambia (n = 8�). Out of the 8� total
participants recruited, only morphometry data from 6� participants was available.
This group also includes the data from the �� participants presented in Table 6.�
and 6.�. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . �8�

6.�� Mean Photodiodes and Normalised signals extracted from the �rst �� minutes of
the datasets presented in Fig. 6.8 and 6.��. (A) Signals from compact sensor �
for experimental group �with a total of �6 participants. Data from Participant UK8
was excluded from the analysis due to data collection problems (see Section 6.�.�
for more information). Data is classi�ed in three Fitzpatrick types: type �-�, type
�-� and type �-6 and color-coded accordingly. (B) Signals from compact sensor
� for experimental group � with a total of �� participants. Data is predominately
classi�ed as Fitzpatrick types �-6 and color-coded accordingly. The total number
of participants classi�ed on each group is shown in the legend. . . . . . . . . . �8�

6.�� (A) Normalised �uorescence signals from each participant (left), as well as the
mean and STD signals (right), for group � (blue) and group � (orange). The to-
tal number of participants in each group (group � n = �6 and group � n= ��) is
also displayed. Fluorescence signals for each group were collected on different
locations using the developed sensors displayed in Figure 6.� for a total period of
�8� minutes. (B) Scatter-box plots displaying the parameters extracted from the
�uorescence vs time curves – Total AUC, Peak Intensity, Peak Time, Peak AUC,
Peak AUC/Slope and Peak AUC*Peak Time. Box plots also show median values
(red lines), 25th and 75th percentiles (upper and lower bounds of black box), most
extreme data points excluding outliers (whiskers), and outliers (red crosses) for
group � (UK - blue) and group � (Zambia - red). Outliers, shown for visualization
purposes only, were de�ned as points that fell below the 25th percentile or above
the 75th percentile by more than �.� times the interquartile range. . . . . . . . . �86

Elena Monfort-Sanchez - ��



List of Figures List of Figures

6.�� Scatter-box plots of the Peak Intensity values from each participant in Group � –
healthy and Group � – undernourished, categorised into three groups: sex (female
– F or male – M), age (younger or older than �� years old) and BMI (threshold of
��).(A) Peak Intensity values as a function of sex.(B) Peak Intensity values as a
function of age, with the threshold established at �� years old.(C) Peak Intensity
values as a function of BMI, with a cut value at ��. * - p value < �.��; ** - p value
< �.���. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . �8�

6.�6 Scatter-box plot displaying the individual and mean values of percentage of Lac-
tulose (%L) extracted from group � (blue) and group � (red). Box plots also show
median values (red lines), mean values (green lines), 25th and 75th percentiles (up-
per and lower bounds of black box), most extreme data points excluding outliers
(whiskers), and outliers (red crosses) for group � (UK - blue) and group � (Zambia
- red). Outliers, shown for visualization purposes only, were de�ned as points that
fell below the 25th percentile or above the 75th percentile by more than �.� times
the interquartile range. Mean values are calculated using all data points, including
the outliers. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ���

6.�� Linear regression models applied to percentage Lactulose, Mannitol and Rham-
nose presented in Table 6.� and 6.��. The Pearson’s correlation coef�cient is rep-
resented by the ‘r’ value. Its corresponding p-value is also included. (A) Corre-
lations between the percentage of Lactulose recovery (%L) and the percentage
of Mannitol recovery (%M), for group � (healthy controls), and the percentage of
Rhamnose recovery (%R), for group � (undernourished). (B) Correlations between
the percentage of Lactulose recovery (%L) and the Lactulose:Mannitol ratio (LMR),
for group � (healthy controls), and the Lactulose:Rhamnose ratio (LRR), for group
� (undernourished). In the case of group �, data includes values from within the
entire cohort of participants recruited in Zambia (n = 8�), with a total of �� data
points. In the case of group �, total number of data points is ��. . . . . . . . . . ���

6.�8 Phasor components extracted from the �uorescence signals from group � (blue)
and group � (red). The Phasor plot, with the Real (g) and Imaginary (s) components
of each participant, shows the distribution of the data points used for training
and validation, as well as the testing data points (highlighted with a circle). Mean
values for each group are displayed in �lled circles (group � in blue and group �
in orange). The graph also displays the decision boundary generated by the SVM
algorithm. The confusion matrix generated from the testing of the SVM algorithm
is also displayed. Metric values such as Accuracy, Speci�city and Sensitivity are
calculated from it. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ��6
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�.� Illustration of the paracellular and transcellular transport of molecules in a (A)
Healthy and (B) Compromised epithelial barrier. The formation of a polarised cell
monolayer is characterised by the presence of an apical compartment, in con-
tact with the intestinal lumen, and a basolateral compartment, in contact with
the circulatory system. The cells are linked together by the tight junction com-
plexes. The transcellular pathway is an active transport mediated by transporters
or endocitosis-exocitosis. The paracellular pathway, on the contrary, is a passive
transport mediated by the pore or leak pathways. . . . . . . . . . . . . . . . . ���

�.� (top) Schematic overview of a transwell cell culture insert. MDCK cells are seeded
on top of the permeable membrane (pore size of �.� µm) of the transwell insert.
The growth media is added to the transwell on both compartments. The com-
pound, in this case, �uorescence molecules, are added to the apical compartment
and the permeation to the basolateral compartment is measured using �uores-
cence spectroscopy. The arrows illustrate the direction of the transport of the
molecules in the transwell containers. (bottom) Photography of the MDCK cells
seeded on the transwell inserts, with the growth medium added to the chambers. ��6

�.� Microscope image of the MDCK cells at low (left) and high (right) con�uence, prior
to passaging. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ��6

�.� TEER measurement to assess MDCK monolayer integrity. The TEER measure-
ments uses two electrode, submerged separately in the apical and basolateral
compartments, to measure the resistance across the membrane. . . . . . . . . ���

�.� Process to calculate the different concentrations of EGTA. The stock concentra-
tion is used for the preparation of themaximum concentration of EGTA used in the
protocol. The rest of the concentrations are prepared using a �:� titration. A simi-
lar process was followed to prepare the ethanol, while also preventing the ethanol
from evaporating. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ��8

�.6 Con�guration of the trasnwell inserts to assess the effect of different concentra-
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labels were used for the repeat in plate �. . . . . . . . . . . . . . . . . . . . . . ���

�.� (left) Labelling of the plates used for the assessment of the permeation of the
�uorescence dies - FITC-D: FITC-dextran; FL: Fluorescein: MB: Methylene Blue -
at different concentrations (�% to ���%). (right) Dark plate used to measure the
�uorescence intensity of the dyes, after the experiments. Apical and basolateral
samples were added to the dark plate, to measure the �uorescence intensity re-
maining after � hours in both compartments. . . . . . . . . . . . . . . . . . . . ���
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�.8 (left) Labelling of the plates used for the assessment of the permeation of the
�uorescence dies - FITC-D: FITC-dextran; FL: Fluorescein: MB: Methylene Blue -
at different concentrations (�%to ���%) and with different levels of disruption
(Ethanol and EGTA at different concentrations). Each �uorescence dye had a ��-
well plate with the different concentrations and disruptor conditions. (right) Con-
trol plate used to measure the permeability of the �uorescence dyes, without any
disruption added to the wells. . . . . . . . . . . . . . . . . . . . . . . . . . . . ���

�.� TEER relative change calculated at �.� and � hours after the addition of the differ-
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�.�� (A) TER measurements collected at the start of the experiment to assess the in-
tegrity of the monolayer barrier. These measurements were taken before the �uo-
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�.�� (A) TEER relative change, calculated as (T = �hours) – (T = � hours), to assess the
integrity of the monolayer barrier for the different disruptor conditions applied.
Control values represent the change in TEER values for the wells with no disrup-
tor applied. Different concentration of Ethanol (left) and EGTA (right) are colored
coded depending on the concentration applied. (B) Mean Fluorescence Intensity
signals (from the three repeats) measured, for each concentration of �uorescein,
as well as the different disruptors applied: Ethanol (left) and EGTA (right). As be-
fore, the values are colored coded depending on the concentration of disruptor
used in each case. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ��6

�.�� (A) TEER relative change, calculated as (T = �hours) – (T = � hours), to assess the
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tor applied. Different concentration of Ethanol (left) and EGTA (right) are colored
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integrity of the monolayer barrier for the different disruptor conditions applied.
Control values represent the change in TEER values for the wells with no disrup-
tor applied. Different concentration of Ethanol (left) and EGTA (right) are colored
coded depending on the concentration applied. (B) Mean Fluorescence Intensity
signals (from the three repeats) measured, for each concentration of Methylene
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Chapter �

Thesis Overview

The outline of the thesis is as follows:

Chapter � introduces the topic of gastrointestinal permeability, including the physiology of the gut
barrier and the pathologies associated with an increased gut permeability or “leaky gut”, focusing
on Environmental Enteropathy (EE) and undernutrition. The chapter also reviews the current clinical
techniques to assess andmonitor changes in gut permeability and de�ne the limitations associated
with these techniques. We �nish the chapter by highlighting the need for better, non-invasive and
more robust tools for the assessment of gut barrier function.

Chapter � then explores the use of optical approaches for the assessment of gut permeability, in-
cluding the use of transcutaneous spectroscopy in combination with �uorescence contrast agents.
This chapter covers the topic of spectroscopy focusing on �uorescence spectroscopy and the use
of endogenous and exogenous �uorophores on clinical diagnostics. In addition, the state of the art
of �uorescence spectroscopy for the assessment of gut permeability is covered before introduc-
ing the use of transcutaneous �uorescence spectroscopy as a potential tool for the non-invasive
assessment of gut permeability.

Recognising the limitations of the current clinical techniques to assess gut permeability and the
potential of transcutaneous �uorescence spectroscopy, Chapter � introduces the technology de-
veloped by Dr Thompson and the work done to further validate the approach. First, we present a
study in healthy volunteers with different induced gut permeability conditions and the collection
of data using the �uorescence spectroscopy system. In this chapter, we explore the potential of
this spectroscopy system to differentiate between the different stages of gut permeability, focus-
ing on the development of processing and analysis strategies to capture relevant information from
the data collected. This chapter, therefore, focuses on investigating multiple computational tech-
niques for feature extraction and data classi�cation. The results from this chapter are used to
understand the effect of these approaches in the classi�cation and interpretation of the data and
their applicability in the following chapters.

The limitations associatedwith the device introduced inChapter � are further investigated inChap-
ter �, with the focus on improving areas such as deployability and cost-effectiveness. This chapter
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then presents the development of a compact transcutaneous �uorescence sensor for the assess-
ment of gut permeability to be applied in further experimental work. The chapter covers the op-
tical, electronic and software design and development of the device, together with the validation
approaches in vitro and in vivo carried out for the evaluation of its performance. To further vali-
date the device, a clinical study in healthy volunteers investigated the performance of the sensor
under different �uorophores concentrations and skin tones. Lastly, the potential of the device for
assessment of gut permeability and its further miniaturisation are discussed.

Given the results presented in Chapter �, Chapter 6 focuses on the deployment of the device in
an undernutrition clinical study in a low-income setting. In this case, the �uorescence permeability
pro�les of two cohorts - healthy controls from the UK and undernourished volunteers from Lusaka
(Zambia) - are investigated using the portable device. To collect data from both groups simulta-
neously, the development of a replica of the device from Chapter � is presented. Upon calibration
of both devices, �uorescence signals collected from both cohorts are analysed by implementing
some of the strategies presented in Chapter �. To validate the compact sensors even further,
standard measures of gut barrier integrity, such as dual sugar permeability assays or duodenal
biopsies, are correlated with the �uorescence signals.

Finally,Chapter � investigates the permeation of �uorescein and other �uorescence contrast agents
in �D monolayer models. The primary objective is to understand the �uorescein permeation ob-
served in Chapter � and 6 through a controlled in vitro model. This includes the use of malicious
components to induce various stages of barrier dysfunction. In addition, other alternative �uo-
rophores widely used in the clinical and in vitromodels are investigated with the objective of further
improve the assessment of gut permeability.

The thesis is concluded in Chapter 8 with a summary of the �ndings from each chapter, including
the limitations associated with the studies and techniques described on each section. Potential
future directions of the work here presented are also discussed with the focus on the development
of improved tools to provide further understanding on themechanisms and interactions behind gut
permeability.
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�.� Gastrointestinal Permeability
The gastrointestinal (GI) barrier plays a crucial role in maintaining homeostasis by regulating the
transport of molecules between the intestinal lumen and the circulatory system. This process,
known asmolecular transportation, involves intricatemechanisms that ensure selective permeabil-
ity while preventing the entry of detrimental substances, such as toxins, pathogens and allergens
[�, �]. Understanding the dynamics of molecular transportation across the GI barrier is essential
for elucidating the pathophysiology of various GI disorders and developing improved diagnostic
tools.

In this section, we provide an overview of the processes involved inmolecular transportation across
the GI barrier, with a focus on the paracellular pathway and the consequences associated with the
integrity of the epithelial barrier. In addition, we will also discuss about the limitations of the cur-
rent approaches for assessing gut permeability and the need for improved technologies to further
understand the complexity of this process.

�.�.� Gastrointestinal Epithelium: a multifunctional barrier
The gastrointestinal epithelium serves as a critical barrier between the external environment of
the gut lumen and the underlying tissues [�–�]. Its structure varies along the intestinal tract, with
distinctive features along its different regions [�, �]. Fig. �.� illustrates the different regions within
the small intestine.

In the small intestine, for example, the epithelial surface is characterised by �nger-like projection
called villi, which extend into the lumen [6–8]. These villi, and the microvillus within it, signi�cantly
increase the surface area to maximise the absorption of nutrients [�, 8]. At the base of these villi,
there are invaginations known as crypts of Lieberkühn [�, 8]. These structures contain stem cells
responsible for the continuous renewal of the epithelial cells, which occurs generally every �-�
days [�]. Within the gastrointestinal barrier, multiple layers contribute to its function. The outer-
most layer, the mucosal layer, provides lubrication and protection against luminal content, such
as pathogens associated molecular peptides [�–�]. Beneath the mucosal layer lies the epithelial
layer. It is composed of various cell types responsible for nutrient absorption (enterocytes), bar-
rier protection (goblet and Paneth cells) and hormone and enzymes segregation (enteroendocrine,
neuroendocrine and Paneth cells) [�–�, 8]. The harmonised function of all these cells helps main-
tain gut homeostasis and protect against pathogens, ultimately ensuring the ef�cient absorption
of nutrients [�, �]. In addition, specialised immune cells, such as intraepithelial lymphocytes and
lamina propria immune cells, are also present within the epithelial layer, contributing to immune
surveillance/regulation and defence against pathogens [�, �].

Overall, the structure of the gastrointestinal epithelium plays an important role in multiple physio-
logical processes, essentially maintaining a correct function of the gastrointestinal tract to ensure
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the overall health of the individual [�, �]. In this chapter, we will focus on the translocation of luminal
content from the small intestine to the systemic circulation and the multiple factors contributing
to the integrity of the GI epithelial barrier.

Figure �.�: (A) Illustration of the structure of the different Intestinal epithelial cells. The in-
testinal epithelial stem (IES) cells control the renewal of the epithelial barrier. New epithelial
cells migrate from the bottom of the crypt up to the crypt–villus axis (dotted arrow). Secretory
goblet cells and Paneth cells secretemucus and antimicrobial proteins to protect the epithelial
surface. (B) Key layers of the intestinal barrier. The mucus layer also contains a proportion of
the intestinal microbiota. The epithelial layer contains many specialized cell types, including
enterocytes and Paneth cells, among others. The cells in the epithelium are connected by
transmembrane protein complexes, including tight junctions, creating a physical barrier be-
tween the lumen and the lamina propria. The deeper layer, the lamina propria, is a connective
tissue layer that contains immune cells, blood vessels and lymphatic vessels.

�.�.� Molecular Transportation across theGastrointestinal Barrier
The translocation of molecules from the GI lumen to the systemic circulation is highly mediated by
the transcellular and paracellular pathways [��–��]. Fig �.� illustrates the different transportation
mechanisms present across GI epithelium.

The transcellular pathway involves the transport of molecules and ions across the epithelium of
the gut through the plasma membrane of the epithelial cells [�, ��]. The transcellular transport of
molecules is dependent on the properties of the molecule to be transported, such as size, charge
and lipophilicity [��],[��]. Their translocation from the lumen to the interspace can occur through
various mechanisms, including passive diffusion, facilitated diffusion, active transport, and en-
docytosis [��, ��]. Passive diffusion is driven by concentration gradients and occurs for small,
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Figure �.�: Illustration of the paracellular and transcellular transport of molecules in a (A)
healthy and (B) compromised epithelial barrier. The formation of a polarised cell monolayer is
characterised by the presence of an apical compartment, in contact with the intestinal lumen,
and a basolateral compartment, in contact with the connective tissue. The cells are linked
together through tight junction complexes. The transcellular pathway is an active transport
mediated by transporters or endocitosis-exocitosis. The paracellular pathway, on the contrary,
is a passive transport mediated by the pore or leak pathways. In a disrupted intestinal barrier
(B), integrity of the tight junctions is compromised increasing the inter-cellular spaces. In
more severe conditions, a third pathway, the unrestricted pathway, is generated. In this case,
large molecules, including bacteria, can freely traverse the barrier.

lipophilic molecules that can freely diffuse across the lipid bilayer of epithelial cells [��]. Facili-
tated diffusion involves the use of carrier proteins, such as peptide and amino acid transporters,
to transport molecules across the epithelial membrane, typically down their concentration gradi-
ent [��]. Active transport, on the other hand, requires energy expenditure and is often employed to
transport ions and nutrients such as peptides, against their concentration gradient [��]. Lastly, en-
docytosis and transcytosis refer to the vesicle-mediated process by which cells internalize macro-
molecules and particles by invaginating a portion of the cell membrane to form vesicles that are
subsequently transported across the cell and released into the intracellular space or vice versa
[�],[�6].

Alongside transcellular pathway, molecules, such as ions, metabolites and macromolecules can
also traverse the GI barrier via the paracellular pathway [�, ��, ��], see Fig. �.�. This route refers
to the movement of molecules between epithelial cells via the intercellular spaces, primarily me-
diated by tight junctions (TJs) [�8, ��]. These tight junctions are complex structures that play an
important role on regulating the translocation of molecules through the paracellular pathway and
on maintaining the functionality and polarity of the GI epithelial barrier [�8–��]. They consist of a
tight network of transmembrane proteins, such as claudins, occludins and zonula occludens, that
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seal the intercellular gaps between adjacent epithelial cells, forming a selective barrier that regu-
lates paracellular permeability [��, �8, ��, ��]. The paracellular translocation of molecules through
the TJs typically involves two distinct routes: the leaky and pore pathways. The leak pathway
functions as a route with limited capacity and transportation speci�city primarily determined by
molecular size rather than charge. As studied in cellular and animal models, it has been estimated
that the leak pathway allows passage of molecules with a diameter of up to ⇡�� nm through the
gut wall barrier [��, ��, ��]. The pore pathway, on the contrary, serves as a high-capacity route that
exhibits both molecular size and charge selectivity. In this case, it was estimated that molecules
with diameter up to⇡�.6 nm can traverse the gut wall barrier using this pathway [��, ��, ��].

The composition and integrity of tight junctions are dynamically regulated by various factors, in-
cluding cytokines, immune signals, dietary components, andmicrobial metabolites [��, ��]. Disrup-
tion of the epithelial barrier due to tight junction integrity and/or cell viability can lead to increased
paracellular permeability, generating an unrestricted pathway formolecules to translocate from the
GI tract to the systemic circulation [��]. In such cases, the paracellular �ux of large and potentially
pathogenic molecules such as antigens, toxins, and pathogens into the bloodstream contributes to
the pathogenesis of various disease conditions both intestinal and systemic [��, �6],[��, �8],[��].
Consequently, the process of molecular transportation across the GI barrier needs to be tightly
regulated to maintain homeostasis and prevent the translocation of pathogenic substances into
the circulatory system.

�.�.� Gastrointestinal Pathologies - the role of gut permeability
As we have previously mentioned, the integrity of the gastrointestinal (GI) epithelium is essential
for maintaining the barrier function of the gut, signi�cantly contributing to the overall health of the
body. However, various factors contribute to the impairment of the GI epithelial integrity, leading
to disruptions in barrier function and increased permeability.

The gut lumen is a non-sterile space, which contains a signi�cantly dense and diverse microbiome
[�, ��]. In normal conditions, when the integrity of the GI barrier is not compromised, the epithelial
monolayer acts a selective physical barrier, separating the microbiota from the circulatory system
and maintaining the physiological balance of both the lumen and the circulatory system content
[�6, ��, ��].

Microbiota imbalance, or dysbiosis occurs when there is an alteration in the composition or diver-
sity of the microbial community inhabiting the GI tract. This imbalance can result from antibiotic
use, dietary changes, environmental pollutants or toxins and/or any underlying medical conditions
that compromise the delicate balance of microbial populations [�]. An increase in gut permeabil-
ity, together with the translocation of bacterial products, can trigger immune and in�ammatory
responses that can lead to more severe conditions [��, ��, ��]. In patients with in�ammatory
bowel disease (IBD), for example, some proin�ammatory cytokines can play a signi�cant role in
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the pathogenesis of the disease by directly damaging the gut barrier, exacerbating the condition
[��, ��]. Other factors, such as physiological stress and genetic predisposition, also play an impor-
tant role in shaping the gut barrier integrity [��, ��].

It is known that all the factors mentioned above often coexist in a detrimental cycle, exacerbating
any underlying health condition, both systemic and intestinal [�6]. Although there is limited knowl-
edge about the mechanisms underlying the relationship between increased gut permeability and
disease, the disruption of gut barrier and the resulting increase of gut permeability, poses immense
health challenges [��]. It is therefore why the integrity of the intestinal barrier is gaining recognition
as a signi�cant contributor to various pathophysiological conditions, including in�ammatory bowel
disease (IBD), coeliac disease, Environmental Enteropathy (EE) and malnutrition.

The association between intestinal barrier dysfunction and intestinal disease has been widely re-
ported in IBD patients [��]. Consistent with this idea, increased levels of intestinal permeability
have also been found on Crohn’s disease patients prior to relapse [��–��]. In patients with coeliac
disease, compromised intestinal barrier function has also been reported, where the disease activ-
ity, and thus, the immune response to the presence of gluten/gliadin, has been positively correlated
with the increase of gut barrier damage and permeability [��, ��]. In addition, structural changes
of the epithelial barrier, speci�cally a reduction in surface area and reactive crypt hyperplasia, have
been reported in patients with coeliac disease [��]. However, the relationship between gut perme-
ability and gluten is not clearly understood [��, ��].

Environmental factors, such as urbanization/pollution, antibiotic use, hygiene status and micro-
bial exposure, have an important in�uence on the distribution of diseases around the world [��–
��]. For example, the incidence and prevalence of conditions such as IBD or celiac disease has
been predominantly reported in regions such as North America and north-western Europe [�8–��].
Environmental in�uence of gluten-containing, ultra-processed or proin�ammatory food, predomi-
nant in developed countries, could be an explanation to this distribution [��, ��]. In addition, other
pathological conditions, such as acute diarrheal and Environmental Enteropathy (EE), have been
predominantly reported in developing regions, such as South America, Africa and South Asia, with
poor sanitation, contaminated water and increased exposure to infectious agents [��–��].

EE, �rst known as “tropical enteropathy” [��], is a poorly understood condition that manifests as
complex structural and functional changes in the small intestine with reduced intestinal surface
area, chronic in�ammation, increased intestinal permeability (or leakiness) and reduced absorption
of nutrients [��, �6, ��].

�.�.�.� Undernutrition

Malabsorption of nutrients is often driven/associated with a compromised GI barrier integrity. As
we have seen, abnormal increased permeability, commonly referred to as “leaky gut syndrome”,
allows pathogens, toxins, and undigested food particles to enter the bloodstream, triggering sys-
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temic in�ammation and immune responses. Immune dysregulation may increase susceptibility
to infections, allergies, and autoimmune diseases. These conditions are also accompanied with
structural changes in the GI epithelium, including thinning of the mucosal layer and alterations in
tight junction proteins, which signi�cantly impact the ef�cient absorption of nutrients [�8, ��, ��,
�8]. Disruption of the gut barrier and the abnormal absorption of nutrients can further exacerbate
nutritional de�ciencies and impair overall health [��, ��, 6�].

Malnutrition, as de�ned by the World Health Organisation (WHO), is a condition that arises when
there is an excessive or de�cient intake of essential nutrients, accompaniedwith nutrient imbalance
or impaired nutrient utilization [6�]. It can manifest in various forms, ranging from undernutrition
to overweight and obesity, and it affects not only individuals, but also their families. Undernutri-
tion stands as a global health concern with multifaceted implications. The latest report from WHO
showed that undernutrition is associated with approximately ��% of deaths among children under
the age of � [6�], mainly located in low- and middle-income countries. It is a condition marked
by an inadequate intake of essential nutrients crucial for maintaining health and well-being [6�–
6�]. As established by the WHO, undernutrition compromises �ve subgroups: underweight, wast-
ing, stunting and de�ciencies in vitamins and minerals. A calorie undernutrition, where individuals
fail to meet their daily energy requirements, results in weight loss, diminished energy levels and a
pervasive sense of weakness [6�, 66]. Protein-Energy Malnutrition (PEM) is a severe form of un-
dernutrition that manifests as a both calories and protein intake de�ciency, often causing growth
dif�culties (stunting), muscle wasting, edema and heightened susceptibility to infections [6�, 6�].
Micronutrient-related malnutrition, such as essential vitamins and minerals de�cit, presents an
important threat to the health and development of individuals [68–��].

The prevalence and incidence of undernutrition have not been improving signi�cantly all around the
world despite the global efforts to combat hunger and malnutrition [��–��]. It remains a critical
issue in certain regions, especially in sub-Saharan Africa and South Asia [6�, ��, ��–�6]. Over the
past year, continuous effort has been focused on developing strategies to improve the nutrient
absorption of patients affected by undernutrition [6�, ��–��]

The evidence showed that the effectiveness of complementary feeding in undernourished children
is relatively thin [8�–8�]. This could be tentatively attributed to the variability between studies,
populations and strategies implemented [8�]. In addition, the malabsorption of nutrients might not
be fully resolved with complementary feeding due to underlying problems related to gut dysfunc-
tion [8�, 8�]. Multiple studies have shown bidirectional relationship between gut permeability and
undernutrition, with alterations in barrier function contributing to malnutrition and vice versa [�8].
However, the mechanisms and interactions behind changes in gut permeability and pathologies,
such as undernutrition, are still not well understood. In addition, available clinical information is
often correlative, making it dif�cult to separate cause from effect [86, 8�]. In the following section,
we discuss the current techniques used in the clinic to assess changes in gut permeability.
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�.� Current diagnostic landscape for the assess-
ment of gut permeability
The current diagnostic landscape of clinical approaches for the assessment of gastrointestinal
(GI) permeability encompasses a diverse group of methods. These approaches aim to evaluate
the integrity of the gut barrier and identify abnormalities that may contribute to disease pathogen-
esis, as we have previously discussed. Traditional methods include dual sugar permeability tests,
such as the Lactulose:Mannitol test, to provide information about the GI paracellular pathway (and
in extension tight junctions), assessment of plasma, fecal and urine biomarkers, and endoscopic
biopsies that provide a morphological description of the gut epithelium [�, ��, 88]. Additionally,
emerging technologies, such as spectroscopy or confocal laser endomicroscopy, offer more ad-
vance alternatives for assessing gut permeability [8�–��].

In the following sections, we will delve deeper in some of these approaches to understand the
current landscape within the clinic for the assessment of changes in gut permeability and their
current limitations.

�.�.� Endoscopic biopsies
Endoscopic biopsies are one of the gold standards for assessing morphology changes of gut bar-
rier in undernutrition, but it is also widely used for diagnosing other GI conditions such as IBD or
coeliac disease [��–��].

By de�nition, endoscopic biopsies encompass the collection of tissues samples from both upper
and lower parts of the gastrointestinal tract during an endoscopic procedure (including colonoscopy).
These samples are processed in a laboratory facility, where they undergo histological staining and
microscopic examination. The evaluation of the integrity of the gut barrier focuses on analysing
various aspects of the sample, including the mucosal architecture, presence of in�ammation, as
well as abnormal structural changes [�6, �8]. Biopsy markers, such as villus height (VH), crypt
depth (CD), villus to crypt ratio (VCR) and epithelial surface area (ESA) are commonly used for the
evaluation of the structural integrity of the gut [�8, ��]. Fig. �.� illustrated some of these fea-
tures.

In undernourished individuals, endoscopic biopsies collected from the upper part of the small in-
testine often reveal morphological changes that are indicative of impaired gut barrier. Some of
these changes, for example, include villous atrophy and crypt hyperplasia [�6]. Villus atrophy is
characterised by the shortening or �attening of the villi, reducing the absorptive surface. Crypts
hyperplasia, on the contrary, may occur as a compensatory response to damage or loss of the villi.
In this case, an increase in the number and depth of the intestinal crypts will occur as a measure
to renew the epithelial cells and maintain intestinal integrity [���][���]. More importantly, duodenal
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Figure �.�: Image showing the morphometry measurements: villus height (A), epithelium
height (B), crypt depth (C) and epithelial surface area (D), as well as other substructures, on
a chicken model. Image taken from Alshamy et al. [[���]].

endoscopic biopsies collected from undernourished children also revealed reduced epithelium sur-
face area (ESA), lamina propria in�ammation and decreased goblet cell density [�6, �8, ��, ���]. All
these morphological changes are clearly impacting the functionality of the gut epithelium, exacer-
bating the pathogenesis of the condition [���]. In the case of children, these morphology changes
can critically affect their future development, especially for children under the age of � years old
[���, ��6].

Although endoscopic biopsies are valuable tools for diagnosing gastrointestinal diseases and as-
sessing gut epithelium integrity, the procedure is invasive and may cause discomfort or complica-
tions, including bleeding and perforations [���–���]. This is especially important in undernourished
individuals with already in a weakened, in�ammatory state and prone to infections. For children,
in particular, because of the invasiveness of the procedure, several aspects need to be consid-
ered during an endoscopy, including any possible complication [���–���]. In addition, obtaining
informed consent from parents or guardians may be challenging, especially in low- and middle-
income populations with limited resources and cultural differences [���–���].

Overall, while endoscopic biopsies are highly invasive, they provide valuable information about the
morphology of the GI tract, and the structural changes involving conditions affecting the gastroin-
testinal tract. However, the samples only represent a small region of the gastrointestinal tract and
do not provide any functional information. In addition, confounding factors, such as in�ammation,
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infections or concurrent pathologies (i.e., HIV), can potentially complicate the interpretation of the
results.

�.�.�.� Confocal endomicroscopy

Other approaches, such as confocal endoscopic microscopy (CEM), allows for the in vivo visuali-
sation of the gastrointestinal mucosa, and their characteristic cellular and subcellular structures,
during rutinary endoscopies [���–���]. The primary advantage of CEM is the ability to provide
real-time, high-resolution images of the surface of the intestinal tract, without the need for tissue
excision. Unlike endoscopic biopsies, CEM also allows for rapid assessment of GI barrier func-
tion by evaluating the permeation of a �uorescence contrast agent, such as �uorescein through
the epithelium, which can be particularly useful for identifying areas with early signs of gut barrier
dysfunction [��6]. Compared to endoscopic biopsies, CEM does not required tissue sampling or
histological analysis. However, interpretation of the CEM images requires specialised expertise,
and the technology relies on an expensive equipment and the use of an endoscope, which does
not remove the invasiveness of the procedure and associated complications [���, ���]. In the next
section we explore some less invasive approaches to assess gut permeability such as the use of
dual sugar permeability tests.

�.�.� Permeability tests
The dual sugar permeability test is a diagnostic tool widely used to assess gastrointestinal per-
meability, speci�cally the integrity of the intestinal epithelial barrier in conditions such as malnu-
trition [���], celiac disease [��8], Crohn’s disease [���], active in�ammatory bowel disease (IBD)
and irritable bowel syndrome (IBS) [���], among others. These tests, entail the oral administration
of inert/non-metabolized, water-soluble molecules that are absorbed through the intestinal mu-
cosa into the bloodstream and are subsequently recovered in the urine. Because of their method-
ology, these approaches focus on evaluating the paracellular permeability of the ingested sugar
molecules, providing a measure of Tight Junction integrity.

�.�.�.� Lactulose:Mannitol permeability test

The Lactulose:Mannitol (L:M) permeability test has been used widely for in vivo assessment of
intestinal barrier dysfunction. Lactulose, a synthetic disaccharide, was originally developed as a
laxative in the ��6�s [���, ���]. Its poor intestinal absorption in undistorted intestinal epithelium
due to its large molecular weight (���.�� Da) made it an attractive candidate for assessing mu-
cosal integrity [���, ���]. Mannitol, on the contrary, is a naturally occurring monosaccharide that
permeatesmore easily through small channels, such as thewater pores in the intestinalmembrane,
due to its smaller molecular weight (�8�.�� Da), therefore serving as marker of normal intestinal
absorption [���].
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The earliest application of the lactulose-mannitol permeability test focused on understanding the
pathophysiology of gastrointestinal disorders, particularly IBD, including Crohn’s disease and ul-
cerative colitis [��6, ���]. Over time, the test gained popularity as a clinical tool for diagnosing and
monitoring gastrointestinal disorders characterised by increased intestinal permeability, including
malnutrition [���, ��8]. During the test, individuals, with prior instruction of overnight fast, are given
an oral solution containing both Lactulose and Mannitol. This solution typically contains a prede-
termined concentration of each sugar dissolved in water, which can vary depending on the study.
Urine samples are then collected, usually over a period of 6 hours after consuming the solution.
Finally, concentrations of Lactulose and Mannitol within the urine samples are measured, using
mass spectrometry, to establish the ratio between both sugar molecules.

A high ratio of Lactulose to Mannitol indicates increased permeability of the gut epithelium, which
may be indicative of conditions such as IBD, celiac disease or malnutrition [���, ���, ��8, ���]. This
is because lactulose, being the larger molecule, would normally have less passage through the
intestinal barrier compared to mannitol. Lactulose and mannitol permeability test has also been
used to assess gut permeability in young children with malnutrition and diarrhoea [���, ��8, ���,
���], due to its non-invasive nature and simplicity of administration. However, Lactulose and Man-
nitol permeability test presents several limitations due to lack of standardization between studies
and protocols [88]. Kosek Margaret et al. for example, showed that even in studies with uniform
high-quality control strategies, such as the MAL-ED study, Lactulose:Mannitol results were not di-
rectly comparable [��8]. Ordiz et. al. also questioned the reliability of the Lactulose:Manitol ratio as
a measurement of gut permeability and suggested the use of Lactulose solely as a marker of gut
health [���]. In addition, recent studies have demonstrated that baseline mannitol levels can be af-
fected by environmental contamination, due to mannitol being present in many foods, medications
and skin products [88, ���].

�.�.�.� Lactulose:Rhamnose permeability test

Rhamnose is an alternative to the use of mannitol, as it has similar molecular weight (�6�.�� Da),
and is not commonly present in food, which minimizes the probabilities of contamination of the
samples [���–���]. The Lactulose:Rhamnose (L:R) permeability test has also been used exten-
sively in both clinical settings and research studies to assess gut permeability conditions. In clini-
cal practice, L:R test has been used to diagnose conditions such as IBD and celiac disease and it
has also been used to assess intestinal permeability in malnutrition studies in children [���, ���,
���–���].

Overall, dual sugar permeability tests, such as Lactulose:Mannitol or Rhamnose, have proved to be
valuable tools for assessing gut permeability and identifying pathologies associated with increase
intestinal permeability. However, despite their potential utility and the non-invasiveness of the ap-
proaches, it is essential to acknowledge the limitations of such tests. The use of L:M ratio (and
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hence L:R ratio) was initially suggested to compensate for differences in the intestinal transit time
and intestinal surface area, renal/hepatic function and total urinary excretion [���, ��8, ���]. The
ratio between these two molecules (Lactulose:Mannitol or Rhamnose) is then clinically used as a
measure of gut permeability. However, the use of different sugar molecules and concentrations,
and variations in the urine collection times or solution administration have considerable dif�culted
the comparability of the results between studies, as demonstrated by Ref. [���–���].

Although, dual sugar permeability test, such as L:M and L:R are widely use in the clinic, the lack
of standardisation precludes the meaningful comparison between pathologies and populations
[88]. In addition, the clinical uptake of these tests is limited due to being challenging to perform in
infants and in patients with reduced urinary output [���, ���]. In addition, the need for laboratory-
based examination of the collected samples, often unavailable in low-resource settings, leads to
higher costs and a delay between administering the tests and reporting results [88]. These dis-
advantages demonstrate the need for non-invasive, reliable and rapid diagnostic tools to provide
improved assessment andmonitoring of intestinal permeability (and other aspects of gut function)
[�6, 8�].

�.� The need for better assessment of gut barrier
integrity
As we have explained previously, changes in intestinal function, particularly gut permeability, are
known to be altered in wide-ranging gastrointestinal (GI) conditions including in�ammatory bowel
disease (IBD), coeliac disease and malnutrition, and also in conditions outside the GI tract such as
schizophrenia, autism and Parkinson’s disease [��–��, ���]. Endoscopic biopsies and histopathol-
ogy, togetherwith permeability tests such as Lactulose:Mannitol or Rhamnose assays and biomark-
ers, are the techniques currently used to assess permeability in the clinic [88]. However, our pre-
vious discussion has demonstrated that clinical use of tests such as endoscopic biopsies of dual
sugar permeability tests have thus far been limited as they are either too cumbersome, too invasive,
or due to a lack of standardisation in how the tests are performed. As a result, improved diagnos-
tic tools that provide non-invasive, reliable and rapid measurements of intestinal permeability (and
other aspects of gut function) have the potential to introduce considerable clinical bene�ts [�6,
8�]. This will be especially useful in low-income regions with limited resources and in children with
additional associated risks.

Recent studies in both humans and animals have demonstrated the use of �uorescence spec-
troscopy – together with the use of �uorescence contrast agents – to non-invasively assess gut
permeability and other physiological function in the clinic [��, ���–���]. To further understand the
potential of non-invasive techniques for the assessment of gut permeability, the following chapter
further explores the use of �uorescence spectroscopy, and more speci�cally transcutaneous �uo-

Elena Monfort-Sanchez - ��



�.�. The need for better assessment of gut barrier integrity Chapter �

rescence spectroscopy, as a non-invasive, affordable approach for measuring gut permeability in
patients with intestinal conditions, including malnutrition.
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Chapter �

Fluorescence Spectroscopy for the
assessment of gut permeability
As discussed in Chapter �, the gastrointestinal tract plays an important role in the wellbeing of the
entire body, from nutrient absorption to hormone segregation and immune response. It is, there-
fore, involved in many health disorders such as coeliac disease, in�ammatory bowel disease, and
malnutrition [��, ��, �6, ���, ���]. Current techniques to assess and monitor gut function, par-
ticularly gut permeability, include endoscopic biopsies and permeability tests, such as Lactulose:
Mannitol or Rhamnose [�, ��, 88]. However, these techniques are either highly invasive, unstan-
dardised, do not allow a complete diagnosis and are dif�cult to perform in infants or patients with
urinary problems [88, ���, ���]. Moreover, the mechanism and interactions behind the role of the
GI tract in many of the above conditions and its possible repercussions are still not well under-
stood.

The use of �uorescence spectroscopy, in conjunctionwith �uorescence contrast agents, has proved
useful for the non-invasive assessment of gut permeability and other GI functions [��, ���, ��8,
���]. In this chapter, we outline the basics of optical sensing, particularly �uorescence spec-
troscopy and the use of �uorescence contrast agents, together with the application of this tech-
nique for the assessment of gut permeability. Transcutaneous �uorescence spectroscopy is par-
ticularly relevant to this thesis as it is the optical technique implemented in the following chapters
for the development of a sensor as a non-invasive, affordable approach for measuring gut perme-
ability in patients with intestinal conditions, including malnutrition.

��
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�.� Fluorescence Spectroscopy

�.�.� Photoluminiscence
Optical sensors are based on the principle of converting light, or changes in light, into an electrical
signal. In this thesis we focus on �uorescence spectroscopy. Fluorescence involves the emission
of light, following a prior excitation and absorption process.

During the process of photoluminescence, which includes �uorescence and phosphorescence, a
spontaneous emission of light is produced after the molecules are �rst excited by the absorption
of light (Fig �.�A) [���, ���]. When molecules are excited with a speci�c light wavelength, the
molecules or atoms absorb photons, which cause the electrons to pass from their ground state
to higher “excited” energy levels. Energy is then released sometimes in the form of light emission
when the electrons return to their ground level. This emitted light can be differentiated into �u-
orescence or phosphorescence depending on the relaxation process that occurs when electrons
return to their ground level [���, ���]. Fig �.�A represents the process of phosphorescence and
�uorescence along with other possible transitions in a typical �uorescent molecule.

Figure �.�: (A) Jablonski diagram illustrating the energy levels transitions often found in pho-
toluminescence processes: �uorescence and phosphorescence. Single (S�, S�, S�) and triplet
(T�) states are represented. (B) Singlet vs Triplet state representation.

Electrons present in the atoms have a speci�c spin associated with them (Fig �.�B). Generally,
these electrons paired themselves with electrons with opposite spins, resulting in a singlet state
(S) with net spin equal to zero. However, in some cases, electrons with the same spin can be paired,
resulting in a triplet state (T).

Fluorescence involves the transition between two electronic states of the same spin multiplicity
(i.e., singlet state, S). When a molecule absorbs the external energy, one of the paired electrons
transitions to higher electronic states, such as second or �rst electronic singlet state (S� and S�,
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respectively), while the other electron remains in the ground singlet state S�. This transition only oc-
curs for �uorescent molecules. For these molecules, the excitation of the electrons is wavelength-
speci�c (�) and can be caused by the absorption of a single photon or by simultaneous absorption
of several photons, known as multiphoton absorption. The probability of excited electrons return-
ing from the singlet state to the ground state S� is high, resulting in short decay times of around
10�9 to 10�7 seconds [���–���]. Transitions from higher excited singlet sates, such as S� are
also possible and often include other non-radiative processes that will be explained later. The re-
turn of the excited electron to the singlet ground state produces a release of energy in the form
of �uorescence light. Generally, this transition to the ground state involves less energy than the
original absorption, resulting in longer wavelengths than the original excitation light (�1 < �2). In
addition, the emission of �uorescence light can generally be prolonged as long as the excitation
light continues.

In the case of Phosphorescence, electrons transit between states of different spin multiplicity, such
as triplet-singlet states. This means that an excited electron, instead of transitioning from a singlet
electronic state, such as S�, to the singlet ground state S�, it transits to a triplet state (T). In a triplet
state, the excited electron is no longer paired with the electron in the singlet ground state, as they
have now the same spin orientation (i.e., net spin is not zero). This triplet state is considerably
more stable than the higher singlet states and prevents the rapid return of the excited electron to
lower energy levels. The transition back to the singlet ground state occurs over a longer timescale,
with decay times between microseconds and minutes [���–���] and requires a spin change of the
excited electron.

As illustrated in Fig �.�, other non-radiative process often take place in addition to �uorescence
and phosphorescence. The transition of an electron from the singlet ground state to higher energy
states, such as S� and S�, occurs by absorption of radiation with speci�c wavelengths. Electrons
that are in an excited state typically release energy non radiatively in the formof heat or transitioning
down to the lowest vibrational energy level within that state, before returning to the ground state
S�. This process, known as vibrational relaxation, involves the release of small amount of energy in
a very short period of time. Electrons can also transit from higher electronic states to lower states
without the emission of light. This phenomenon, known as internal conversion, can occur between
singlet-to-singlet or triplet-to-triplet states. The ef�ciency of internal conversion increases as the
distance between the energy levels decreases. Finally, intersystem crossing involves the transition
of electrons between electronic states of different spin multiplicity, this means single-to-triplet
state (S� to T� on Figure �.�A). This transition involves the change of spin of the excited electron,
resulting in excited and ground electrons with the same spin orientation (unpaired electrons). This
can then lead to a phosphorescence emission of light when the excited electron returns to the
ground state, as explained previously [���–���].
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�.�.� Properties of �uorescence molecules
In general, �uorescence molecules, or �uorophores, have speci�c properties associated to, for
example, their molecular size, excitation and emission spectra, photostability and quantum yield
[���, ���]. A narrow emission spectrum with well-de�ned peak wavelengths allows the emission
of �uorescence light within a speci�c range of wavelengths with high precision, minimising spec-
tral overlap with other �uorophores or background signals. In addition, the distance between the
excitation and emission wavelengths, referred to as the Stokes shift, can also have implications
on the detection of the �uorescence signals and can contribute indirectly to the self-quenching
process. This phenomena, self-quenching, occurs when the �uorescence intensity emitted by the
�uorophore is reduced due to interactionswith othermolecules of the same �uorophore type, which
typically occurs at high concentrations [���, ���].

Another characteristic of �uorescent molecules is the quantum yield (�). It represents the ef�-
ciency with which a molecule converts absorbed photons into emitted photons (�uorescence or
phosphorescence). Consistent with this idea, quantum yield quanti�es the probability that an elec-
tron in an excited state undergoes a radiative transition (�uorescence or phosphorescence) and
emits a photon, relative to all possible transitions, including non-radiative processes. This measure
will be important in the future chapters, speci�cally Chapter �, when comparing between different
�uorescence dyes. Mathematically, quantum yield is expressed as the ratio of the number of emit-
ted photons to the number of absorbed photons and values range between � (no emission) to �
(every absorbed photon results in an emitted photon) [���, ���]. The following equation describes
this:

� =
Number of photons emitted
Number of photons absorbed (�.�)

�.�.� Endogenous and exogenous �uorophores
The properties presented previously have been described extensively over the past years for differ-
ent �uorescence molecules. Some natural occurring molecules in the body have the capability of
producing �uorescence signals when illuminated by a speci�c wavelength [���–���]. The �uores-
cence generated by these endogenous �uorophores is commonly referred to as auto�uorescence
and some examples include Nicotinamide Adenine Dinucleotide (NADH), Flavine Adenine Dinu-
cleotide (FAD), elastin and collagen, which are signi�cantly present in many connective tissues
[���, ��6, ���]. The �uorescence of some of these molecules, and its intensity, is often dependant
on their metabolic state or the interactions with other molecules. Because of this, the auto�uo-
rescence of these molecules have been used in some cases to study differences between normal
and diseased tissues [���, ���, ��8]. Ribo�avin, or vitamin B�, for example, is a micronutrient with
intrinsic �uorescence that plays an important role in a wide range of cellular processes [���, �6�].
Although vitamin B� is not synthesised in the body, it is naturally present in our system through
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intestinal absorption (diet) and it has been used to study intestinal permeability [�6�, �6�].

However, the detection of the �uorescent signal from auto�uorescence molecules is challenging
because within the body, and even on a cellular level, there are multiple endogenous �uorophores
that could emit light simultaneously when excited by speci�c wavelengths. This induces a non-
speci�c background signal that can potentially impact the speci�city and accuracy of the mea-
surements [�6�, �6�]. In addition, because some endogenous �uorophores are dependent on the
diet or metabolic state, auto�uorescence signals might change over time and between individuals
making them unreliable and dif�cult to compare between populations.

Exogenous �uorophores, on the contrary, are molecules not naturally present in biological tissues
[���, ���]. They are typically synthetised or administered for speci�c imaging purposes. In this
section, we will focus on three widely used �uorescence contrast agents: FITC-dextran, �uorescein
and Methylene blue.

Fluorescein isothiocyanate (FITC) dextran is a �uorescence contrast agent commonly used in re-
search for the assessment of vascular permeability, cell permeability and tissue barrier function
[�6�–�6�]. Its structure consists of a dextran polymer chain conjugated with �uorescein isothio-
cyanate (FITC) molecules.

FITC, a synthetic derivative of �uorescein, is a �uorescent label widely used due to its high �uo-
rescence quantum yield (�.��) and stability under various experimental conditions [���]. Since the
early ��6�s, researchers began conjugating FITC to various molecules, including antibodies, pro-
teins and carbohydrates, to create �uorescent probes for the study of in vitro and in vivo processes,
such as vascular circulation [���, ���].

Dextran, a complex polysaccharide derived from microbial fermentation of sucrose, was identi�ed
as a suitable carrier molecule for FITC due to its compatibility, water solubility and ability to form
stable conjugates [���]. In the ��6�s and ����s, scientists began using FITC dextran conjugates
of various molecular weights, which can go from � kDa to ���� kDa, in studies of vascular phys-
iology and tissue permeability [�6�, �68, �6�]. The excitation and emission wavelengths of FITC
dextran are approximately ��� and ��� nm, respectively. Its wide versatility allowed FITC dextran
to become a valuable �uorescence contrast agent for the study of physiological and patholog-
ical processes, such as in�ammation, angiogenesis, gut barrier function and drug delivery [��,
�66, �6�, ���, ���]. Due to the large size of the conjugated dextran, FITC dextran is unable to pass
through themucosal intestinal barrier in normal physiological conditions. This allowed researchers
to use FITC-dextran as a marker of gut barrier dysfunction in vitro and in vivo studies. In addition,
both, plasma and urinary recovery of FITC-dextran have demonstrated to be a valuable approach
to study the function of the gut permeability in pathological and physiological conditions [��, �66,
��6, ���].

Another �uorescence contrast agent widely use in the clinic is �uorescein sodium. Fluorescein is a
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synthetic organic compound that is known for its strong orange-red colour in its powder form with
a high yellow/green �uorescence intensity emitted at around ��� nmwhen excited by a light with a
wavelength of �88 nm [��8]. Fluorescein sodium was �rst synthesised by Adolf von Baeyer in �8��
and its �uorescence properties led the use of �uorescein into medical diagnostics and research,
as well as in industry [���–�8�]. It has a molecular weight of ���.�� Da and a quantum yield similar
to FITC dextran of �.��. Contrary to FITC dextran, �uorescein is approved for medical use. In the
clinic, �uorescein sodium is extensively employed as a �uorescent marker for diagnostic purposes,
particularly as an intravenous or oral administration for ophthalmic angiography for assessing reti-
nal blood �ow, identifying retinal vascular disorders and detecting ocular abnormalities such as
corneal lesion [�8�–�88]. Due to the widely use of �uorescein sodium in the clinic, adverse events
associated with �uorescein has been studied and reported [�8�]. The most common adverse event
is nausea and is associated with approximately � out of �� patients. Other more severe adverse
events, such as anaphylaxis or fatal allergic reactions have much lower occurrence, with � out of
���� or � out of ����,��� patients. In addition, �uorescein’s ability to highlight blood vessels and
other structures has also extended its use to various surgical procedures and endoscopic imaging
applications [�8�, ���]. The relative smaller molecular size of �uorescein, in comparison with FITC
dextran, allows �uorescein to permeate cell membranes and the epithelial barrier, leading to both
in vitro and in vivo studies of the assessment of barrier function.

In research, another well known �uorescence contrast agent is Methylene Blue. It is a synthetic
compound with a distinctive blue colour that has extensively been used in research and in the clinic
due to its various properties. Methylene Blue, with a molecular weight of ���.8� Da, emits �uores-
cence light at 6�� nm when excited by a wavelength of 66�-6�� nm. Since the late �8��s, when it
was �rst synthesised by Heinrich Caro, the use of Methylene Blue expanded into medicine, partic-
ularly in the treatment of malaria, but also as a diagnostic tool for sentinel lymph and parathyroid
mapping [�8�, ���–���]. The ability to penetrate membranes allows its use in medical imaging for
cancer removal, and it has also been used in animal models for in vitro evaluation of epithelial per-
meation [��6]. Similar to �uorescein, Methylene Blue is clinically approved and therefore its adverse
reactions have been investigated. This includes, dizziness, headaches or respiratory and vascular
problems, particularly important for children. [���, ���, ��8]. Despite its adverse events, Methylene
Blue is still in use in the clinic and research as a �uorescence contrast agent [���–���].

�.�.� Transcutaneous �uorescence spectroscopy
As we have discussed in the previous section, the study of the optical properties of endogenous
and exogenous molecules have been used to investigate different physiological and pathological
conditions. Spectroscopy, and particularly �uorescence spectroscopy, is the technique commonly
used to analyse the �uorescence light emitted by these molecules both in vitro and in vivo [���–
���].
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Spectroscopy is a technique to study the interaction betweenmatter and electromagnetic radiation,
such as light, as a function of wavelength, providing valuable information about the composition,
structure and properties of materials. When light interacts with a tissue, it can undergo different
optical processes, such as absorption, scattering and/or re�ection. The absorption of light can
also induce the emission of light, such as �uorescence or phosphorescence. The resulting spec-
trum from each of the optical processes can reveal important characteristics of the sample and so
different spectroscopic techniques have implemented them to investigate speci�c physiological
and pathological processes.

Re�ectance occurs when light is re�ected directly back from the surface of the sample and is
typically used in re�ectance spectroscopy to study the surface properties of materials. With bi-
ological samples, light can also undergo multiple optical processes at the same time, including
both scattering and absorption, before being re�ected back to the surface [���, ���]. In these
cases, a portion of the light is directly re�ected from the surface (specular re�ection), whereas the
rest of the remaining light scatters into the tissue and undergoes numerous internal absorption,
re�ection and scattering events (diffuse re�ection or elastic scattering) before returning back to
the tissue surface. The light re�ected back from the deep sections of the tissue, measured by
diffuse re�ectance spectroscopy (DRS), provides information about the absorption and scattering
properties of the tissue sample.

Scattering and absorption are an integral part of �uorescence spectrometry, as how the light inter-
acts with the sample in�uences the excitation and emission of �uorescence from the specimen.
As we have discussed previously, the absorption of light is essential for initiating the �uorescence
process to promote excited electrons to higher energy levels. Fluorescence spectroscopy is a
technique that measures the �uorescence light emitted by �uorophores previously excited by a
light with a speci�c wavelength. Because the excitation and emission light beam normally travel
through the tissue sample, they undergo elastic scattering events within the specimen that can
have a large in�uence in the resulting �uorescence signal intensity. This is especially important
when investigating molecules deeper in the tissue. Fluorescence spectroscopy systems are built
to reduce these background signals as much as possible or any other artifacts and to maximise
the �uorescence signal emitted by the �uorophores. Steady state �uorescence spectroscopy and
time-resolved �uorescence spectroscopy are two different techniques used to study the different
characteristics of �uorophores. Time-resolved �uorescence spectroscopy focuses on measuring
the decay rate of �uorescence intensity after excitation of the �uorophore, producing complex
three-dimensional (�D) data, including time and spectral information. For this thesis, steady-state
�uorescence spectroscopy is particularly interesting as it provides real-time information about the
�uorescence intensity, which can directly correlate with �uorophore concentration at the desig-
nated measurement site.

In steady state �uorescence spectroscopy, the sample is continuously exposed to a steady exci-
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tation light source, usually using a narrowband source such as a laser or a lamp. The excitation
light excites the molecules within the sample to higher energy levels, leading to the emission of
�uorescence light. This �uorescence light is then measured using a spectrometer, which sepa-
rates the emitted �uorescence light into its component wavelengths, or a photodetector, which
measures the total �uorescence intensity. Fig. �.� shows a schematic representation of a typical
con�guration used in �uorescence spectroscopy.

As shown in the image �.�, the sample is excited with a continuous and stable light source that
emits a speci�c wavelength and causes the �uorophores within the sample to emit �uorescence
light. Optical �lters are normally used to selectively transmit certain wavelengths, while blocking
others, to match the absorption spectrum of the sample. Lenses or mirrors are also used to focus
and guide the excitation light directly onto the sample. After excitation, the sample emits �uo-
rescence light in all directions. Lenses and mirrors, as well as optical �lters, are again used to
focus the emitted �uorescence light onto the detector and to isolate speci�c �uorescence emitted
wavelengths for the analysis.

Figure �.�: Illustration of the basic con�guration of the steady state �uorescence spec-
troscopy. Inside illustration shows the main transition occurring when a �uorophore is excited
by a speci�c wavelength.

The �uorescence signals generated by the �uorophore can be analysed either by wavelength or
emission spectrum, representing the distribution of �uorescence intensity as a function of wave-
length using a spectrometer, or by intensity. This last case is of high interest for the assessment of
changes in gut permeability as the �uorescence intensity is linearly correlated to the concentration
of the �uorophore (within concentration ranges in which self-quenching is negligible). In addition,
due to the con�guration and the characteristics of the technique, steady state �uorescence spec-
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troscopy can also be used to non-invasively measure �uorescence signals through the skin. This
is known as transcutaneous �uorescence spectroscopy and is the technique further investigated
in the following chapters.

�.� Applications of �uorescence spectroscopy for
the assessment of the gut barrier
Fluorescence contrast agents, together with �uorescence spectroscopy systems, have been used
in many studies for the assessment of gut barrier function. The approach entails the oral or intra-
venous administrations of the contrast agent and the following measurement of the permeation
of this �uorescence molecule through the gastrointestinal epithelium as an assessment of the
gut barrier function. Most common �uorescence contrast agents used include �uorescein and
�uorescein-based probes such as FITC dextran. In the case of FITC dextran, multiple studies, par-
ticularly in animal models, have shown the potential of this �uorescence compound as a marker
in plasma for gut barrier function [�66, ��6, ���, ���–���]. Boonhai et al and Purandare et al, for
example, measured the concentration of � kDa FITC-dextran in plasma frommice with and without
gut barrier dysfunction and demonstrated an increase in the permeation of FITC-dextran on mice
with leaky guts [���]. These studies are based on the fact that FITC-dextran, due to its relatively
large molecular size (i.e., � kDa to �� kDa commonly used), permeates more easily in conditions
where the tight junctions are compromised. Although, multiple studies have proved FITC-dextran to
be a valuable plasmamarker of gut permeability, high doses of FITC-dextran are needed to achieve
a good signal level - as the number of FITC molecules per dextran chain is typically low (<�:�) to
avoid self-quenching. This shows that the use of FITC-dextran can be relatively costly, which can
limit its clinical application in large populations and low-income settings [���].

Fluorescein is a more affordable �uorescent contrast agent that has also been widely used for
the assessment of gut barrier function [��, �88, ���, ��6]. As discussed previously, �uorescein
was initially approved as a contrast agent used in angiography [�8�–�88]. However, it was quickly
integrated in multiple approaches due to its safety and molecular properties. In confocal laser en-
domicroscopy, for example, �uorescein is the preferred contrast agent to use [���, ���]. In this
case, �uorescein is intravenously injected, and the gut permeability is assessed by measuring the
permeation of the �uorophore from the plasma into the lumen. Consistent with this idea, Dorshow
et al. and Debreczeny et al. demonstrated that gut permeability can also be evaluated by measur-
ing the concentration of �uorescein in plasma and urine after oral administration [��8, ���]. More
interestingly, recent studies in both humans and animals have demonstrated that transcutaneous
�uorescence spectroscopy of orally ingested �uorescein has the potential for non-invasive mon-
itoring of gut permeability and other gastrointestinal functions in the clinic [��, ���, ��8]. This
technology has the potential to produce clinical results within hours rather than days (as data can
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be analysed immediately without requiring laboratory analysis) and does not require collection of
urine, blood or stool samples (unlike other technologies such as L:M or L:R tests). This approach
is covered in more detail in future chapters.

Transcutaneous �uorescence spectroscopy, together with the use of other �uorescence dyes, has
also been integrated into compact and wearable sensors, such as TGFR and Preclinical MX devel-
oped by MediBeacon, for the measurement of kidney function (i.e., glomerular �ltration rate) [���,
��8]. However, to date, transcutaneous �uorescence spectroscopy to measure gut permeability
has only been deployed clinically using laser-based spectrometers and microscopes (as the one
developed by Dr Thompson and hereafter referred to as benchtop system, Fig. �.�), which are both
large and expensive [8�, ��, ��6, ���]. The use of these benchtop systems can therefore introduce
additional challenges in certain patient groups (e.g. children/infants) and in certain environments
(such as low-income countries), thereby precluding widespread deployment.

To address the above limitations, this thesis focuses on developing a compact �uorescence spec-
troscopy sensor for monitoring gut permeability using transcutaneous spectroscopy. The primary
function of the device is to non-invasively detect �uorescence signals at the tip of the �nger as
an orally ingested contrast agent (�uorescein) permeates through the gut barrier into the blood
stream. The aim of the project is to further develop the technique towards clinical use for the vali-
dation of the technology in different gut permeability conditions, including undernutrition. Chapter
� presents the development of an algorithm for the processing and analysis of the �uorescence
intensity signals collected from the transcutaneous �uorescence system (previously presented as
benchtop system). The �ndings from this chapter provide information about the features relevant
to characterize the �uorescence signals that can be used to guide the development of improved
systems.

Chapter � of this thesis is then centered on the development of a more compact and affordable
optical system suitable for deployment in clinical settings globally, including low-income regions.
This new system is aimed to improve some of the limitations that are present on current tech-
niques such as dual sugar permeability tests or, the previously mentioned, benchtop system. In
Chapter 6, this device is then implemented in an in vivo study to further investigate the changes
in gut permeability characteristics in an undernourished population. Finally, based on the results
obtained from chapter � and 6, Chapter � focuses on investigating in cellular models the use of
other �uorescent dyes for the assessment of the gut barrier. Altogether, the work presented in this
thesis aims to further develop a technique that could help to overcome some of the limitations
that current clinical applications have for the assessment of gut barrier function with the ultimate
goal to further understand the mechanism behind the changes in gut permeability associated with
some pathological conditions, including undernutrition.
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Chapter �

Automatic processing and analysis of
�uorescence spectroscopy data -
Proof-of-concept
As discussed in Chapter �, current techniques for monitoring and diagnosing abnormal changes
in gut permeability rely on the use of techniques, such as endoscopic biopsies, sugar permeability
test and haematological markers, that are often limited due to their invasiveness, lack of stan-
dardisation and complexity [��, ���, ���]. To address these challenges, a novel technique using
transcutaneous �uorescence spectroscopy for non-invasive assessment of gut function was de-
veloped by Dr Alex Thompson and colleagues [��, ���]. Previous studies showed promising results
using this approach to measure gut permeability and gastric emptying rate [��, ���]. However, gut
permeability measurements were made in a very limited cohort of participants [���]. This chapter
aims to further demonstrates the potential of this technique by reporting the results of a proof-of-
concept algorithm to automatically process and analyse �uorescence spectroscopy data collected
from an in vivo study. This study involved the use of the optical �bre spectrometer system, devel-
oped by Dr. Alex Thompson and colleagues [��, ���], and was carried out in collaboration with
Dr. Jonathan Gan, who performed the in vivo �uorescence data collection at St Mary’s Hospital in
London. The �ndings on this chapter also served to illustrate the potential of the data collected
with the �uorescence system for monitoring and diagnostic changes in gut permeability. The work
presented in this chapter has been published on Methods and Applications in Fluorescence, [���]
and is used for the data analysis in subsequent chapters.

6�
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�.� Introduction
Intestinal permeability is a functional feature of the intestinal wall that de�nes the degree to which
molecules can pass from the intestine into the blood stream at given sites [���]. Two aspects of gut
permeability that can be measured are transcellular permeability (representing passage through
the water pores of cell membranes) and paracellular permeability (passage through the tight junc-
tions between cells in the intestinal wall) [���, ���]. Paracellular permeability is known to be altered
in wide-ranging gastrointestinal (GI) conditions such as coeliac disease, in�ammatory bowel dis-
ease (IBD) and environmental enteric dysfunction, and in conditions outside the GI tract such as
schizophrenia, autism and Parkinson’s Disease [���]. Thus, for the practising clinician, a reliable
tool to measure gut permeability could potentially provide a new way to diagnose these condi-
tions and monitor the effectiveness of treatments. Speci�c to the GI area, such a technique could
provide improved monitoring of treatment responses and could also help in developing a better
understanding of functional gut disorders (a ‘catch all’ term for poorly understood gastrointestinal
conditions that are often treated as a diagnosis of exclusion).

As explained in Chapter �, at present, there are multiple options available to measure gut perme-
ability, including dual sugar permeability tests (L:M and L:R), haematological and bacterial markers
and endoscopic biopsies [���]. However, clinical use of these tests has thus far been limited [�6,
���], exacerbating the need for improved technologies to assess gut permeability [�6, 8�, ��, ���,
��6].

To address this challenge, we have developed a novel technique – transcutaneous �uorescence
spectroscopy – for non-invasive assessment of gut function using orally ingested �uorescein [8�,
��, ���, ��6]. Fluorescein is a �uorescent contrast agent that is inert, safe and has been used in
many clinical settings such as routine ophthalmology procedures (e.g. �uorescence angiography)
[�8�] and confocal laser endomicroscopy during colonoscopy [���]. Furthermore, the potential of
�uorescence spectroscopy in gut permeability assessment (using �uorescein or other contrast
agents) has been demonstrated both in cells and in animal models [��8, ��6, ���–���].

Using transcutaneous �uorescence spectroscopy, gut function can be assessed non-invasively
through the following process: patients consume an oral dose of �uorescein (or another �uores-
cent contrast agent), and awearable probe/sensor is used to detect the �uorescence signal through
the skin (transcutaneously) as the contrast agent permeates from the gut into the blood stream.
As such, it is possible to measure �uorescein uptake from the gut into the blood stream in real
time. Appropriate analysis of the resulting �uorescence vs. time curve then allows quanti�cation
of multiple elements of GI function including gastric emptying rate and gut permeability.

We have recently demonstrated the potential of this technique to monitor gut function and to mea-
sure gastric emptying rate in studies in healthy volunteers. Lett et al. demonstrated the use of
transcutaneous spectroscopy to measure gastric emptying rate as a feasible alternative to the
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conventional paracetamol absorption test [���]. Maurice et al. showed promising preliminary re-
sults using the method to measure gut permeability (albeit in a very limited cohort of participants
[��]). Importantly, both studies showed that the test is well tolerated and has the potential to pro-
duce clinical results within hours rather than days (as data can be analysed immediately rather
than requiring analysis of samples in a laboratory). Furthermore, the approach is non-invasive and
does not require collection of urine, blood or stool samples (i.e. unlike competitor technologies
such as L:M or L:R tests and endoscopic biopsies).

�.�.� Aims
To further demonstrate the clinical potential of transcutaneous �uorescence spectroscopy for non-
invasive assessment of gut permeability, �uorescence data was collected from a clinical experi-
ment in �� healthy volunteers. All participants took part in two repeat experiments in which they
ingested �uorescein dissolved in water (day �) and �uorescein dissolved in a concentrated aque-
ous sugar solution (day �). Ingestion of concentrated sugar solutions is known to drive temporary
increases in gut permeability [��6, ���]. Previous studies have showcased the potential of tran-
scutaneous �uorescence signals to provide information about gut permeability [��, ��6]. However,
limited analysis of these signals has been investigated. This chapter presents the �uorescence
signals collected for each participant and experimental condition and focuses on developing and
analysing different data processing approaches to investigate the potential of the technology -
transcutaneous �uorescence spectroscopy - to non-invasively discriminate between two differing
states of intestinal permeability. The analytical approaches investigated in this chapter centre on
the extraction of relevant parameters from the �uorescence signal to accurately discriminate be-
tween different gut permeability stages.

�.� Methods
�.�.� Fibre-optic spectrometer
Following oral ingestion of �uorescein, a �bre-optic �uorescence spectrometer was used to detect
�uorescence signals at the �ngertip. This system, developed by Dr Alex Thompson, has been
described in detail in previous studies [��, ���]. Brie�y, it consists of two laser sources (at �88
nm and �8� nm) that are coupled into a bifurcated �bre-optic probe. The �bre-optic probe delivers
excitation light to the measurement site (the �ngertip, where it is secured using a �D-printed clip)
and also collects the resulting �uorescence signal and delivers it to a spectrometer for detection. In
this study, only the �88 nm laser was used, as this provided ef�cient excitation of �uorescein. The
laser power (at �88 nm) at the tip of the �bre-optic probe was limited to 6� µWusing a combination
of variable neutral density (ND) �lters and the laser control software. This ensured that the laser
exposure was below the maximum permissible exposure for the skin in all cases [���, ��8, ���],
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allowing safe use in the clinic. The optical system and �D-printed �nger clip are shown in Fig. �.�.
The entire system is controlled using a laptop computer running custom-written LabVIEW software
and is housed within a wheeled trolley to facilitate use within clinical environments.

The spectrometer records both the �uorescence signal and the directly scattered laser signal (by
switching between two �lter ports in a motorised �lter wheel). The backscattered laser signal
is used to normalise the �uorescence data to correct for any variations in laser power or probe
position between measurements. This normalisation procedure – which is described in detail in
previous studies� [��, ���]– then allows for calculation of a �uorescence vs. time curve (e.g. see
Figure �.�), which can be analysed to extract information regarding gut permeability and other
elements of GI function.

For the clinical experiments reported here, the spectrometer was programmed to record the �uo-
rescence and laser signals once every minute for a total of � hours. This allowed for calculation
of �uorescence vs. time curves with suf�cient temporal resolution to observe the dynamics of
the �uorescein signal (e.g. the permeation from the gut into the blood stream and the elimination
of the dye from the blood). In turn, this permitted calculation of a set of parameters designed to
provide readouts of gut permeability (see more details in Data Analysis section below).

Figure �.�: Portable �bre-optic �uorescence spectrometer used to investigate non-invasive
assessment of intestinal permeability. Schematic diagram shows the layout of the optical
system. Insets show arrangements of optical �bres at the distal and proximal ends of the
bifurcated �bre probe (excitation �bre – blue; collection �bres – yellow). Dotted red box in-
dicates that the �8� nm light source was not used in this study. Photographs on the right
show (top) the �D-printed wearable �nger clip that was used to secure the tip of the optical
�bre probe in contact with the skin during measurements and (bottom) the trolley-mounted
spectrometer. ND – neutral density. Figure amended from Maurice et al. [��] under the terms
of the Creative Commons CC BY license.
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�.�.� Clinical trial measurements
Clinical trial measurements were performed in healthy participants at St. Mary’s Hospital (London,
UK) between February ���� and October ����. Participants were recruited and consented in ac-
cordance with the clinical study protocol [���], which received ethical approval from the UK Health
and Research Authority (HRA) and a local Research Ethics Committee (REC) (IRAS Project ID –
����6�, REC reference – �8/LO/����/AM��). Recruitment of participants and clinical measure-
ments were performed by Dr. Jonathan Gan. This study was conducted in line with local Good
Clinical Practice (GCP) guidelines and in accordance with the World Medical Association’s Decla-
ration of Helsinki. All participants gave informed consent prior to the study and all were screened
before participation to con�rm that they did not have a diagnosis of any known conditions that
altered gut permeability. All participants were aged �8 and above and had no previous reactions to
�uorescein. Participants who were pregnant, were breast feeding, or had taken antibiotics for the
last � weeks were excluded.

After 6 hours of fasting, all participants ingested ��� mg �uorescein sodium (supplied as a � ml
vial of ��� mg/ml �uorescein; Fluorescite Antera ��%) dissolved in ��� ml water. A dose of ���
mg was chosen as this was expected to provide strong signal levels in all participants (previous
work demonstrated a limit of detection for orally ingested �uorescein of less than ��mg [���]) and
because it represented the clinically approved dose of �uorescein for other medical procedures.
Fluorescence measurements were started immediately before ingestion of the �uorescein to allow
collection of a baseline measurement. Measurements were taken using the �bre-optic spectrome-
ter discussed above, with the tip of the probe secured in contact with the skin at the �ngertip using
a �D-printed mount (see photograph in Figure �.�). Spectra were then recorded at one-minute in-
tervals for a total of three hours to allow investigation of the kinetics of the recorded �uorescence
signals.

After a minimum of � days, participants were invited back to St. Mary’s hospital for a repeat study,
this time ingesting ��� mg �uorescein sodium with 6� g sugar in ��� ml water. Fluorescence
data was collected in an identical manner to that described above. As discussed brie�y above,
the concentrated sugar solution is expected to have a hyperosmolar effect that drives a transient
increase in gut permeability that is broadly comparable to the changes observed in coeliac disease
[��6, ���]. Preliminary results reported by Maurice et al. supported this [���]. Thus, we hypothe-
sised that if we could differentiate between the data collected with and without sugar, this would
indicate potential for non-invasive assessment of intestinal permeability. Data recorded using the
�bre-optic spectrometer were therefore compared across the two study days.

A statistical power calculation was used to estimate that a minimum of �� participants would be
required in this study to obtain statistical power of over 8�%. Thus, in total, �� participants were
recruited and included in the study to account for the possibility of participant dropout/withdrawal.
Data from two participants was removed from the analysis as one participant was later found to
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Table �.�: Demographics of participants included in the study. BMI – body mass index
(kg/m2); M – male; F – female.

ID Age Sex Ethnicity BMI

P� �� M Caucasian �8

P� �� M Caucasian ��

P� �8 M Caucasian ��

P� �� M Asian ��

P� �� F Caucasian ��

P6 �8 M Asian ��

P� �� F Asian ��

P8 �� M Asian �6

P� �� F Asian ��

P�� �8 M Asian �8

P�� �� F Asian ��

have a health condition that was expected to impact gut permeability and the second participant
did not complete the second study day (meaning that their dataset was incomplete). Of the re-
maining �� participants, � were female and � were male, and the median age (of all �� participants)
was �� years (range: ��-�� years). All �� participants included in the analysis had no previous con-
ditions that would affect gut permeability and did not have any bowel symptoms. The participant
demographics – age, sex, ethnicity and body mass index (BMI) – are tabulated in Table �.�.

�.�.� Investigation of different computational approaches for data
analysis

To assess whether the transcutaneous �uorescence data could be used to differentiate between
two differing states of intestinal permeability (i.e. between the �uorescein only data and the �uo-
rescein + sugar data), different methods of data analysis were investigated. Brie�y, the approaches
focus on the extraction of parameters from the �uorescence signals in order to obtain features from
the signals that will help to discriminate between the datasets.

As observed in previous studies, the pharmacokinetics of the �uorescein intensity-time pro�le is
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generally characterised by three distinct phases, each in�uenced by the interplay of permeation/ab-
sorption and clearance processes of the �uorescein, as depicted in Figure �.�.

Figure �.�: Example of the �uorescence vs time pro�le after oral administration of a ���mg
dose of �uorescein. The �uorescence signal is characterised by three phases: phase �, where
the kinetics is primarily governed by the permeation/absorption of the �uorescein; phase �
occurs at the time (Peak Time) when the maximum plasma concentration (Peak Intensity) is
reached; �nally, phase � starts when the �uorescein plasma clearance is predominant. The
parameters extracted from the �uorescence vs time curves, relevant to the pharmacokinetics
of the �uorescein, are depicted in the graph: Peak Intensity, Peak Time, Peak AUC and Slope.

In the initial phase, �uorescein is primarily concentrated in the gut, leading to greater rate of ab-
sorption from the gut to the bloodstream. During this phase, the elimination of the �uorescein
from the bloodstream is predominantly lower than the absorption, resulting in a positive increase
in the �uorescence intensity detected. As we approach the second phase, the permeation of �uo-
rescein is gradually balanced with its clearance, culminating in a saturation point denoted as Peak
Intensity. The subsequent third phase is characterised by a decrease in the �uorescence intensity
signals driven by the prevailing elimination of �uorescein from the bloodstreams.

In addition, some physiological factors such as gastric-emptying rate and motility of the intestine
may cause delay in the oral absorption of �uorescein. In such case, the delay translocation of
�uorescein from the stomach to the gut can lead to slower permeation/absorption rates [���],
therefore, affecting the time at which the saturation point is reached (denoted as Peak Time), as
well as the average gradient within the �rst permeation phase (denoted as Slope). Following these
considerations, the methods investigated in the following sections focused on the processing of
the �uorescence signals for the extraction of different parameters that will help to discriminated
between datasets.
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The �rst analytical approach focuses on the extraction of parameters, such as Peak Intensity, Peak
Time and Slope. These parameters could potentially serve as indicators of the rate of uptake of
�uorescein and potentially be used to correct for changes in gastric emptying or other factors
in�uencing �uorescein permeation to ultimately differentiate between gut permeability stages. In
addition to that, subsequent sections will delve into more advance techniques, such as exponential
decay �tting and phasor analysis, for the extraction of potential useful features from the �uores-
cence signals. Altogether, the approaches investigated in this chapter aim to provide a character-
ization of the kinematics of the �uorescein permeation, allowing for an effective assessment and
comparison of different stages of gut permeability.

�.�.�.� Automatic peak selection

The approaches investigated in this chapter analyse the �uorescence signals to extract and cal-
culate robust features/parameters that will improve the discrimination of the two datasets. In
addition to the parameters mentioned previously – Peak Intensity, Peak Time and Slope, the total
�uorescein permeated from the gut to the bloodstream can also be characterised by the intensity
detected up until the Peak Time. Therefore, the area under the curve up until the �rst saturation
point (Peak AUC) could also be potentially useful for the analysis.

In this section, we extract different parameters from the �uorescence curves and most of the work
focuses on optimising the accuracy of the identi�cation of the parameter Peak Time, as the rest of
the parameters (Peak Intensity, Slope and Peak AUC) are highly dependent on it. To do so, different
approaches, classi�ed from simple to complex, are investigated to integrate different levels of
automation for the peak time selection. Figure �.� shows a representation of the work�ow followed
to extract the parameters in the three investigated approaches: Method �, Method � and Method
�.

The �rst method (Method �) is the simplest and involves minimal automation. Manual inspection
of the raw data identi�ed the Peak time and the Peak Intensity values. The rest of the parameters,
Peak AUC, Total AUC and Slope, were calculated computationally in MATLAB.

The second method (Method �) implemented a median �ltering step to reduce noise and provide
more accurate identi�cation of the Peak Time values. Peak times were once again determined
manually, but this time using the �ltered data. As Method �, computational methods were used
to extract the Slope and Peak AUC values using MATLAB. However, for the Peak AUC values, the
manually identi�ed Peak Times values (this time, based on the �ltered data) were used in this
calculation.

Finally, the thirdmethod (Method �) involved automatic identi�cation of the Peak Time values using
the �ltered data. In order to detect the Peak Time values, this �rd method integrates a computa-
tional function to detect local maxima. Slope and Peak AUC values were again computationally
calculated using the �ltered signals, but this time, Peak AUC also used the Peak Time values ex-
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tracted computationally from the �lter signals. This approach served to reduce the risk of man-
ual/observer bias in the identi�cation of peak times, as no manual input was used, and provided
fully automated analysis of the collected data.

Figure �.�: Algorithm development work�ow. (A) Example of a �uorescence intensity as a
function of time after ingestion of �uorescein for the �uorescein only (solid line) and �uores-
cein + sugar (dotted line) measurements. (B) Work�ow for Method � for the analysis of the
data. Peak Time and Peak Intensity values are extracted manually from the raw data. The rest
of the parameters are calculated computationally using MATLAB software. (C) Work�ow for
Method � for the analysis of the data. Raw data is �rst �ltered computationally using MAT-
LAB software. Peak Time and Peak Intensity values are then extracted manually from the
�ltered data. The rest of the parameters are calculated computationally using again MATLAB
software. (D) Work�ow for Method � for the analysis of the data. Again, raw data is initially
�ltered. All parameters, including Peak Time and Peak Intensity are then extracted and calcu-
lated computationally from the �ltered data using MATLAB software

�.�.�.� Exponential decay �tting

As mentioned in Section �.�.�, variations in the gastric emptying rates can impact the permeation
of the �uorescein from the gut to the bloodstream. In addition to this, another factor, such as the
clearance rate, can also in�uence the total �uorescence detected during the data collection. The
elimination of the �uorescein from the bloodstream starts as soon as the molecule permeates into
the vascular system. This means that the plasma concentration of �uorescein (after permeation
from the gut) decreaseswith a rate known as the �uorescein renal and hepatic clearances, of⇡ �.��
and �.�� ml

min⇤kg [���]. Because of this, the �uorescein intensity measured at Peak Time does not
represent the true total concentration of �uorescein permeated from the gut to the bloodstream,
as part of it has already been eliminated. To accurately describe and correct for the elimination
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of the �uorescein from the bloodstream, an exponential decay model is �tted to the �uorescence
vs time curves to obtain a decay rate. These calculated decay rates are then used to restore the
�uorescence signals to only re�ect intestinal permeation. Finally, a comparison between the �u-
orescence signals is performed using the parameters Peak Time, Peak Intensity, Peak AUC, Peak
AUC/Slope and Peak AUC*Peak Time, extracted this time from the restored �uorescence vs time
curves.

To correct for the elimination of �uorescein, two different methods are investigated: �-term and �-
term exponential decay �ttings. The �rst method (�-term) is based on the single exponential decay
rate, described by the following equation:

It = I0 ⇤ eb⇤t (�.�)

, where It denoted the �uorescence intensity, I0 represents the original �uorescence intensity (with-
out the in�uence of �uorescein elimination), t is the time (min; starting at the time at which the �rst
peak is reached: Peak Time value fromSection �.�.�.�: Method �) and b is the decay rate (or the rate
at which the �uorescein ismetabolised/eliminated from the plasma). The �-term exponential decay
function is �tted to the �uorescence signals, using MATLAB, to extract the decay rate (parameter
b). This parameter is then used to correct the �uorescence signals, following the equation:

Icorrected =
It

eb⇤t
(�.�)

, where It is the measured �uorescence intensity and Icorrected is the corrected �uorescence
intensity. After the correction, the parameters Peak Intensity, Peak AUC, Peak AUC/Slope and Peak
AUC*Peak Time are extracted from the restored �uorescence signals. Finally, these parameters are
used to compare the data from the �uorescein-only and �uorescein + sugar studies (as in Section
�.�.�.�).

The secondmethod (�-term exponential decay �tting) describes two independent decay processes
that capturesmore realistically the complex elimination of �uorescein through the liver and kidneys
[���]. It, therefore, follows the same approach as the �rst method (�-term), but using a second-
order exponential decay model described by the equation:

It = a ⇤ eb⇤t + c ⇤ ed⇤t (�.�)

, where It is the �uorescence intensity, b and d represent the decay rates and a and c represent
the contribution (percentages) of the two different elimination rates to the overall clearance of the
�uorescein. As in �-term model, the Peak Time values from Section �.�.�.� (Method �) are used as
the starting points for the �-term exponential decay model. This equation can also be expressed
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as:

It = I0 ⇤ (
a

a+ c
⇤ eb⇤t + c

a+ c
⇤ ed⇤t) (�.�)

, where, again, I0 is the original �uorescence intensity (without the in�uence of �uorescein elimi-
nation).

Similar to the previous �-term approach, the decay rates b and d, extracted from the �-term ex-
ponential decay model are used to correct the �uorescence intensity signals, following the equa-
tion:

Icorrected =
It

a
a+c ⇤ eb⇤t +

c
a+c ⇤ ed⇤t

(�.�)

, where Icorrected is again, the corrected �uorescence intensity. Finally, parameters extracted
from the restored �uorescence signals are used to assess the level of discrimination between the
datasets. An example of the process carried out for the �tting and correction of the �uorescence
signals is illustrated in Fig. �.�.

Figure �.�: Illustration of the work�ow followed to correct the �uorescence intensity signals
using the �tting algorithm approach. The parameters extracted from the �tting function are
then used to correct for the �uorescence decay rate from the collected signal.

�.�.�.� Phasor analysis

Traditional time domain analysis of �uorescence data such as the ones presented in previous sec-
tions �.�.�.� (automatic peak selection) and �.�.�.� (exponential decay �tting), are highly depen-
dent on the design and inputs of the algorithm. For instance, the results from the peak selection
and exponential decay rate algorithms are highly dependent on the values of the Peak Time and
the start time of the decay components, respectively. This dependency can misrepresent other
features within the data attributed to the complexity of the physiological processes captured in the
signals. In this section, we focus on the frequency domain of the signals by analysing the phasor
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components of the �uorescence vs time curves. Drawing from its effectiveness in previous �uores-
cence lifetime studies [���, ���], this approach aims to provide a two-dimensional representation
of the �uorescence vs time curves, with the potential to improve the discrimination between the
datasets.

The phasor analysis uses the Fourier transform to map the �uorescence curve into the frequency
domain by calculating the real (g) and imaginary (s) component of the signal. To do so, it uses the
following equations:

g(w) =

Z 180

0

I(t) ⇤ cos(wt) dx (�.6)

s(w) =

Z 180

0

I(t) ⇤ sin(wt) dx (�.�)

, where I(t) is the �uorescence intensity, t represents the extension of the data collection (�8�
minutes) andw is the frequency described as: w = 2⇡⇤ 1

180min . These equations are derived from
the following process:

Fourier Transform of a signal = F (w) (�.8)

F (w) =

Z inf

� inf

f(t) ⇤ e(�iwt)
dx =

Z inf

� inf

f(t) ⇤ [cos(wt)� i ⇤ sin(wt)] dx (�.�)

e
(�iwt) = cos(wt)� i ⇤ sin(wt); i = imaginary number (�.��)

The values (real (g) and imaginary (s)) extracted from each signal are used in the following section
�.�.�.� to assess the effectiveness of the phasor analysis to discriminated between both studies
(�uorescein-only and �uorescein + sugar).

�.�.� Statistical analysis - comparison between induced permeability
stages

The parameters Peak AUC, Peak AUC/Slope, Peak AUC *Peak Time and Peak Intensity extracted
from the approaches presented in Section �.�.�.�(automatic peak selection) and Section �.�.�.�
(exponential decay �tting) were used to compare the two datasets to assess which exhibited the
clearest changes in response to induced changes in permeability. This comparison was performed
using scatter-box plots (showing the values observed for each individual participant for both the
�uorescein only and �uorescein + sugar experiments) to visualise the distribution on an individual
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level and across the cohort as a whole (see section �.�.�). In each case, statistical signi�cance
was quanti�ed using the paired Student’s T-test.

Box plots showed themedian values, 25th and 75th percentiles, most extreme data points excluding
outliers, and outliers for the �uorescein only and �uorescein + sugar measurements. Outliers were
de�ned as points that fell below the 25th percentile or above the 75th percentile by more than �.�
times the interquartile range and were plotted for visualisation purposes only. All calculations (e.g.
of mean values, median values, etc.) and all statistical tests were performed based on the data
points from all �� participants (i.e. including outliers) in all cases.

For the phasor analysis, paired Student’s T-test were also used to quantify the statistical signi�-
cance between the studies. In addition, the phasor components were also integrated into a ma-
chine learning algorithm to assess their capability to differentiate the two permeability stages. To
do so, a preliminary support vector machine (SVM) classi�er was developed to differentiate be-
tween the two datasets, utilizing the phasor components from the �uorescence signals as inputs.
SVM was chosen for its ability to capture intricate relationships within datasets by optimizing hy-
perplanes to maximize separation between data points [���]. The (SVM) classi�er was developed
in MATLAB and the performancemetrics - validation accuracy and the parameters calculated using
the confusion matrix - were used to analyse the performance of the algorithm. Further information
is provided in section �.�.�.�.

�.� Results
�.�.� Signal processing and computational parameter extraction
�.�.�.� Automatic Peak Selection

As explained in Section �.�.�.�, the �rst analysis of the �uorescence vs time curves focuses on the
investigation of three methods for the identi�cation of the Peak time, providing different degrees
of automation.

The �rst method (Method �) involves the manual extraction of the parameters/features – Peak
Time, Peak Intensity, Slope and Peak AUC – from the �uorescence vs time signals. To do so,
the �uorescence vs time curves were uploaded into an excel �le and manually inspected by the
clinician Dr Jonathan Gan. The �rst peak in the �uorescence vs time curves was identi�ed and
the Peak Time (x value) and Peak Intensity (y value) were manually extracted. The Slope (average
gradient of the �rst permeation stage of the curve) and the Peak AUC parameters were calculated
computationally inMATLAB. The Peak AUC values used the trapezoidal numerical integration (trapz
MATLAB function) method that calculates the area under the curve (AUC) of the signal up to the
Peak Time by dividing the area of this region into smaller trapezoids. It, therefore, approximates
this region under the graph as a sum of trapezoidal areas. Figure �.� shows the Peak Time, Peak
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Intensity and Peak AUC parameters on two examples of �uorescence vs time curves from both
experimental conditions (Fluorescein and Fluorescein + sugar).

Figure �.�: Parameters extracted from the �uorescence vs time curves. (A) Fluorescence
signals from Participant � and �� for the �uorescence-only study. In this case, both partici-
pants show a typical time-resolved �uorescence curve, with a single peak followed by a decay
towards the baseline. (B) Fluorescence signals from Participants � and �� for the �uores-
cence + sugar study. In this case, both participants exhibit a “double peak phenomenon” (an
effect observed in certain drugs [��6] with biphasic absorption behavior). Parameters – Peak
Time, Peak Intensity and Peak AUC – extracted from the signals are shown. The green (A)
and orange (B) regions represent the area under the curve (AUC) up until the �rst peak, which
determines the values of the Peak AUC parameter.

The Peak AUC values were then corrected for differences in gastric emptying rate (as mentioned
in Section �.�.�.�) by either dividing by Slope parameter (i.e., the section of the curve up until the
�rst peak) or by multiplying by the time at which the �rst peak was observed (Peak Time). This cor-
rection was required as a later peak (which indicates slower gastric emptying) means that more
�uorescein would have been eliminated from the body by the time the peak had been reached,
thus reducing the AUC value. The resulting parameters (Peak Time, Peak Intensity, Peak AUC,
Peak AUC/slope, and Peak AUC*time) for each participant and experimental condition are dis-
played in Table �.�. Later Section �.�.�.� will then use these parameters to compare between the
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two permeability stages and to determine the potential of each calculated/extracted parameter to
discriminate between datasets.

Table �.�: Parameters extracted from the�uorescence vs time curves for all �� participants
using Method �. Peak Time values were manually extracted from the raw signals. The rest
of the parameters were calculated computationally in MATLAB. F - Fluorescence only; F + s -
Fluorescence + sugar.

ID Test Peak
Time

Peak
Intensity Peak AUC Slope Peak AUC/

Slope
Peak AUC*
Peak Time

P� F �� �.���� �.��� �.���*10�4 ��� �.�66
F + s �� �.���� �.�86 �.�8�*10�4 ��� �.���

P� F 6� �.���� �.��� �.���*10�5 �666 �.���
F + s �� �.���� �.��� �.���*10�4 8�� �.6��

P� F �� �.���� �.��� �.���*10�4 ��� �.8��
F + s �� �.���� �.��8 �.���*10�5 ���8 8.���

P� F �� �.���8 �.��6 �.6��*10�4 ��� �.���
F+s �� �.���� �.��6 �.8��*10�5 ���� �.�6�

P� F �� �.���� �.��� 6.���*10�4 ��� �.�6�
F+s 6� �.���� �.��� 6.���*10�5 ���� 8.���

P6 F �� �.���� �.��� �.���*10�5 ��� �.��8
F+s �� �.���� �.�6� �.��� *10�4 ��6 �.��

P� F �� �.��6� �.��� �.���*10�4 �6� �.�8�
F+s �� �.��� �.��� �.���*10�5 ���� �.���

P8 F �� �.���� �.��� �.��� *10�5 ��6 �.���
F+s �� �.���6 �.��6 8.��� *10�5 �8� �.��

P� F �� �.���� �.��� �.6�� *10�4 ��� �.���
F+s �8 �.���� �.� �.���*10�5 ��8�.8 �.8��

P�� F �� �.���� �.��6 �.86� *10�4 �� �.��
F+s �� �.���� �.�6� 8.���*10�5 �88 �.6��

P�� F �� �.���� �.��8 �.��� *10�4 ��� �.�6�
F+s �� �.���� �.��� �.���*10�4 �8� �.�6�

Mean F ��.��� �.���� �.��� �.��� *10�4 ���.��� �.6��
F+s �6.��� �.���� �.�8� �.���10�5 ����.8�� �.���

STD F ��.��6 �.���� �.��6 �.8��*10�4 ���.6�� �.8�
F+s ��.�8� �.���� �.��� �.8��*10�5 8�8.��6 �.�8�

The second method (Method �) implemented a �ltering step to reduce the noise within the �uo-
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rescence vs time signals. Upon inspecting the dataset, it was observed that the noise within the
�uorescence vs time curves primarily consisted of impulse noise or occasional outliers. These
outliers could be attributed to movements of the optical probe exposing the detector to ambient
light and causing sudden spikes/increases in the signal. Using a median �lter proved to be effec-
tive in removing these occasional outliers as it replaces the centre value in the sample window
with the median of the values within that window. Different sample windows widths were investi-
gated. Figure �.6 displays a �uorescence vs time curve from participant � with a median �ltering
algorithm with three different window widths (N = �, ��, ��) investigated. A we can see from the
zoom in graphs within Figure �.6, window widths< �� does not remove accurately all the outliers,
whereas widths> �� results in excessive attenuation, which manifests as �attened regions within
the signal. Therefore, a median �lter with a window width = ��was selected as proved to ef�ciently
remove the outliers without signi�cantly affecting the signal.

Figure �.6: Comparison of different median �lter windows using the Fluorescence vs time
curves for Participant ��. Raw data is presented in blue and �ltered data is presented in red.
(A)Median �lter with a window of �. Noise within the raw data (blue), manifested as rapid and
discontinuous changes in amplitude, is still present in the �ltered data (red). (B) Median �lter
with a window of ��. Noise is effectively removed from the raw data(blue), while preserving
the pro�le of the curve. (C) Medial �lter with a window of ��. Signal distortion is produced
due to excessive attenuation, leading to information loss.
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Following with Method �, the Peak Times were once again determined manually by Dr Jonathan
Gan, but this time using the �ltered data. For Peak AUC values, manually selected Peak Times
(this time from the �lter signals) were used for the calculation. A sin Method �, Slope was also
calculated computationally in MATLAB. The resulting parameters, including the corrected Peak
AUC, (Peak Time, Peak Intensity, Peak AUC, AUC/slope, and AUC*time) are displayed in Table �.�.
As mentioned before, these parameters will be then used in Section �.�.�.� to compare between
the two permeability stages.

Last method investigated for the Peak Time selection (Method �) is the most automatic approach.
As inMethod �, Fluorescence vs time curves are �ltered using themedian �lter function inMATLAB,
med�lt� (width N= ��). For the automatic detection of the �rst peak in the signals and therefore,
the Peak times, the MATLAB function “�ndpeaks” is used. This function, based on the derivative of
the input signal, returns the local maxima (local peak) of the signal. This means that if a sample
if larger that its two neighboring samples, it is labelled as a peak. Because of how the function
calculates the local maxima, multiple peaks are simultaneously detected on each signal. A consid-
erable proportion of these peaks stemmed from residual noise after the �ltering process and do
not accurately represent the �rst peak within the �uorescence signal relevant to the permeation of
the �uorescein. To remove these noise artifacts and to extract exclusively the �rst peak of the sig-
nal, the full width at half-maximum (FWHM), also extracted from the MATLAB function (�ndpeaks),
was used as a threshold parameter. This parameter (FWHM) re�ects the temporal duration of the
peak and therefore, can be used to ignore peaks resulted from remanence noise, characterized by
very short durations. Following these considerations, peaks with a duration (FWHM) greater than
� minutes were considered as valid peaks. From this subset, peaks occurring at earliest times
(�rst peak) were selected as Peak Times. In cases were �uorescence signals, such as those from
Participants � and 6, do not show clear peaks within the expected times (< 6� minutes) values
detected as Peak Times underwent expert consultation.

Once the Peak times and Peak intensity values were extracted computationally, the Peak AUC was
calculated in MATLAB using the trapezoidal numerical integration, as described in Method � and
�. Slope was also calculated in MATLAB and Peak AUC values were corrected accordingly, using
the Peak Time and Slope values. Finally, the resulting parameters (Peak Time, Peak Intensity, Peak
AUC, AUC/slope, and AUC*time) were used to compare between the datasets (see Section �.�.�.�).
Table �.� shows the values for each feature/parameter extracted/calculated for each signal.
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Table �.�: Parameters extracted from the�uorescence vs time curves for all �� participants
using Method �. Peak Time were manually extracted from the �ltered signals. The rest of
the parameters were calculated computationally in MATLAB. F - Fluorescence only; F + s -
Fluorescence + sugar.

ID Test Peak
Time

Peak
Intensity Peak AUC Slope Peak AUC/

Slope
Peak AUC*
Peak Time

P� F �� �.���� �.��� �.���*10�4 ���.6�� �.���
F+s �� �.���� �.�8� �.���*10�4 ��8.��� �.���

P� F 6� �.���� �.��� �.���*10�5 �6��.��6 �.�6�
F+s �� �.��� �.�8� �.���*10�4 8��.��� �.�8�

P� F �� �.���� �.���� �.���*10�4 ���.�8� �.��
F+s �� �.���� �.��6 �.���*10�5 �6��.8�� 8.���

P� F �� �.���8 �.��� �.���*10�4 ��8.��6 �.�6�
F+s �� �.���� �.��� �.���*10�5 �66�.��� �.���

P� F �� �.���� �.��8 �.��6*10�4 ���.68� �.�6�
F+s 6� �.���� �.��� 6.�6�*10�5 ���8.��� 8.���

P6 F �� �.���� �.��� �.8��*10�5 6��.�� �.�68
F+s �� �.���� �.�66 ���� *10�4 ���.��8 �.��8

P� F �� �.���� �.��� �.6��*10�4 ���.��8 �.���
F+s �� �.��� �.��6 �.���*10�5 ����.��� �.��6

P8 F �� �.���� �.��8 �.�6� *10�5 �8�.6�6 �.��6
F+s �� �.���6 �.��� 8.��� *10�5 ���.��� �.���

P� F �� �.���� �.��� �.6�� *10�4 ���.��� �.���
F+s �8 �.���� �.��8 �.���*10�5 ��6�.��� �.���

P�� F �� �.���6 �.��� �.��� *10�4 �6.�66 �.���
F+s �� �.���� �.�6� 8.���*10�5 ��6.��� �.6

P�� F �� �.���� �.��� �.��� *10�4 ���.��� �.���
F+s �� �.���� �.��� �.��6*10�4 �6�.�� �.���

Mean F ��.��� �.���� �.��� �.��� *10�4 ���.��8 �.��6
F+s �6.��� �.���� �.�8� �.���*10�5 ����.��� �.���

STD F ��.��6 �.���6 �.��� �.���*10�4 ���.��� �.���
F+s ��.�8� �.���� �.��8 �.���*10�5 �6�.8�� �.���
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Table �.�: Parameters extracted from the �uorescence vs time curves using Method �. All
Peak Time values generated by the computational algorithm in Method � were validated with
a clinician. Only, Participant � and 6 showed unclear Peak Time values (��6 and 8�, respec-
tively). Therefore, new Peak Time values were suggested and are included in brackets (�� and
�8, respectively). For these two participants, the rest of the parameters were calculated using
both Peak Time values. However, only values from within the brackets are considered for the
analysis. The mean and STD are calculated using all individual values from each participant,
and only the suggested values (in brackets) for participants � and 6 are considered. F - Fluo-
rescence only; F + s - Fluorescence + sugar.

ID Test Peak
Time

Peak
Intensity Peak AUC Slope Peak AUC/

Slope
Peak AUC*
Peak Time

P� F �� �.���� �.��6 �.6��*10�4 ��8.�6� �.���
F + s �� �.���� �.��� �.8��* 10�5 ��6�.��� �.���

P� F ��6 �.���� �.��� �.6��*10�5 �����.�88 ��.886
(��) (�.����) (�.����) (�.8��*10�5) (����.���) (�.���)

F + s �� �.���� �.��� �.���*10�5 ����.8�� �.���

P� F �� �.���6 �.��� �.��8*10�4 ���.�66 �.88�
F + s 6� �.���� �.��� �.�8�*10�5 ��6�.8�8 6.��8

P� F �� �.���8 �.��� �.���*10�4 �6�.��� �.�6�
F + s �� �.���� �.��� �.��*10�5 ����.��� �.���

P� F �� �.���� �.�8� �.��8*10�4 ���.��8 �.���
F + s 66 �.���� �.��8 6.���*10�5 ����.��� �.���

P6 F 8� �.���� �.��6 �.���*10�5 ��68.��� ��.�66
(�8) (�.����) (�.����) (�.���*10�5) (��86.�86) (�.���)

F + s �8 �.���� �.�� �.���*10�4 ��6�.�6� 6.��

P� F �� �.���� �.��� �.�8�*10�4 ���.��8 �.�68
F + s �� �.���� �.��� �.8��*10�5 ����.��� �.��8

P8 F �� �.���� �.��� �.��8*10�5 8��.��� �.��6
F + s �� �.���6 �.�66 6.���*10�5 ���.��� �.6��

P� F �� �.���� �.��� �.���*10�4 ���.��8 �.���
F + s �� �.���� �.��� 6.���*10�5 ���.��� �.���

P�� F �8 �.���� �.�6� �.���*10�4 ��8.�6� �.88�
F + s �6 �.���� �.�8� �.���*10�5 ����.��� �.���

P�� F �8 �.���� �.��� �.��6*10�4 �68.6�6 �.66
F + s �� �.���� �.��� �.���*10�4 ����.�8� �.6��

Mean F �6.��� �.���� �.�8� �.���*10�4 686.��� �.6��
F + s ��.6�6 �.���� �.��6 �.��8*10�5 ��6�.��� �.8��

STD F ��.��� �.���6 �.��8 �.��8*10�4 ���.��� �.��8
F + s �.��� �.���� �.��� �.��� · ��� ���.��� �.���
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�.�.�.� Exponential decay �tting

The use of a high viscosity solution, such as the one used in the �uorescence + sugar group, could
potentially cause a decreased in the gastric emptying rate, as observed in [���]. This variations
in the gastric emptying rate are directly linked to a lower �uorescence intensity detected due to
the continuing elimination of the �uorescein within the bloodstream. The second analysis of the
�uorescence vs time curves focuses, then, on investigating two decay-rate �tting approaches to
correct for the impact that the clearance phase (i.e., decay rate) has on the �uorescence signals
with the ultimate goal being to improve the discrimination between gut permeability stages and to
correct for the variations in the gastric emptying rate due to for example, the use of high viscosity
solutions.

At the start of both �tting models (�-term and �-term), a median �lter (window N=��) was applied
to the �uorescence intensity signal to remove any noise that could impact the �tting approaches.
The clearance phase (depicted in Figure �.�) within the �uorescein signal is characterised by an
exponential decay with the starting point being the Peak Time (i.e., the time at which the �rst
peak is reached; see Figure �.�). Therefore, in this case, Peak Time values extracted from the
previous section �.�.�.� (Method �) were used as the starting points for both decay models (�-term
and �-term). Figure �.� shows two examples of the processes followed in the �-term and �-term
models, respectively, to predict the exponential decay function to later correct the �uorescence
signals.

For �-term model, the single exponential decay function presented in Equation �.� was �tted to
the clearance region of the �uorescence signals using the MATLAB function ”�ttype” and ”�top-
tions(‘exp�’)” (Figure �.� blue lines). The resulting parameters, I0 (original �uorescence intensity)
and b (decay rate) were extracted for each participant. Table �.� shows the predicted I0 and b

values, as well as the R
2 and RMSE used to evaluate the accuracy of the prediction for �-term

model.

As observed in Fig. �.8, some of the Peak Time values (from Method �, Section �.�.�.�) used for
the �-term �tting model do not represent a feasible starting point for the �tting algorithms, as the
subsequent data points do not have a clear exponential decay, which lead to inaccurate parameter
prediction. For those cases, Peak Time values were substituted for new starting points (previously
validated by an expert) and I0 and b,R2 andRMSE valueswere recalculated. Participant �, however,
was excluded from the analysis due to the lack of an exponential decay region (clearance phase)
for the �tting model to work with and the potential incorrect prediction of the parameters I0 and b.
Table �.� shows the new starting points, as well as recalculated values I0 and b, R2 and RMSE in
brackets (values for participant � are shown, but are not considered for future analysis).

In addition to the new values presented in Table �.� , the new �tting curves for the participants
(Participants �, 6 and 8) can also be seen in Figure �.�. Overall, these adjustments have improved
the �tting and the predicted values of the datasets, with mean R2 values of �.��6 and �.�6� for
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Figure �.�: Exponential decay approaches: examples of �uorescence – only signals from
Participant � and ��. (A) Single (�-term) exponential decay model. The �uorescence – only
data used for the �tting is represented in blue and the starting point is determined by the Peak
Time, extracted from Method � (see Section �.�.�.�). From the predicted decay function (I(t)),
in red, the parameters I� and b can be extracted and will be used to correct for the elimination
of the �uorescein in the body. The performance of the �tting model is assessed by the R

2

and RMSE values, also shown in the graphs. (B) Double (�-term) exponential decay model.
As before, the �uorescence data used for the �tting is represented in blue and the starting
point is determined by the Peak Time from Method �. In this case, parameters a, b, c, and d
are extracted from the predicted decay function (I(t)), in red, and will be used to correct for
the elimination of the �uorescein in the body. The performance of the �tting model is also
assessed by the R2 and RMSE values.
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Table �.�: Predicted parameters extracted from the single (�-term) exponential �tting
curve. The Peak Time values, from Method � (see Section �.�.�.�) The predicted parame-
ters I0 and b are used to correct the �uorescence signal for the elimination of �uorescein
from the body. The performance of the �tting is assessed by the R2 and RMSE values, also
shown. Values from Participant � are only displayed for visual information, and they are not
used for the analysis nor the calculation of the mean and STD values.

ID Test Peak Time I0 b R2 RMSE

P� F �� �.�8�*10�3 -�.��6� �.��� �.���*10�4

F+s �� 6.���*10�3 -�.��8 �.��� �.���*10�4

P� F �� �.���*10�4 -�.� -�8.��� �.���*10�3

F+s �� �.66�*10�3 -�.��� �.�88 8.6��*10�5

P� F �� �.���*10�2 -�.���� �.��8 8.��8*10�5

F+s 6� �.��8*10�3 -�.���� �.��� 6.���*10�5

P� F �� �.���*10�3 -�.���� �.��� �.�8�*10�4

F+s �� �.���*10�3 -�.���� �.8�� �.�8�*10�5

P� F �� �.���*10�2 -�.��8� �.��� �.�86*10�4

F+s 66 �.���*10�3 -�.� -��.��� �.���*10�3

(��6) (�.6��*10�3) (-�.����) (-�.���) (�.6��*10�5)

P6 F �8 �.��8*10�3 -�.���� �.��� �.�8�*10�4

(��) (�.��8*10�3) (-�.��68) (�.8��) (�.���*10�4)
F+s �8 �.���*10�3 -�.���8 �.�8� �.�86*10�4

P� F �� �.���*10�3 -�.��6� �.��� �.�8�*10�4

F+s �� �.6��*10�3 -�.���� �.��� �.���*10�4

P8 F �� �.�8�*10�3 -�.���� �.�88 �.��8*10�4

(���) (�.�6�*10�3) (-�.����) �.��� (�.���*10�5)
F+s �� �.�86*10�3 -�.���� �.�6� �.���*10�4

P� F �� �.���*10�3 -�.���� �.��� �.��6*10�4

F+s �� �.8��*10�3 -�.���� �.6�� �.���*10�4

P�� F �8 �.��6*10�3 -�.��8� �.�6� �.���*10�4

F+s �6 �.��6*10�3 -�.���� �.88� �.���*10�4

P�� F �8 �.���*10�2 -�.��8� �.��� �.8�8*10�4

F+s �� �.���*10�3 -�.���� �.6�� �.���*10�4

Mean F ��.6 �.���*10�3 -�.��8� �.��6 �.���*10�4

F+s ��.� �.8��*10�3 -�.���� �.�6� �.6��*10�4

STD F ��.�6� �.���*10�3 �.���8 �.��6 �.���*10�4

F+s ��.�6� �.8��*10�3 �.���� �.�8� �.���*10�4
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Figure �.8: Single (�-term) exponential decay �tting applied to the Fluorescence vs time curves
for all �� participants under two experimental conditions: �uorescein solution only (left) and
�uorescein solution + sugar (right). Data points used for the �tting approaches are repre-
sented in blue and the resulting �tting functions are illustrated in red.
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both �uorescence-only and �uorescence + sugar studies (note that participant � was excluded
from this calculation).

Figure �.�: Exponential decay �tting applied to the Fluorescence vs time curves for Partici-
pants �, 6 and 8, using the new suggested Peak Times. Data points used for the �tting ap-
proaches are represented in blue and the resulting �tting functions are illustrated in red.

When a double exponential decay (�-term) model is applied to the same data, some of the par-
ticipants exhibited higher R2 values attributed to an improved estimation of the clearance region
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compared with the previous �-term model (Figure �.�). However, in some cases (for example, �u-
orescein + sugar signal from Participants 6 and �), the �ttings exhibited lower R2 values. Never-
theless, the overall dataset does not show a considerable improvement, with mean R

2 of �.���
(�uorescein -only) and �.��� (�uorescein + sugar). Table �.6 shows the parameters calculated for
each participants using �-term model.

Table �.6: Predicted parameters extracted from the double (�-term) exponential �tting
curve. The Peak Time values, from Method � (see Section �.�.�.�) determine the starting
point of the �tting curve. The predicted parameters a, b, c and d are used to correct the �u-
orescence signal for the elimination of �uorescein from the body. The performance of the
�tting is assessed by the R2, also shown.

ID Test Peak Time a c b d R2

P� F �� �.���� �.���*10�1 -�.��� -��.��� �.���
F+s �� �.���6 �.���*10�1 -�.��� -��.��� �.��8

P� F �� �.���� �.���*10�8 -�.��� -�.��� �.��8
F+s 6� �.���� �.���*10�3 -�.��� -�.��� �.���

P� F �� �.��6 �.��6*10�5 -�.��� -�.��� �.���
F+s �� �.���� �.���*10�1 -�.��� -�.��� �.8��

P� F �� �.���� ��.���*100 -�.��� -�.��� �.���
F+s ��6 �.���� �.���*10�1 -�.��� -�.��6 �.8��

P6 F �� �.���� �.���*10�3 -�.��� -�.��6 �.8��
F+s �8 �.��8� �.���*10�3 -�.��� -�.��8 �.���

P� F �� �.���� ��.���*100 -�.��� -�.��� �.8�6
F+s �� �.���8 �.���*10�5 -�.��� -�.��� �.�68

P8 F ��� �.���8 �.�6�*10�1 -�.��� -�.�8� �.�8�
F+s �� �.��6� �.�6�*10�3 -�.��� -�.��� �.��6

P� F �� �.���� �.���*10�1 -�.��6 -��.6�8 �.���
F+s �� �.���� �.���*10�5 -�.��� -�.��� �.6��

P�� F �8 �.���� �.���*10�1 -�.��� -��.��� �.�6�
F+s �6 �.���8 �.���*10�3 -�.��� -�.��� �.8��

P�� F �8 �.���� �.���*10�3 -�.��� -�.��� �.��6
F+s �� �.���� �.���*10�11 -�.��� -�.��� �.6��

Mean F ��.� �.���� �.���*100 -�.��� -�.��8 �.���
F+s ��.� �.���� �.���10�1 -�.��� -�.��� �.���

STD F ��.�6� �.���� �.���*100 �.��� �.��6 �.���
F+s ��.�6� �.���6 �.���*10�1 �.��� �.��� �.���
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As previously described, �uorescein is eliminated from the body through the liver and the kidneys,
which have different elimination rates [���]. Therefore, a double exponential decay model was
expected to improve considerable the �tting of the signals because it can representmore accurately
the heterogeneity and complexity of these elimination processes. However, for both �tting models
(�-term and �-term) to predict accurate values, the �uorescence signals need to exhibit a clear
exponential decay region. This is not the case in all participants, as shown in Fig. �.8, where
part of the signal within the expected clearance region (i.e., after the �rst peak) has not reach a
constant decay and, in some cases, the signal continues increasing (such as Participants � and
�). Longer collection times (>�8� minutes) could provide a better estimation of the decay regions,
potentially improving the prediction of the parameters. However, prolonged collection times may
lead to patient discomfort and diminish signal quality due to motion artifacts or even participant’s
withdrawals, which could dif�cult data interpretation.

Therefore, following with the approaches proposed previously (�-term and �-term exponential de-
cay �ttings), the �uorescence signals were corrected using the predicted parameters (I0 and b for
�-term model and a, b, c and d for �-term model). Figure �.�� shows some examples of the cor-
rected �uorescence signals for �-term and �-termmodels. These examples demonstrate the effect
that the accuracy of the prediction has when correcting the �uorescence signals. High R2 values,
such as the examples presented in Fig. �.��A allow for accurate prediction of the parameters (I0
and b for �-term model and a, b, c and d for �-term model) and a better correction of the clearance
regions. However, participants in which R

2
< �.��� (Fig. �.��)B exhibit inaccurate correction of

the elimination region due to the incorrect prediction of the parameters. In addition, we have also
observed that small changes to the Peak Time values have a big impact on the resulting correction
of the �uorescence signals. To illustrate this phenomenon, Fig. �.�� shows an example of Partic-
ipant �, in which the original Peak Time (�� min) was modi�ed to �� min, leading to a signi�cant
decrease in the maximum intensity of the resulting corrected �uorescence signal. This suggests
that the proposed models are very sensitive to variations in input data which could potentially lead
to unrealistic predictions and incorrect assumptions.
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Figure �.��: Exponential decay correction using the predicted parameters extracted from �-
term and �-term approaches. (A) Fluorescence signals fromParticipants � and �� (left graphs)
and the �tting functions (in red) predicted by �-term (top) and �-term (bottom) approaches. In
this case, both exponential decay �tting approaches providedR2 values> �.���. This deter-
mined a good prediction of the clearance of �uorescein, recovering the data on the clearance
phase to a plateau pro�le (right). (B) Fluorescence signals from Participants 8 (left graphs)
and the �tting functions (in red) predicted by �-term (top) and �-term (bottom) approaches. In
this case, both exponential decay �tting approaches providedR2 values< �.8��. This deter-
mined an inaccurate prediction of the clearance of �uorescein (see right graphs).
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Figure �.��: Impact of the Peak Time values on the corrected �uorescence signals. (top)
Double exponential decay �tting (red) applied to the blue data points from the �uorescence
signal (black). The starting point for the �tting algorithm is the original Peak Time value for
Participant � (�� minutes). The corrected �uorescence data is illustrated on the right, with
a maximum peak intensity of ��.���. (bottom) Double exponential decay �tting using in this
case a modi�ed peak time of �� minutes. In this case, the corrected �uorescence data, illus-
trated on the right, has a maximum peak intensity of �.��6�.

Continuing with the analysis, the mean �uorescence vs time curves after correction were calcu-
lated. As illustrated in Fig. �.�� , the single exponential decay model provided the expected cor-
rection of the elimination phase (i.e., resulting in a plateau region after the Peak Time). However,
no differences are observed between the datasets when using the single exponential decay model
(�-term). It is only when applying the double exponential decay model when differences between
the datasets are evident. This suggests that the exponential �tting models proposed here have the
potential to correct for the elimination of the �uorescein through the body. However, the results ob-
tained during the implementation of the single and double exponential decay models, did not show
enough evidence to allow for accurate prediction of the elimination rates from the �uorescence
signals (and therefore, to continue the analysis). This is potentially attributed to the simplicity of
the models and the higher level of complexity within the �uorescence signals. Further investiga-
tion is needed in order to con�dently use the predicted parameters to correct for the elimination
phase for comparison between different stages of gut permeability. Therefore, the results from
the exponential �tting approaches presented in this section were not taken further in Section �.�.�
to discriminate between different states of gut permeability. Potential future work in this area is
discussed in Chapter 8.
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Figure �.��: Mean and STD �uorescence signals after the correction for the elimination of
�uorescein from the body is applied. Mean �uorescence-only (blue) and �uorescence + sugar
(red) signals after applying the correction decay from the �-termmodel (left) and �-termmodel
(right).

�.�.�.� Phasor analysis

In contrast to the time-domainmethods discussed in previous sections �.�.�.� and �.�.�.�, this last
approach analyses the frequency domain of the �uorescence signals. Brie�y, the phasor approach
focuses on representing the �uorescence signal as a point in a two-dimensional phasor plot. The
real part of the phasor component (g) corresponds to the cosine of the phase angle, and it is gener-
ally related to changes in the amplitude of the signal, which could be associated with variations in
the �uorescence intensity (for example, due to changes in gut permeability). The imaginary compo-
nent (s), on the other hand, corresponds to the sine of the phase angle and it is usually associated
with temporal or phase changes in the signal, and could capture information about the temporal
characteristics of the signal. Phasor analysis could, therefore, help to identify differences in gut
permeabilities that might be challenging to discern using time-domain methods.

Following this approach, the phasor (real (g) and imaginary (s)) components of the signals were
extracted using MATLAB. Previous to this, the �uorescence vs time curves were �ltered using a
median �lter (with window N=��). The real component (g) represents the cosine-weighted average
�uorescence lifetime, while the imaginary component (s) represents the sine-weighted average
lifetime (as represented in Equations �.6 and �.�). The phasor components extracted from each
signal (shown in Table �.�) are later use in Section �.�.�.� to compare between both �uorescence-
only and �uorescence + sugar datasets.
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Table �.�: Phasor components: Real(g) and Imaginary (s) extracted from the �uorescence
signals.

ID Test Real (g) Imaginary (s)

P� F -�.��8� �.�88�
F+s -�.���� �.����

P� F -�.���� -�.��8�
F+s -�.���� �.�88�

P� F -�.�6�� �.���
F+s -�.��� -�.����

P� F -�.���� �.����
F+s -�.��� �.���6

P� F -�.�8� �.�8��
F+s -�.�� -�.�8��

P6 F -�.���8 �.����
F+s -�.�8 �.����

P� F -�.���� �.���8
F+s �.���8 �.��8�

P8 F -�.���� -�.��8
F+s -�.���� �.���

P� F -�.�6�� �.���8
F+s -�.���8 �.��6�

P�� F -�.�8�� �.��88
F+s -�.���� �.����

P�� F -�.��6� �.����
F+s -�.���� �.���

Mean F -�.���� �.����
F + s -�.���� �.���6

STD F �.���6 �.����
F + s �.���� �.���8
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�.�.� Signal analysis: comparison between different gut permeability
stages

�.�.�.� Fluorescence intensity vs time curves

First step of the comparison between both permeability stages curves involved the evaluation of
the �uorescence signals collected from each individual participant on each experimental condition
(condition �: �uorescein only (F) and condition �: �uorescein + sugar (F +s)).

In both experimental conditions, all �� participants were asked to fast for a minimum of � hours
prior to the experiments. During the �rst phase (condition �), participants were asked to drink a
�uorescein solution containing only ���mg �uorescein dissolved in ���mlwater, and �uorescence
data was collected for �8� minutes using the spectroscopy system. At least � week after the �rst
phase, participants came back and were asked to drink another solution containing this time ���
mg �uorescein + 6�g of sugar dissolved in ��� ml of water and �uorescence vs time curves were
recorded again for �8� minutes (condition �). Fluorescence intensity vs. time curves from both
experiments were plotted to compare the two datasets (Fig. �.��). It is important to mention
that skin tone would of course be expected to affect the collected data, with darker skin tones
leading to lower absolute signal levels. However, good signal-to-noise ratios were observed in
all measurements indicating that the �uorescein dose used here was suf�cient for non-invasive
permeability sensing in all cases. In addition, once �uorescence is detected, the normalisation
procedure (see section �.�.�) acts to correct for variations in skin tone (and other factors that affect
absolute signal levels such as laser power and probe orientation) between participants.

As expected, when analysing the data, �uorescence intensity was observed to increase over time
in both conditions, reaching a peak value approximately within the range of ��-�� minutes after
ingestion of the �uorescein solution, before beginning to decrease back towards the background
level. Qualitative analysis of the individual �uorescence vs time curves found differences between
datasets, with clear variations on the maximum intensities, as well as the intake and decay rates,
on each condition. This differences, clearly visible on individuals such as Participants �, �, �, �,
�, �� and ��, suggest a change in permeability potentially induced by the ingestion of sugar on
the second experimental day. However, there are exceptions in which these observations do not
apply. Participants �, 6 and 8, for example, show higher and early �uorescence intensity peaks
for condition � (�uorescein + sugar) than condition � (�uorescein only). These results can tenta-
tively be attributed to physiological and/or technical variations between experimental studies (as
data was recorded with a gap of at least one week). During this period between studies, physio-
logical variations such as gastric emptying rates and gut permeability rates can be altered due to
diet, stress, exercise or medication [���, ��8]. In addition, unintentional modi�cation during the
experimental set up, such as �nger clip location and/or laser power variations can also impact the
measurements. However, when mean and standard deviation curves were extracted (Figure �.��),
experimental condition � (�uorescein only) exhibited a higher peak value (of �.���6) at earlier times
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Figure �.��: Fluorescence vs time curves for all �� participants under two experimental con-
ditions: �uorescein solution only (blue) and �uorescein solution + sugar (red). Fluorescence
signals for each condition were collected on different days using the spectroscopy system
displayed in Figure �.� for a total period of �8� minutes.
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Figure �.��: Mean �uorescence intensity as a function of time after ingestion of �uorescein
for the �uorescein only (solid blue line) and �uorescein + sugar (dotted red line) measure-
ments. The blue and red lines represent mean values calculated across all �� participants.
The shaded blue and red regions represent ±� standard deviation from the mean. Peak Time
and Peak Intensity values calculated from the mean �uorescence curves are also displayed
(not to be confused with the average Peak Time and Peak Intensity values calculated amongst
all �� participants, shown in Tables �.�, �.�) and �.�.

(�� minutes) than the experimental condition � (�uorescein + sugar), with a peak value of �.����
at �� minutes.

These �ndings support the hypothesis that a gut permeability change was induced during the sec-
ond experimental study, in which 6� g of sugar was ingested together with ��� mg of �uorescein.
Nevertheless, differences observed from the individual curves suggest that the ingestion of sugar
(during the second study) could have also impacted the gastric emptying rate, slowing it down.
This meant not only that the peak signal level occurred later (due to slower emptying of �uorescein
from the stomach into the gut) but also that the absolute value at the peak was reduced due to elim-
ination of �uorescein from the blood stream. Fluorescein can be expected to be eliminated from
the body at an approximately constant rate across the two measurement days. Thus, it follows
that the later the peak in the signal, the greater the degree of elimination that will have taken place
by that point, thereby reducing the absolute value of the peak signal. This suggests that parame-
ter correction, such as the Peak AUC/Slope or Peak AUC * Peak Time, could correct for changes
caused by alteration in gastric emptying rate and potentially improve the detection of variations in
permeability.
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�.�.�.� Classi�cation of different gut conditions - Automatic Peak Selection

Investigation of different manual and computational peak selection approaches (described in Sec-
tion �.�.�.�) allowed for the extraction of different parameters - Peak Time, Peak Intensity and
Peak AUC - from the �uorescence vs time curves to evaluate the potential of the �uorescence
spectroscopy system to detect changes in gut permeability. In addition, we also explore the ability
to correct for gastric emptying rate and elimination of �uorescein from the body, by investigating
the potential of corrected Peak AUC value (Peak AUC/slope and Peak AUC* Peak time) for a bet-
ter identi�cation of changes in gut permeability. Figure �.�� shows the scatter-box plots of the
parameters extracted for each participant on each experimental condition with all three different
methods.

Using the initial approach (Method �) we found that following sugar ingestion, Peak Time and Peak
AUC values were generally higher compared to the �uorescein-only measurements (� out of �� for
Peak Time and � out of �� for Peak AUC). These differences were statistically signi�cant for both
Peak Time and Peak AUC parameters, with p-values = �.��� and �.���, respectively.

Conversely, Peak Intensity did not show signi�cant difference (p-value = �.�8��), which could be at-
tributed to the �uorescence intensity variations caused by gastric emptying rates. When analysing
the corrected Peak AUC parameters (Peak AUC/Slope and Peak AUC*Peak Time), signi�cant dif-
ferences were again found between the datasets (p-values = �.���� and �.����, respectively).
This was attributed to the additional degree of correction that the Peak AUC/Slope and the Peak
AUC*Peak Time parameters provided for the impact of gastric emptying rates and, potentially, for
the elimination of �uorescein from the body.

Table �.8: Statistical analysis comparing the datasets using the parameters extracted
through each method. The p-values obtained from the paired Student’s T-test are shown. Sta-
tistically signi�cant differences between �uorescence-only and �uorescence + sugar datasets
are found in most of the cases, with the exception of parameter Peak Intensity and Peak AUC
(for Method �).

Peak Time Peak In-
tensity Peak AUC Peak AUC

/ Slope
Peak AUC
* Peak
Time

Method � �.���� �.�8�� �.���� �.���� �.����
Method � �.���� �.��8� �.��6� �.��6� �.����
Method � �.���� �.���� �.���� �.���� �.���8

The second method of analysis for peak selection (see Fig. �.�� and Table �.8 ) demonstrated
similar results to Method � (manual method), including signi�cant differences between the mea-
surements for Peak AUC/Slope and Peak AUC*Peak Time (p-value = �.��6 and �.����, respectively,
see Table �.8).
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Figure �.��: Comparison of the parameters extracted from the �uorescence vs time curves.
(left to right) Scatter-Box plots showing the parameter values calculated using Method �,
Method � and Method �. (top to bottom) Parameters extracted from the �uorescence curves
– Peak Time, Peak Intensity, Peak AUC, Peak AUC/Slope and Peak AUC*Peak Time. Box plots
also show median values (red lines), 25th and 75th percentiles (upper and lower bounds of
black box), most extreme data points excluding outliers (whiskers), and outliers (red crosses)
for the �uorescence only study (blue) and �uorescein + sugar study (red). Outliers, shown
for visualization purposes only, were de�ned as points that fell below the 25th percentile or
above the 75th percentile by more than �.� times the interquartile range. All calculations (e.g.
of means, medians, etc.) and all statistical tests were performed based on the data points
from all �� participants (i.e. including outliers) in all cases.
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Interestingly, when analysing Method �, we found that Peak AUC alone did not show signi�cant
differences between the �uorescein-only and �uorescein + sugar measurements (p-value = �.���).
However, corrected Peak AUC values (Peak AUC/Slope and Peak AUC*Peak Time) were signi�-
cantly higherwith ingestion of sugar thanwithout (p-values =�.��6 and�.���8, respectively).

Furthermore, we found that these Peak AUC/Slope and Peak AUC*Peak Time values were higher
following ingestion of sugar in most of the participants for the three methods (� out of �� and ��
out of �� participants for Method �, 8 out of �� and �� out of �� participants for Method � and ��
out of �� and � out of �� participants for Method �, respectively). Together with the results above,
this demonstrates the potential of the parameters extracted, especially the corrected parameters
Peak AUC/Slope and Peak AUC*Peak Time, to provide effective/signi�cant discrimination between
states of normal and (transiently) increased gut permeability (using all three methods of peak se-
lection analysis). Crucially, this is true both when analysing the data for peak selection in a fully
manual manner (Method � and �) and when doing so using a completely automated technique
(Method �).

This demonstrate that the results for Method � and Method � are not caused by observer/manual
bias in the peak selection process. However, it is worth mentioning that the use of un�ltered or
noisy data (such as in Method �) can lead to incorrect peak selection and therefore, an unrealistic
discrimination. The implementation of a �ltering step (such as in Method � and �) exhibit similar
results to the manual approach (Method �) but reducing the risk of incorrect peak selection, hence,
providing an improved analysis of the signals.

Moreover, as data can be analysed immediately following collection, the results presented from this
�rst approach (i.e., parameters extracted from peak selection analysis) highlights the potential for
future use in rapid and non-invasive readouts of intestinal permeability. There are of course limita-
tions associated with this peak selection analysis and the approaches generated from it (Method
�, � and �). In a small minority of participants, for example, some of the calculated gut perme-
ability parameters (i.e. Peak Intensity, Peak AUC, Peak AUC/Slope and/or Peak AUC*Peak Time)
were found to stay the same or decrease following ingestion of sugar (rather than increasing as
expected). This was again tentatively attributed to natural variations in physiology (e.g. variations
in intestinal permeability, gastric emptying rate and/or rate of elimination/clearance) in the relevant
participants from one study day to the next. Nevertheless, the approaches presented here could
bene�t from advanced techniques that focus on other aspects of the �uorescence vs time curves
to improve discrimination between gut permeability stages. Following sections address this con-
sideration, focusing on investigating the potential of more advance analysis to identify features
that will improve the discrimination between different gut permeability stages.
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�.�.�.� Classi�cation of different gut conditions - Exponential decay�tting

As observed in Section �.�.�, the �uorescence vs time curves collected using the spectrometer sys-
tem exhibit three characteristic phases: absorption, maximum intensity and clearance. Parameters
extracted in the previous section show good discrimination between the datasets. However, given
the potential impact of the gastric emptying rates on signal dynamics, further analysis focused on
investigating the in�uence of other factors, such as the �uorescein elimination (clearance phase),
on dataset discrimination. To accurately describe and correct for the elimination of the �uorescein
from the bloodstream (clearance phase), an exponential decay model is �tted to the �uorescence
vs time curves to obtain a decay rate. The calculated decay rates are then used to correct the �uo-
rescence signals. We saw in Section �.�.�.� that the accuracy of the exponential decay �tting was
very dependent of the started point selected for the model. In addition, some of the �uorescence
signals do not exhibit a clear exponential decay region for the models to work with. These limita-
tions generated unreliable prediction of the decay rates, resulting in unrealistic corrections of the
�uorescence signals. Therefore, the results from this approach were not considered for compari-
son between datasets and further investigation is needed in order to con�dently use the predicted
parameters to correct for the elimination of �uorescein in the body. Future goals involve re�ning
the exponential decay �tting algorithms by incorporating constrains, including expected parame-
ter values for decay rates, to improve the accuracy of the prediction and thus, the correction for
�uorescein elimination in the body. Furthermore, exploring addition features, such as the uptake
of the �uorescence intensity, could also improve the characterisation of the �uorescence curves
and facilitate the discrimination between gut permeability stages.

�.�.�.� Classi�cation of different gut conditions - Phasor analysis

Following with the implementation of advance analysis approaches, in Section �.�.�.�we extracted
the phasor (real(g) and imaginary (s)) components from the �uorescence signals to investigate the
capability of the phasor analysis to discriminate between different gut permeability stages. Figure
�.�6 shows the phasor components of each individual participants and study, as well as the mean
values for each group. Interestingly, after sugar intake, the mean phasor component exhibits a
downward shift in position with respect to the �uorescence-only data, with a Euclidean distance of
�.�6��. This downward deviation of the �uorescence + sugar signals is also noticeable in most of
the individual signals (Figure �.�6), suggesting, at �rst, a change in the gut permeability caused by
the intake of sugar.

Interestingly, although this downward shift observed between the individuals was found to be non-
signi�cant (p-value: �.�6��), participants which exhibited an upward shift (Participants �, 6 and 8)
also showed higher �uorescence + sugar intensity signals (Fig. �.��). In addition, this phenomenon
also correlates with the �ndings in Section �.�.�.� and �.�.�.�, in which these participants exhib-
ited higher �uorescence + sugar Peak AUC, Peak AUC/Slope and Peak AUC*Peak Time values (see
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Tables �.�,�.� and �.� ). As before, these observations were rather mainly attributed to natural
variations in physiology (e.g. variations in intestinal permeability, gastric emptying rate and/or rate
of elimination/clearance) from one study day to the next.

Figure �.�6: Phasor components extract from the �uorescence signals. (A) Phasor plot with
the Real (g) and Imaginary (s) components of each participant for the �uorescence-only (blue)
and �uorescence + sugar (red) studies. Mean values, as well as the ��% con�dent interval
(ellipses), are also shown. (B) Vector plot of the individual phasor components of each par-
ticipant. Fluorescence-only phasor components are represented in blue and �uorescence +
sugar phasor components are represented in red. The black arrow illustrates the shift of the
data from study day � (�uorescence -only) and day � (�uorescence + sugar).

Elena Monfort-Sanchez - ��6



�.�. Results Chapter �

Nevertheless, to further investigate the potential of the phasor analysis to discriminate between
gut permeability stages, we integrated the phasor components extracted from the signals into a
machine learning algorithm. In this case, we built a preliminary/simple supervector machine (SVM)
classi�er to distinguish between both datasets and we use the phasor components extracted from
the �uorescence signals as inputs. The SVM algorithm is widely used to capture complex relation-
ships within different datasets [���]. Its objective is to �nd the optimal hyperplane that maximises
the separation between the data points within these groups. To do so, data, containing the phasor
components is randomised and divided into two groups: training and validation (containing 70% of
the data points) and testing (containing 30%). The training and validation data is then implemented
into a simplify SVM is using the MATLAB function �tcsvm.

To optimise the parameters within the SVM algorithm and to assess the performance of the SVM
algorithm, we use the “leave-one-out” cross validation (LOOCV). In this technique, a single data
point from within the training and validation group is held out as the validation set, and the model
is trained in the remaining data. This process is repeated for each data point in the training and
validating group. This ensures that every data point serves as both part of the training set and the
validation set, allowing for a robust assessment of model performance with limited data. After the
validation, the data points within the testing groups are used to assess the �nal performance of the
SVM model. Figure �.�� exhibit the decision boundary generated by the SVM after the testing and
the support vectors that in�uenced the position and orientation of the decision boundary.

Figure �.��: The decision boundary generated by the SVM algorithm implemented with the
phasor components extracted from the �uorescence signals. SVM support vector are also
illustrated in the graph with circles.
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The confusion matrix (Table �.�) obtained after the implementation of the algorithm describes
the performance SVM model. As observed in table �.�, only one participant was misclassi�ed
(out of the 6 total participants used to evaluate the overall performance of the classi�er). Given
the confusion matrix, the resulting SVM model provided an overall accuracy of 8�.���%, with an
out-of-sample misclassi�cation (or validation error) of ��.���% (obtained from the LOOCV). Given
the limited data available, the sensitivity of the model, 66.666%, suggests a good discrimination
between �uorescence-only and �uorescence + sugar signals. This is also supported by the F�
Scores, ��.���%.

Table �.�: Confusion matrix extracted from the SVM algorithm. These values are used to
calculate the performance metrics of the algorithm: accuracy, sensibility and F� score.

True
Class

Fluorescence + sugar � �
Fluorescence-only � �

Fluorescence + sugar Fluorescence-only

Predicted Class

Overall, the results presented in this section demonstrates the potential of the phasor components
together with the SVM classi�er to discriminate between different stages of gut permeability. How-
ever, it is important to highlight that the results provided by the SVM model do not represent the
overall picture of the �uorescein permeability pro�les. With limited data available, the SVM model
ismore susceptible to overlook the complexity of the data, which can let to over�tting or biased rep-
resentations. Therefore, the SVM model presented here served as a foundational step to promote
the development of more complex strategies in the future to capture the full complexity inherent in
the �uorescence signals and to showcase the potential of the phasor components to discriminate
between different gut permeability stages.
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�.� Conclusion
This chapter has reported a series of analysis techniques for assessment of intestinal permeability
using non-invasive (transcutaneous) �uorescence spectroscopy. Our �rst approach (Peak Selec-
tion) demonstrated that three methods of analysis (ranging from manual to fully automated) pro-
duce similar results for the parameters investigated. In addition, the parameters extracted from the
�uorescence signals provided signi�cant difference between the �uorescence-only and �uoresce
+ sugar datasets, allowing for an effective assessment and comparison of different stages of gut
permeability.

Further advanced techniques investigated the potential of new features such as the clearances
rate to correct for the elimination of the �uorescein from the body and the impact this has on the
�uorescence signals. However, the exponential decay �tting approach investigated in this case,
although promising, did not provide feasible results for the correction of the elimination rates. Given
the high dependency on user input, the decision was made to refrain/abstain from implementing
this approach in the subsequent chapter, recognising the need to further work.

The last approach analysed the complex frequency domain of the �uorescence signals (phasor
analysis). The results demonstrated the potential of the phasor components to effectively discrim-
inate between different stages of gut permeability, allowing for a rapid and automated (no exter-
nal/human input) analysis of the signals. Our results demonstrate the ability of the parameters
(extracted through the Peak Selection and Phasor analysis approaches) to differentiate between
two states of gut permeability. In addition, the signi�cant differences found between the datasets
when implementing these approaches reveals the potential of transcutaneous �uorescence spec-
troscopy for non-invasive assessment of intestinal permeability.

As permeability is known to be altered in a wide range of GI and other conditions (e.g. in Crohn’s
disease, coeliac disease and malnutrition [���]), this suggests that transcutaneous �uorescence
spectroscopy may have clinical potential, for example in both diagnostic and therapy/intervention
monitoring applications. Crucially, the �uorescence spectroscopy method reported here is non-
invasive, does not require collection of biological samples such as blood or urine, and involves
analysis procedures, such as Peak Selection and Phasor analysis, that can be performed in a fully
automated manner. Furthermore, the �uorescence spectroscopy technique uses �uorescein as
a contrast agent, which is low-cost and already approved for other clinical procedures [�8�, ���].
Together, this suggests signi�cant advantages over existing permeability tests (e.g. L:M tests, Cr-
EDTA assays, etc.) in terms of both invasiveness and time to report results which implies the poten-
tial for rapid clinical translation. In turn, this technique, togetherwith the computational approaches
presented, would offer opportunities to improve patient outcomes in some of the above conditions,
for example by providing earlier diagnosis and improved monitoring of therapy responses.

There are of course limitations associated with this study. The sample size is relatively small and
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there is also a risk of heterogeneity in gut permeability among the study participants (both in their
gut permeability across the two study days and in how they respond to the hyperosmolar solution).
The gut is an extremely complex organ, which exhibits functional changes in response to subtle
and wide-ranging factors such as diet and exercise. As such, it is not unexpected that the data
exhibited variations across participants. Nonetheless, this highlights the need to further validate
this technology in larger cohorts/populations.

Furthermore, only Asian and Caucasian volunteers participated in this study (see Table �.�), mean-
ing that the range of skin tones investigated was limited and is expected to impact the collected
signals. However, while further investigation of the effect of skin tone would be bene�cial, the re-
sults presented here still demonstrate the potential of transcutaneous �uorescence spectroscopy
for non-invasive permeability sensing.

To address the above limitations, the following chapters present a compact portable version of
the benchtop system (used in this chapter) to allow more widespread deployment in larger clinical
trials. In addition, this technique is also validated in larger populations (with a wider range of skin
tones and with different doses of �uorescein) and in patient cohorts where increased intestinal
permeability is expected (e.g. potential undernutrition participants). Together with the results re-
ported here, this will further validate transcutaneous �uorescence spectroscopy as a clinical tool
for non-invasive monitoring of intestinal permeability.
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Fibre-optic �uorescence spectroscopy
sensor - development and validation
As discussed in Chapter �, permeation of the contrast agent, �uorescein, from the gut to the blood-
stream is detectable through the skin using �uorescence spectroscopy. In addition, �uorescence
datasets, together with different data processing approaches, have shown to have the potential to
be clinically useful – for example in the monitoring and diagnosis of abnormal gut permeability.
Previous studies also helped to provide evidence that �bre-optic �uorescence spectroscopy sys-
tems, �rstly presented in [��], could prove useful in the investigation of other intestinal functions,
such as gastric emptying, as well as other GI disorders, such as IBD or Chron’s disease [��, ���,
���, ���, ���].These spectroscopy systems can signi�cantly improve the experience of patients
while also providing the opportunity to clinicians with valuable information. However, when consid-
ering the non-invasive monitoring and diagnosis of gut disorders using optical spectroscopy, it is
important to consider the accessibility and deployability of the technology. This chapter describes
the development of a compact �uorescence sensor designed to improve the functionality of the
system present in previous chapters and referred to as Benchtop system. This compact sensor
takes into account the limitations of this system, focusing on deployability and cost-effectiveness.
The presented sensor integrates a compact in-house electronic design that allows for collection
of �uorescence data non-invasively using a single excitation source and a �bre optic probe. The
system is described in detail below, including the development, testing and validation strategies
implemented. The information provided in this chapter has been published in the SPIE Journal of
Biomedical optics (open access) [���].

���
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�.� Introduction
As previously explained, disruption of the intestinal barrier manifests in numerous gastrointestinal
(GI) conditions and can lead to an increase in gut permeability, potentially allowing GI pathogens
to enter the bloodstream and trigger in�ammatory responses that exacerbate furhter the condition
[��, ��, ��, ���, ���, ���].

Despite the biological and clinical importance of intestinal permeability, we have seen that current
clinical tests suffer from a series of limitations, including invasiveness, lack of standarisation and
high cost. The clinical uptake of these tests is therefore constrained to certain population [���,
���] and regions, which demonstrates the need for non-invasive and reliable diagnostic tools for
improved assessment of intestinal permeability [�6, 8�, ���].

In Chapter � and �, we have seen that transcutaneous (‘through-the-skin’) �uorescence spectroscopy
of orally ingested �uorescent contrast agents has the potential for non-invasive monitoring of gut
permeability and other GI functions [��, ���–��8, ���]. Fluorescein, a clinically approved �uores-
cence contrast agent [���], possesses the capability for transcutaneous assessment of gut func-
tion as it has a molecular weight that is comparable to lactulose (which is used in the L:M and L:R
tests). The use of transcutaneous spectroscopy has the potential to produce clinical results within
hours rather than days (as data can be analysed immediately without requiring laboratory analy-
sis) and does not require collection of urine, blood or stool samples (unlike other methods such as
L:M and L:R) [��, ���–��8, ���]. However, to date, transcutaneous �uorescence spectroscopy to
measure gut permeability has only been deployed clinically using laser-based spectrometers and
microscopes (hereafter referred to as benchtop systems), which are both large and expensive [��,
���, ��6, ���]. For example, a preliminary estimate of the average cost of the benchtop system
was calculated at£ ��,��� . The use of these benchtop systems can therefore introduce additional
challenges in certain patient groups (e.g. children/infants) and in certain environments (such as
low-income countries), thereby precluding widespread deployment.

To address these issues, this chapter presents a compact �uorescence sensor for non-invasive
assessment of gut permeability via transcutaneous spectroscopy. The performance of the com-
pact optical sensor is compared against a clinically deployed benchtop system that was previously
presented in the literature [��, ���, ���] and in Chapter �. In addition, this chapter reports prelim-
inary data from a clinical study on healthy participants investigating the impact of skin tone and
contrast agent dose on transcutaneous �uorescence signals, thereby demonstrating the potential
of the compact sensor for non-invasive monitoring of gut function.
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�.� Methods
�.�.� Benchtop System – control system
To analyse the performance of the developed portable �uorescence sensor and to investigate the
potential of the device to monitor gut function, an existing benchtop spectrometer (presented in
Chapter �) was used as a control system. The benchtop system – which was originally reported in
Ref. [��]– comprises two laser sources (Stradus �88-�� and Stradus �8�-8�, Vortran Laser Tech-
nology, USA) for excitation of �uorescence and a compact spectrometer (FLAME-S-VIS-NIR-ES,
Ocean Insight) for detection. Bandpass and neutral density (ND) �lters are used to clean up the
laser emission pro�les and to limit the optical excitation power to safe levels. Long pass �lters
(housed within a motorized �lter wheel) are used to reject backscattered excitation light. Finally,
a bifurcated optical �bre probe (QR���-�-VIS-NIR, Ocean Insight) is used for light delivery and col-
lection to allow interrogation of �uorescence signals at the skin. �88 nm excitation was used for
all experiments presented in this article, as this provided ef�cient excitation of �uorescein �uo-
rescence (the �uorescent contrast agent used for all experiments) and was comparable to the
excitation wavelength of the compact �uorescence sensor (�6� nm).

The benchtop system collects a �uorescence spectrum at every time point and converts the spec-
trum into a scalar value to represent �uorescence intensity. This is carried out by summing over
the wavelength range of ���-�8� nm (containing the spectral peak of �uorescence signal) and then
normalising the integrated �uorescence value according to both integration time and laser power
(see further details in Ref. ��). Previous studies using this benchtop system have shown the poten-
tial of transcutaneous �uorescence spectroscopy for non-invasive assessment of gut permeability
and gastric emptying rate [��, ���, ���]. Hence, the benchtop spectrometer represented a suitable
comparator system for validation of our novel, compact �uorescence sensor.

�.�.� Instrument development
This section provides a description of the development of the compact �uorescence spectroscopy
sensor, including the optical and electronic con�guration, the control software, the safety consid-
erations, and the methods used for data analysis. The individual sub-sections present information
regarding the following: �.�.�.�– optical set-up; �.�.�.� – custom optical �bre-probe used for light
delivery and collection; �.�.�.� – electronic con�guration; �.�.�.� - data normalization; �.�.�.� –
home-written control software; �.�.�.6 – safety considerations.

�.�.�.� Compact �bre-optic �uorescence sensor – optical set-up

As discussed above, transcutaneous �uorescence spectroscopy entails the oral ingestion of a �u-
orescent contrast agent (the clinically approved dye �uorescein was used in all experiments pre-
sented here) and the non-invasive measurement (using a sensor placed in contact with the skin)
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of the permeation of that contrast agent from the gut into the blood stream. The resulting data
can then be analysed to facilitate measurements of gut permeability and other clinically relevant
GI functions.

To allowmore widespread deployment of transcutaneous spectroscopy to assess gut permeability,
a compact �uorescence spectroscopy sensor was developed to evaluate �uorescence signals at
the �ngertip. While compact and even wearable transcutaneous �uorescence sensors exist (Ref.
[���]), a �bre-based system has been developed here to facilitate the closest possible spacing
between light source and detector. This provides the highest possible sensitivity, which is crucial
for assessment of gut function where the concentration of �uorescent dye in the blood stream is
typically low compared to applications in other organs (e.g., in the kidney or liver where dyes are
injected into the blood stream).

A schematic diagram of the optical setup for our compact sensor is shown in Fig. �.�A. The optical
part of the sensor comprises a �6� nm light emitting diode (LED; LST�-��H�6-BLU�-��, New Energy)
for excitation and two Photodiodes (� x SFH ���6 A��, ams OSRAM, New Energy; peak sensitivity
at 6�� nm, 8�% relative sensitivity at ��� nm) to detect the �uorescence signal (Photodiode �) and
the backscattered excitation signal (Photodiode �). From now on, the Photodiodes will be referred
to as the Fluorescence Photodiode (Photodiode �) and the Backscatter Photodiode (Photodiode
�). The signal collected by the Backscatter Photodiode is used to correct for variations due to, for
example, changes in probe orientation, excitation power �uctuations, and differences in skin colour
and/or skin thickness.

The light source (LED) and the detectors (Photodiodes) are coupled to a custom trifurcated �bre-
optic probe (� m total length; FiberTech Optica Inc.) to allow interrogation of �uorescence signals
at the skin (Fig. �.�B). The custom probe contains � multimode silica optical �bres (��� µm core
diameter). A detailed description of the arrangement of �bres in the custom probe is explained in
Section �.�.�.�.

Flexible re�ective optical �lters (Everix Ultra-Thin OD � Longpass/Shortpass Filters, cut-off/on
wavelength: ��� nm, Edmund Optics) were positioned in front of the LED and the Photodiodes.
Short pass �lters were used to clean up the LED emission pro�le and to stop any �uorescence
signal from reaching the Backscatter Photodiode. Similarly, long pass �lters were used to stop
backscattered excitation light from reaching the Fluorescence Photodiode. The spectral proper-
ties of the optical components are presented in Fig �.�C.

Two �lters were used in front of each component (i.e. LED and photodiodes) to ensure suf�cient
light rejection. Fig �.� shows the suppression of excitation light achieved using optical con�gura-
tions with one and two short and long pass �lters respectively. Graphs in Fig. �.� show spectra
observed when LED excitation light was directed through the optical �lters onto a spectral detector
(FLAME, Ocean Insight). While the use of one short pass and one long pass �lter resulted in clear
detection of residual signal from the LED, the two-�lter con�guration provided near-total suppres-
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sion of the excitation light (Fig. �.�). For this reason, a two-�lter con�guration was used for all
subsequent experiments.

Figure �.�: Compact �uorescence sensor for transcutaneous assessment of gut function.
(A) Schematic diagram of the compact �uorescence sensor; (B) Custom �bre probe diagram
showing distal �bre arrangement (left) and full bundle (right). (C) Excitation/emission/sensi-
tivity spectra of optical components (including �uorescent contrast agent) used in the com-
pact �uorescence sensor; data extracted from component datasheets. (D) Photograph of
compact sensor deployed in a clinical environment. The laptop shows the user interface de-
veloped for collection and pre-processing of data. The interface can be seen in more detail in
Section �.�.�.� - Fig. �.6. A �D printed �nger clip is shown next to the �bre tip. A close-up of
the distal tip of the optical �bre probe is shown in the insert (red box).

Finally, the distal tip of the custom �bre probe is attached to the fore�nger of the participant using a
�D-printed �nger clip. This �nger clip was designed with a spring-loaded mechanism that ensures
constant pressure and holds the probe in contact with the skin for the duration of the measure-
ments, thereby minimising motion artifacts, while also providing comfort to the participant. To
drive the sensor, a custom-written LabVIEW (National Instruments, USA) interface (described in
more detailed in Section �.�.�.�) controls all components and provides automatic pre-processing
of the collected data. The entire device (including the sensor, �bre probe, �nger clip and laptop
running LabVIEW control software) is shown in Fig �.�D.
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Figure �.�: Light suppression comparison between single and dual �lter con�guration.
Graphs show spectra collected using a FLAME spectrometer (Ocean Insight) when LED ex-
citation light (�6� nm central emission wavelength) was directed through long pass and short
pass �lters (with cut-off frequency at ��� nm) into an optical �bre probe connected to the
spectrometer. (A) Spectra acquired for single (left) and dual (right) �lter con�gurations with
� ms integration time. Inset graphs show close-up views of the spectra. (B) Spectra acquired
for single (left) and dual (right) �lter con�gurations with �� ms integration time. For both
integration times, the residual LED signal is considerably lower when using the dual �lter con-
�guration as compared to the single �lter con�guration.

�.�.�.� Compact �bre-optic �uorescence sensor – detailed description of the
custom �bre-probe

As previously mentioned, a custom-built �bre-optic probe (manufactured by FiberTech Optica Inc.)
comprising multimode optical �bres (all of �.�� NA and ��� µm diameter) is used for the exci-
tation and collection of �uorescence signals. This custom �bre probe has a single distal branch
(integrating � optical �bres) and a proximal end divided into three individual branches.

In the common distal end of the custom probe, a single excitation �bre, located in the centre of
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the optical �bre bundle, delivers the light for the �uorescence excitation of the contrast agent (�u-
orescein). This excitation �bre is surrounded by a ring of 6 �bres that collect the �uorescence and
backscattering light. These collection �bres are interleaved at the distal tip to ensure that the inter-
rogation volume is the same for both Photodiodes. The centre-centre spacing of �bres at the distal
tip is ��� µm, which is the same as that in the Benchtop system [�-�] used for validation (see Sec-
tion �.�.� below). Figures �.� and �.� illustrated the con�guration of the �bres in distal end of the
custom �bre-probe. The LED excitation �bre is coloured in red; the �uorescence collection �bres
are blue and the backscattered light detection �bres are shown in yellow. The optical �bres are
hexagonally packed and secured using epoxy inside a � cm stainless-steel ferrule. No protrusion
is left on the stainless-steel encapsulation beyond the distal face of the �bre bundle to ensure that
all �bres are always in contact with the surface of the skin. This is illustrated in Fig. �.�A which
shows a cross section of the distal end of the custom probe. The total outer diameter of the distal
branch is approximately �.� mm. Because the �uorescence signals are non-invasively collected
from the surface of the skin (typically the �ngertip), no waterproof or sterilization requirements
were considered during the assembly of the custom probe. However, the distal and proximal parts
of the probe are resistant to alcohol, which allows for easy and rapid cleaning between uses.

Figure �.�: Diagrams illustrating the arrangement of �bres at the distal and proximal ends of
the custom optical �bre probe: (A) shows the front and cross section �bre con�guration at
distal end; (B) displays the end view of the proximal ends for the excitation branch (red �bre
labelled as LED) and collection branches (labelled as PD1 and PD2).

The proximal end has � independent channels that are connected to the LED for excitation and the
two Photodiodes for detection, respectively (Fig. �.�B). The single optical �bre routes the light from
the LED to the measurement site (typically the �ngertip). Of the ring of 6 collection �bres, � are
connected to the Fluorescence Photodiode and � are connected to the Backscatter Photodiode.
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As in the distal part of the custom probe, the centre-centre spacing of the �bres is ��� µm. SMA
connectors are mounted on the proximal end of each �bre bundle to securely connect the �bres
with the electronics. This also ensures the alignment of the �bres with the LED light and detectors,
so when the excitation and detection �bres are connected, they are aligned with the centre of the
sensitive are of the LED and photodiodes, respectively, as shown in Fig. �.�A.

�.�.�.� Compact�bre-optic�uorescence sensor – electronic con�guration

The sensor electronics were powered and controlled using an Arduino UNO and a USB data acqui-
sition controller (DAQmx – NI USB-6�8�, National Instruments), both of which were connected via
USB to a laptop computer. The electronic design of the sensor was guided by the input signals
detected by the photodiodes. Fig. �.� shows an example of a typical raw output signal collected
with the sensor in a clinical study participant. As light illuminates the skin, the Photodiodes de-
tect the �uorescent and backscattered signals (Fig. �.�, blue and red curves respectively). As the
concentration of contrast agent in the bloodstream increases, the Fluorescence Photodiode signal
increases (Fig. �.�A, blue).

Figure �.�: Characteristic signals obtained in vivo using the compact �uorescence sensor.
(A) Example raw data (after ampli�cation) collected with the compact sensor in a clinical
experiment lasting approximately ��� minutes. (B) Close-up of data collected in a single duty
cycle (of �� seconds) from data displayed in (A) (as indicated by the arrow in panel A). graphs
showsignals fromboth the Fluorescence Photodiode (blue) andBackscatter Photodiode (red).
ON and OFF window regions are displayed in (B). These regions were used to extract the
photodiode output voltages for calculation of the normalized �uorescence signal.

Without ampli�cation, the photodiode currents generated by the �uorescence emission are very
low (on the order of �.��� µA). This implies the need for a high electronic gain on the Fluorescence
Photodiode to produce a measurable output signal. For this reason, power gains of ���.��� dB and
��.��� dB were respectively applied to the Fluorescence and Backscattered Photodiodes using
two-stage ampli�cation. These gain values were determined via preliminary in vitro experiments
and computational simulations performed using LTSpice.
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Initially, a �uorescence vs time curve, derived from a patient, obtained during a previous in vivo
study using the �uorescence spectroscopy system (described in Section �.�.�), served as the basis
for extracting the time point corresponding to maximum �uorescence intensity. Subsequently, the
time spectrum at this identi�ed point was corrected using the following equation:

Fluorescence Intensity = Time curve� mean background signal
aq. time (seconds)

(�.�)

The corrected time spectrum was then used to characterize the spectra of various �uorescein so-
lutions, which contained �uorescein at concentrations � mg/ml (i.e., water with no �uorescein),
�.����� mg/ml, �.����6 mg/ml, �.���8� mg/ml and �.���� mg/ml. Upon comparison, the �u-
orescein solution that exhibited closest resemblance to the corrected time spectrum (extracted
from a patient) was evaluated with a photodiode to quantify the output current, yielding a value of
�.��� µA. An initial circuit design (depicted in Fig. �.�A) was recreated in LTSpice. The ampli�-
cation values (i.e., Rf, R� and R�) used on the LTSpice computational simulations were used as a
foundational point for the electronic design.

The �nal circuit design featured a two-stage ampli�cation as the required total power gain values of
���.��� dB (for the Fluorescence Photodiodes) and ��.��� dB (for the Backscattered Photodiodes)
exceeded those achievable with a single ampli�er. These gain values were kept constant for all
experiments presented herein.

The primary focus of the electronic circuit is the ampli�cation of the small �uorescence signal.
The small current generated by the �uorescence signal ( �.��� µA), and therefore, the need for
particularly high electronic gains, in�uenced the use of ampli�erswith speci�c requirements.

Usually, for most of the applications, the input bias current of an ampli�er is negligible. However,
in applications with signi�cant small input currents (< �µA), an accurate output is required and,
therefore, the input bias current of the ampli�er become a critical parameter to consider when
selecting an ampli�er. The input bias current can introduce an error in the ampli�er output voltage
and, due to the high ampli�cation gain required for this application, it can signi�cantly affect the
collected signal.

In addition, because of the considerable ampli�cation gain needed in the circuit, it is also important
to maximize the dynamic range of the ampli�ers. This is paramount when deploying the compact
sensor in clinical studies with unknown patient variability (i.e., uncertain input and output voltage
ranges). Therefore, in this case, a Rail-to-rail capability will facilitate the use of a bigger range of
output Photodiodes voltages.

Power consumption is not contemplated in this case, as the sensor is powered through a USB cable
and additional requirements, such as responsiveness, are not considered a priority. However, low-
bandwidth ampli�ers, generally, have a better noise performance and can introduce an advantage
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for applications, such as in this case, with low input current and where high-speed response is not
crucial.

Figure �.�: Electronic con�guration for the compact sensor. (A) Circuit design in LTSpice to
characterize the starting point of the electronic gains suitable to amplify the photodiodes sig-
nal. The values Rf, R� and R� are then used as a starting point to design the next iterations of
the electronic circuit. (B) Final version of the electronic con�guration of the compact sensor.
Values of the components used in the �nal version of the sensor are also depicted.

Therefore, considering all the requirements presented above, the LMP���� Ampli�er (LMP���� �-
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Femtoampere Input Bias Current Precision Ampli�er, Texas Instruments), with ultra-low input bias
( � fA), low offset voltage ( ��� µV) and wide-gain bandwidth ( �� MHz), was used in the �rst stage
(represented in Fig. �.�) to amplify the signals from the photodiodes. For the second ampli�ca-
tion stage, with considerably smaller gain and less strict requirements, the MPC6��� ampli�er
(MPC6���, � MHz, Microchip) was used. Figure �.�B shows the �nal electronic con�guration and
the values of the components used, including the �rst and second ampli�cation stages for both
photodiodes.

Continuing with the electronic characterization, to ensure thermal stability and safe use, a ��% duty
cycle (with a �� s time period) was applied to the LED (i.e. � s on, � s off), which was used through-
out all measurements. This duty cycle was selected based on the characteristics of the detected
�uorescence and backscattered signals. As shown in Fig. �.�B, there is a time desynchronization
between the Fluorescence and Backscatter Photodiodes. The small currents generated from the
�uorescence signal and the corresponding high gain used lead to a delay in the Fluorescence Pho-
todiode activation response (visible at around �.� s; Fig. �.�B) as well as a slower increase towards
a stationary state (plateau stage; Fig. �.�B). This is due to slow charging of the photodiode’s capac-
itor at the µA current levels generated by the �uorescence signal and the slower ampli�er response
obtained when using high gain. Thus, a ��% duty cycle was selected – with the LED on for � s
and off for � s – to ensure that the plateau stage was reached in both photodiodes. The plateau
regions were then used to extract photodiode intensity values for calculation of the normalized
�uorescence intensity (see Section �.�.�.�).

This duty cycle also ensured that the LED temperature remained constant (thereby avoiding over-
heating) for the duration of measurements (i.e. when switched on for up to � hours) and allowed
for measurement of normalized transcutaneous �uorescence intensity every �� s. (An additional
wait time of �� s was incorporated into the LabView control software to allow for processing and
to ensure that measurements were made at regular, repeatable intervals. This additional time also
allows for an easier comparison with the Benchtop system.

Finally, as discussed above, the Backscatter Photodiode is used to correct for variations due to pa-
rameters such probe orientation/location, LED excitation power, and skin colour/thickness. As an
example, Fig. �.�A shows a decrease in the signals from both photodiodes at a time of approx. ��
minutes caused by a change in sensor position. As this is detectable by both photodiodes, the nor-
malized �uorescence signal can be corrected as it is calculated by dividing the output voltage from
the Fluorescence Photodiode by that from the Backscatter Photodiode – see Section �.�.�.�.

�.�.�.� Calculation of normalized �uorescence values

To account for signal variations due to factors such as excitation power �uctuations, probe orien-
tation and skin tone, the collected �uorescence data is normalized according to the intensity of the
backscattered excitation signal. This normalization was performed for data collected with both
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the compact sensor and the control system (benchtop system – Section �.�.�).

For the benchtop system, the normalization process was conducted as described in Section �.�.�
and Ref. [��]. In the case of the compact sensor, it follows a similar procedure as the benchtop sys-
tem but rather than working with integrated spectrum per data point, we work with single voltage
values. Therefore, a pre-processing step was implemented in the software of the sensor to �rst
subtract the baseline from the raw data collected in each LED duty cycle (for both the Fluorescence
and Backscatter Photodiodes). This was achieved by calculating the average intensity value over
a period when the LED was switched off (i.e., during the OFF window shown in Fig. �.�B) and sub-
tracting this value from the raw data at each time point. Fluorescence and backscattered intensity
values were then calculated (based on the baseline-subtracted signals) by taking the average pho-
todiode signals over a period when the LED was switched on and the observed signals had reached
a plateau (i.e., during the ONwindow shown in Fig. �.�B). A normalized �uorescence intensity value
was then calculated for each LED duty cycle according to equation (�.�), where Inom is the �nal
normalized �uorescence intensity, IF and IL are the average �uorescence and backscattered in-
tensity values respectively (i.e., values from the ON window in Fig. �.�B), and IBGF and IBGL are
the average background �uorescence and backscattered intensity respectively (i.e., values from
the OFF window in Fig. �.�B).

Inorm =
IF � IBGF

IL � IBGL
(�.�)

As explained above, this normalization procedure generated �uorescence intensity values for the
compact sensor and benchtop system that were internally corrected to account for variations in
excitation power, probe orientation and other factors. Nonetheless, the absolute values produced
in each case were different across the two devices (due to differences in the detection electronics
used and the corresponding outputs – i.e., the photodiodes in the compact sensor provided voltage
output values while the spectrometer in the benchtop system provided intensity measurements in
arbitrary spectral units). To allow comparison of the datasets collected with each system, the
collected �uorescence vs. time curves were scaled to their maximum intensity. This meant that
the collected �uorescence vs. time curves had an intensity range of �–� for both the compact
sensor and benchtop system, thereby allowing comparison of the datasets and investigation of
the degree of correlation. Importantly, �-� scaling was only applied when comparing devices (i.e.,
in experimental procedure in Section �.�.�.� – Stage �) and not when investigating the impact of
dose and skin tone (i.e., Section �.�.�.� – Stages � and �).

�.�.�.� In-house written Control Software

The operation of the sensor, including data collection and pre-processing, is exclusively controlled
with the developed LabView software. Initially, the power of the LED is limited and �xed through the
electronic con�guration, employing the use of an LED driver (as described in Section �.�.�.�). Be-
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sides this, the rest of the sensor, including LED duty cycle, is controlled by software written in-house
using LabVIEW. The software includes four sections: sensor control (including LED triggering), log-
ging settings, data visualization and input data control. A screenshot of the user interface is shown
in Fig. �.6.

Figure �.6: The LabView user interface developed for collection and pre-processing of data.
(A) Main tab of the LabView interface showing the raw voltage data collected by the sensor
photodiodes (upper graph; PD� – Backscatter Photodiode; PD� – Fluorescence Photodiode),
the normalized �uorescence intensity data (lower graph), and the main sensor/acquisition
controls. (B) Secondary interface tab with additional information (including mean ‘Off’ and
‘On’ data for each photodiode).

The Sensor Control section includes settings regarding the input and output channels of the USB-
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DAQ device. The Triggering Setting, within this section, controls the LED duty cycle, which the user
can easily adjust by changing the time, in seconds, that the LED is ON (High Time) and OFF (Low
Time). In the Logging Settings section below, the users also have the option to decide whether
the data is saved (Log and Read) or not (Not saved). When the data is saved, three different �les
are created inside the folder that the user has previously determined. Data directly collected from
the photodiodes (raw data) is saved in a TDMS �le showing the �uorescence and a backscattered
signals as a function of time, the pre-processed data (including the normalized data) is stored in a
TXT �le for easy accessibility and further analysis and, �nally, an additional TXT �le is created for
any extra input information entered by the user through the “Comment” section.

The raw data, as well as the pre-processed normalized data, are displayed in the main tab of the
interface (User Tab). Additional information, such as ON and Off mean data extracted from the
raw data, is displayed in a secondary menu, accessible to the user on the “Additional Information”
Tab.

Lastly, the Input data section allows the user to record the time point when the participant starts
drinking the dye (Drink button) or any other custom events such as toilet breaks. All this information
is accompanied with a description that the user can include inside the “Comment” section for extra
clari�cations.

Altogether, it demonstrates that the interface was created to automate data collection and to pro-
vide full control of the sensor that can easily be operated by a single operator.

�.�.�.6 Safety considerations

To ensure safe use in clinical experiments, the optical power and temperature of the LEDwere anal-
ysed using an optical power meter (PM���D, Thorlabs) and a thermocouple (MAX��8��, Maxim
Integrated Products) respectively. Measurements were performed at both the surface of the LED
and at the distal tip of the �bre-optic probe, in separate days, for a period of � hours to investigate
the stability of the sensor over the timescale of a typical experiment.

The optical power of the LED at the distal tip of the �bre probe was limited to a maximum allowable
power of 6�µW. This maximum allowable power (Pmax) was calculated using the following equa-
tion and considering that the distal tip of the �bre probe is placed in contact with the skin (spacing
<< �mm):

AreaLED�distalfibretip = ⇡ ⇤ r2 = ⇡ ⇤ (100 ⇤ 10�6)2 = 10�8
⇡m

2 (�.�)

The Maximum permissible exposure (MPE) for skin is given by [���]:

MPE = 2 ⇤ CA (�.�)
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where CA is the correction factor equal to � for the LED wavelength (�6� nm) [���]. The Pmax at
LED-skin distance << � mm (LED touching the skin) for skin-safe use is:

Pmax = MPE ⇤ AreaLED (�.�)

Pmax = (2 ⇤ 1) ⇤ 10�8
⇡ = 2⇡ ⇤ 10�8

kW ⇡ 63µW (�.6)

A constant current LED driver limited the LED current to 6� µA to ensure the light emitted at the
distal end of the �bre-optic probe was always below the maximum permissible exposure (MPE) for
the skin and to mimic the optical power of the control system used for the validation (see Section
�.�.�)

�.�.� Experimental procedures - validation
�.�.�.� Fluorescence samples measurement – laboratory validation

We �rst evaluated the sensitivity of the compact �uorescence sensor for detection of different
concentrations of �uorescein in aqueous solution. A series of �uorescent samples (�uorescein
solutions) were prepared for this purpose, designed to approximate the �uorescence intensities
observed in vivo (based on previous data collected using the benchtop system in healthy volun-
teers). We note that these �uorescent samples were not intended to act as realistic phantoms.
Rather, they simply served to provide speci�c �uorescence intensity levels that corresponded to
those observed in vivo, thereby allowing us to determine whether the sensitivity of the compact
sensor was suf�cient to detect transcutaneous �uorescein �uorescence. Thus, �uorescein solu-
tions were prepared in water at concentrations of � mg/ml (i.e., water with no �uorescein which
represents the baseline), �.�����mg/ml, �.����6 mg/ml, �.���8�mg/ml and �.����mg/ml. The
�uorescein solutions were contained within transparent thermoplastic pouches formeasurements,
and �uorescent signalswere evaluated using both the compact �uorescence sensor and the bench-
top control system (experimental set up is shown in Fig. �.�). The transparent containers were built
using thermoplastic material (polyethylene (PE) polyethylene terephtha-late (PET) triple laminate,
PE/PET/PE, of thickness ��/6�/�� µm) and designed using laser welding technique, previously
presented in Ref. [���], in which a laser beam selectively welds thermoplastic sheet materials
together following a pre-de�ned two-dimensional pattern. Once the process is �nished, the pre-
de�ned pattern, designed in SolidWorks, creates a �D cylindrical container that can hold approxi-
mately �� ml of �uorescence solution.

It is important to mention that movement of the arm can potentially affect the readings, as the sen-
sor is directly attached to the �ngertip of the participants using a �D printed �nger clip. Therefore,
further in vitro validation of the sensor was focused on analysing the sensitivity of the sensor tomo-
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Figure �.�: In vitro experimental setup. (A) Photograph of experimental setup. The sensor
(placed below the laptop) collects the �uorescence intensity of �uorescein solutions in trans-
parent thermoplastic containers. Thermoplastic containers are displayed on the right-hand
side of the image and contain aqueous �uorescein solutions at concentrations of � �.����
mg/ml. Container with � mg/ml �uorescein (i.e., baseline containing only water) is not visible
in the image. This container is located inside a black box (marked in red), which was used
to minimize background signals. (B) Diagram of the inside of the black box (marked in red in
panel A) used to collect �uorescence data. The �uorescein solution is attached to the inside of
the box using �D printed supports to maintain a constant position during measurements. The
�nger clip (including the optical �bre probe) is clamped to the �uorescein sample. The spring-
loaded mechanism of the �nger clip allows a secure and constant position to be maintained
throughout the collection time. (C) Experimental set up for Motion artifact analysis. The sen-
sor is attached to the �ngertip of one of the participants and an accelerator is secured on top
of the same hand. The sensor and the accelerator were subjected to three hand-motion sce-
narios: static (no motion), low and fast movements. The accelerometer collected data from
the x, y and z-axes.
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tion artifacts using an accelerometer (Adafr�uit MSA��� Triple Axis Accelerometer – STEMMA QT
/ Qwiic) as the key investigative tool. The sensor, attached to the �ngertip of the participant using
the �D printed �nger clip, was constantly recording data, together with an accelerometer placed
on the top of the same hand to capture synchronized data (set-up is shown in Fig. �.�C). Three
different levels of motion: static, slow movements and fast movements were recorded. Datasets
from both the sensor and the accelerometer were synchronized to evaluate the impact of motion
artifacts on the developed sensor accuracy.

�.�.�.� Human measurement – in vivo validation

In vivo validation of the compact �uorescence sensor was performed in three stages. First, clinical
measurements were undertaken in 8 healthy volunteers using both devices (i.e., the benchtop sys-
tem and the compact �uorescence sensor) simultaneously to compare the collected signals (Stage
�). Second, additional measurements (using both devices) were performed in 6 further healthy vol-
unteers using a lower �uorescein dose to demonstrate the potential of the sensor to assess gut
function under different dose conditions (Stage �). Third, all �� healthy volunteers were classi�ed
into three groups based on their skin tone (classi�ed according to the Fitzpatrick scale [���]) to
determine the performance of the sensor on different skin tones (Stage �). For all measurements,
the benchtop was attached to the participant’s index �nger and the compact sensor to the partic-
ipant’s middle �nger. The information about participant demographics, as well as the �uorescein
dose used in each participant, is shown in Table �.�.

All volunteers gave informed consent prior to the experiments. All the �� volunteers’ experiments
were performed at St. Mary’s Hospital (London, UK) according to a local clinical study protocol
[��] (details of ethical approval: UK Health Research Authority IRAS Project ID – ����6�; Research
Ethics Committee reference – �8/LO/����/AM��). All experiments were performed n accordance
with Good Clinical Practice (GCP) guidelines and the World Medical Association’s Declaration of
Helsinki.

For Stage �, the �bre probes of the compact �uorescence sensor and the benchtop system were
�rst attached to the participant’s �rst andmiddle �ngers respectively. Fluorescencemeasurements
were then started at the same time the participant was asked to begin drinking a �uorescein so-
lution containing ��� mg �uorescein dissolved in ��� ml water. Fluorescence signals (from the
compact sensor) and �uorescence spectra (from the benchtop system) were then recorded for a
total of �8� minutes (with the exception of participants � and �, for whom the experiments were
terminated early – after �� and ��� minutes respectively), with normalized �uorescence intensity
values (see �.�.�.�) calculated and reported every 6�s and ��s for the benchtop system and com-
pact sensor respectively.

For Stage �, both devices (i.e. the benchtop system and the compact �uorescence sensor) were
again used simultaneously, this time with a lower dose of �uorescent dye. The �bre-optic probes
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were attached to the participant’s �ngers, and participants were asked to drink a �uorescein solu-
tion containing ���mg of �uorescein dissolved in ���ml water (as opposed to ���mg �uorescein
used in Stage �). Fluorescence signals were recorded as in Stage �.

For Stage �, all �� participants were classi�ed into three groups based on their Fitzpatrick skin type.
No extra data was collected for this stage. Instead, Stage � focused on analysing the collected data
to assess the impact of skin tone on the performance of the sensor. First, we analysed the optical
baseline signals (extracted from the �rst ��minutes of data) where no �uorescence signal from the
contrast agent is present. Second, we analysed the entire �uorescence vs. time curves (i.e., �8�
minutes). In all experimental stages, all volunteers were seated for the duration of the experiments
and were asked to fast overnight prior to the experiments.

Table �.�: Demographics of the study participants and the respective ingested dose of
�uorescent dye. Stage �: Participants �-8; �uorescein dose – ��� mg (in ��� ml water).
Stage �: Participants �-��; �uorescein dose – ��� mg (in ��� ml water). Lower region of the
table presents the percentages and numbers (in brackets) of participants in each skin tone
and dose group.

ID Sex Age Fitzpatrick
score

Fluorescence
Dose

P� F �� � ���mg
P� F �� � ���mg
P� F �� � ���mg
P� M �� � ���mg
P� F �� � ���mg
P6 M �� � ���mg
P� M �� � ���mg
P8 M �6 � ���mg

P� F �� � ���mg
P�� M �� � ���mg
P�� F �� � ���mg
P�� M �� � ���mg
P�� F �� � ���mg
P�� M �� � ���mg

Total Participants ��
Male / Female ��%/��%
Fitzpatrick class � and � ��% (�)
Fitzpatrick class � and � ��% (�)
Fitzpatrick class � and 6 ��% (�)
Participants with ���mg dose ��% (8)
Participants with ���mg dose ��% (6)
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�.�.� Data Analysis
When analysing the �uorescence data, one must consider the fact that the data is affected by
variation in the optical power transmitted by the probe, but also bymotion artifacts. Thus, the use of
the Backscattering Photodiode and the Data Normalization process (explained in Sections �.�.�.�
and �.�.�.�), mitigate the effects produced by variations in the LED power, as well as changes in
the detection area caused by motion artifacts. In addition, the post-processing of the data also
involves an initial (�-D median) �ltering step to remove any unwanted noise or interferences.

Statistical tests were performed to analyse correlation/differences between devices (Stage �) and
to assess the performance of the compact sensor under different experimental conditions (Stages
� and �). Pearson’s correlation coef�cient (r) was calculated to measure the linear correlation
between datasets collected with the compact �uorescence sensor and benchtop system (using the
scaled �uorescence signals for both individual and mean �uorescence vs. time curves). P-values
< �.�� were used to infer statistically signi�cant correlations. Pearson’s correlation coef�cients
(r) were calculated using the “corrcoef” MATLAB function.

Student t-tests were used to analyse differences between data collected with each device (Stage
�, paired T-test) and data collected under different dose and skin tone conditions (Stages � and �,
unpaired T-test). For this purpose, the Peak intensity, Peak time, Total area under the curve (AUC)
and area under the curve up until the time of peak (Peak AUC)were extracted from each dataset and
compared across groups (with scaled �uorescence signals (� - �) used for Stage � and normalized
�uorescence signals used for Stages � and �). As explained in Chapter �, these parameters were
chosen to provide a simple characterisation of the shape and intensity of the �uorescence vs time
curves collected with the two devices. The total AUC, for example, provides a characterisation
of the total �uorescence intensity, whereas the peak time provides an indication of the rate of
the uptake of �uorescein. Thus, these parameters served to allows an effective assessment and
comparison of the data collected with different devices and under different conditions.
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�.� Results
�.�.� Laboratory validation
�.�.�.� Fluorescent samples measurements

To validate the compact �uorescence sensor, we �rst assessed the capability to detect �uores-
cein �uorescence in aqueous solutions with different known dye concentrations. The �uorescein
concentrations used were speci�cally selected to approximate transcutaneous signal levels ex-
pected in healthy participants. To this end, the �uorescein concentrations were calculated based
on transcutaneous data previously collected from healthy participants (i.e. as reported in [��]).
Participants drunk a solution of ��� mg �uorescein in ��� mg water and the benchtop system
recorded the �uorescence signals for � hours. The peak intensities observed in those transcuta-
neous datasets were then compared against �uorescence signals collected (using the benchtop
system) froma series of aqueous �uorescein solutionswith known concentrations. Based on these
measurements, we were able to pair the transcutaneous signal with an approximate corresponding
dye concentration in aqueous solution. The chosen aqueous �uorescein concentrations for onward
experiments were thus in the range � – �.���� mg/ml, as this range was found to approximate the
varying level of �uorescein �uorescence detected during transcutaneous experiments.

Laser welded [���] thermoplastic containers were fabricated and �lled with the chosen �uorescein
solutions. A non-�uorescent solution (i.e., water; dye concentration = �mg/ml) was also measured
to assess any background signals (e.g., from the encapsulation material).

Following preparation of the �uorescein solutions, �uorescence measurements were performed
using both the compact sensor and benchtop system. Fluorescence spectra peak intensities from
the benchtop system were compared against output voltages from the compact sensor, and simi-
lar trends (with respect to �uorescein concentration) were observed for both devices (Fig. �.8A). A
Pearson’s correlation coef�cient of r = �.�8� was obtained when comparing the two datasets, with
a p-value of �.���. In addition, a linear regression model (i.e., for the equation y = mx+ c (where
m represents the gradient and c represents the intercept) was �t to both datasets. For the benchtop
data, the linear regression yielded R

2 = �.��� (p value = �.���) with m = 1.15 ⇤ 108(mg/ml)�1

(units = [ normalised �uorescence intensity
�uorescence concentration ] and c = 178 a.u. (units = [normalised �uorescence intensity]).

For the compact sensor data, the linear regression model yielded m = 2.31 ⇤ 105(mg/ml)�1

and c = 30.3 a.u., with an R2 value of �.��� (p value = �.���). These results demonstrate strong
(statistically signi�cant) linear correlations between the �uorescence intensity and �uorescein con-
centrations for both the benchtop and compact sensors.

Taken together, these observations suggested that the compact �uorescence sensor was capable
of detecting �uorescein �uorescence with signal levels that would be expected in vivo.
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Figure �.8: Laboratory validation of compact �uorescence sensor (against benchtop system)
and safety evaluation. (A) Normalized �uorescence intensity as a function of �uorescein con-
centration (in aqueous solutions) for the compact sensor (blue, left y-axis) and benchtop sys-
tem (orange, right y-axis). Concentration range: �-�.����mg/ml. Baseline levels (signals from
a concentration of � mg/ml �uorescein) for each system were subtracted from all measure-
ments (hence, the �rst datapoint occurs at the origin (�,�) for both devices). (B) Temperature
measurements collected over a time period of � hours for two different locations: surface of
the LED (left), tip of the �bre probe (right). Temperature measurements (at the surface of the
LED) over three continuous duty cycle are presented in D. (C) Optical power measurements
collected over a time period of � hours for the same locations: surface of the LED (left), tip of
the �bre probe (right). Background optical power (from ambient light) was measured and sub-
tracted from the recorded signals. (D) Temperature measurement at the surface of the LED.
(left) Temperature as a function of time for data collected over a time period of �8� minutes.
(right) Close up of the region highlighted by the red box in the left graph. This region repre-
sents three complete LED duty cycles (illustrated with red arrows), which include � seconds
of LED on and � seconds of LED off in all three cycles.
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�.�.�.� Temperature and optical power measurements

To con�rm the compact �uorescence sensor was safe for use in clinical experiments, temperature
and optical power measurements were performed for � hours (i.e., the duration of a typical clinical
experiment) using a thermocouple and an optical power meter. Two locations were investigated:
the surface of the LED and the tip of the �ber probe. The temperature was stable over time at both
locations (Fig. �.8B) and was also stable over individual LED duty cycles (Fig. �.8D). Furthermore,
the average temperatures measured at the LED and the �bre tip (��.� Cº and ��.� Cº respectively)
were found to lie within a safe range (i.e., close to room temperature), indicating that the compact
sensor would not expose participants to unpleasant or dangerous temperature conditions.

Similarly, the optical power exhibited only minor variations over the duration of the experiment (at
both the LED surface and �bre tip; see Fig. �.8C), indicating stability of the light source current
provided by the LED driver. The average optical power at the tip of the �bre probe was measured
as ��.� µW , below the maximum allowable power of 6� µW (which was calculated according to
the guidelines presented in [���]).

�.�.�.� Motion Artifact analysis

Further analysis evaluated the impact of motion artifacts on the accuracy of the compact sensor.
To do so, an accelerometer, attached to the same hand as the compact sensor, collected data
regarding hand motion during a period of �� minutes. Datasets from both, sensor and accelerom-
eter, were then synchronized to identify disturbances in the output signal of the sensor attributed
to hand-motion artifacts.

Figure �.� shows the data simultaneously collected from the compact �uorescence sensor and the
accelerometer for �� minutes from one of the participants. The three testing motion scenarios:
static, low movements and fast movements are visually identi�ed in the accelerometer dataset.
The static stage is characterized by the absence of displacement in all three axes (x, y and z),
whereas slow and fast movement stages exhibit a progressive increase in displacements with the
rising frequency of hand movements. As for the compact sensor, no perturbations or signi�cant
variations are manifested in the data for any of the hand-motion patterns. These observations
suggest that the spring-loaded mechanism on the �nger clip ensures a secure attachment and a
consistent contact between the �bre probe and the skin, reducing the risk of signal disturbances
caused by motion artifacts.
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Figure �.�: Motion Artifact analysis: comparison of different hand-motion scenarios and com-
pact sensor stability for a period of �� minutes. (A) Displacement along the x, y and z axes
derived from the accelerometer dataset. The three motion scenarios: static, slow and fast
movements, are visually identi�able, as the frequency and displacement patterns differ be-
tween scenarios. (B) Sensor output voltages from both Photodiodes (PDF : Fluorescence
Photodiodes and PDBS : Backscattered Photodiodes).
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�.�.� In vivo validation
�.�.�.� Fluorescence data Analysis – Stage �

To investigate the potential of the compact �uorescence sensor as a portable tool for non-invasive
assessment of gut function using transcutaneous �uorescence spectroscopy, we compared the
performance against an existing benchtop system (presented in Ref. [��, ���, ���]). To do so, 8
healthy volunteers (participants �-8) were recruited for an in vivo validation experiment in which the
compact sensor and benchtop system were used to record �uorescence pro�les simultaneously.
As the benchtop system has previously been shown to be suitable for non-invasive sensing of both
gut permeability [��, ���, ���] and gastric emptying rate [���], validation against this systemserved
to demonstrate the potential of the compact sensor for the same purpose with the advantages of
a smaller footprint and lower cost.

Eight participants were asked to fast for a minimum of � hours prior to the experiment. At the start
of the measurement, the �bre-optic probes from the compact sensor and the benchtop system
were attached to the participant’s �ngers using �D-printed �nger clips. Participants were asked to
drink a �uorescein solution (��� mg �uorescein dissolved in ��� ml water), and �uorescence data
was collected with both devices for �8� minutes. Fluorescence intensity vs. time curves (scaled
from �-�) from both systems were plotted to compare the two datasets (Fig. �.��). As expected,
�uorescence intensity was observed to increase over time, reaching a peak value approximately
�� minutes after ingestion of the �uorescein solution, before beginning to decrease back towards
the background level (Fig. �.��). We note that small differences in the decay rate were observed
between the benchtop system and the compact sensor in some participants (e.g. see Participants
�, 6 and 8; Fig. �.��). These can be tentatively attributed to: variations in vascular anatomy at the
measurement sites (as the benchtop and compact systems were connected to different �ngers);
motion artifacts or probe movement; and/or probe placement differences. Despite these small
discrepancies in the decay region, good qualitative agreement was nonetheless observed between
the compact �uorescence sensor data and the benchtop data, in all 8 participants, both, individually
(Fig. �.��A and Fig. �.��) and in the mean �uorescence vs. time curves (Fig. �.��B).

To quantify the correlation between the datasets, Pearson’s correlation coef�cientswere calculated
for all individual measurements (presented in Fig. �.��) and the average curves (Fig. �.��B). As
shown in Table �.�, all Pearson’s correlation coef�cients (r) exceed �.��� (with p-values< �.��� in
all cases).

To further assess the similarity between the datasets, we compared the parameters extracted from
all individual curves (Fig. �.��) as well as the average �uorescence intensity curves for both sys-
tems (Fig. �.��B). The parameters extracted from the individual curves are presented in Table
�.�. As shown in Fig. �.��C, both datasets exhibited similar Total AUC values, with a difference of
6.�8�% (which was not statistically signi�cant, as determined by a paired Student t-test (p-value =

Elena Monfort-Sanchez - ���



�.�. Results Chapter �

�.���). Total AUC values and other extracted parameters (such as Peak AUC and Peak Time) for
all individual signals, as well as the statistical analysis results, are presented in Tables �.� and �.�.
No signi�cant differences (p values> �.��) were found in any of the comparisons, as determined
by a paired Student T-test.

Figure �.��: In vivo validation measurements in healthy volunteers. (A). Examples of Scaled
�uorescence intensity vs. time curves from compact �uorescence sensor (blue) and benchtop
system (orange) for participants � and �. Participant � shows a typical time-resolved �uores-
cence curve, with a single peak followed by a decay towards the baseline. Participant �, on the
other hand, exhibits a “double peak phenomenon” (an effect observed in certain drugs [��6]
with biphasic absorption behaviour). (B) The mean and standard deviation (STD) of the �uo-
rescence intensity vs. time curves for both the compact sensor (blue) and benchtop system
(orange). The individual scaled �uorescence intensity vs. time curves for participants �-8 are
presented in Fig. �.��. (C) The mean area under the curve (AUC) calculated for both systems
(for participants �-8). Error bars represent upper and lower bounds on the AUC values calcu-
lated by assessing the AUC for the mean curves ± � STD (i.e., the AUC values corresponding to
the upper and lower bounds of the shaded regions in B). Total AUC values for each participant
and for the mean curves are presented in Table �.�.
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Figure �.��: Individual scaled �uorescence intensity vs. time curves for participants �-8.
Benchtop system – orange; compact sensor – blue. Signals were recorded for a total of �8�
minutes, with the exception of participants � and �, where data collection issues necessitated
early termination of experiments (after ��� and �� minutes respectively). The presented �uo-
rescence vs. time curves are scaled to theirmaximum intensity (from �– �) in order to address
the different absolute values produced by the compact sensor and benchtop system (due to
differences in the detection electronics used and the corresponding outputs). This facilitated
investigation of correlation between datasets collected with the two devices.
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Table �.�: Pearson’s correlation coef�cients and p-values for the datasets presented in Fig.
�.�� and Fig. �.��.

ID Correlation
coef�cient (r)

Correlation
coef�cient p value

��% con�dence
interval (lower and

upper bounds)

P� �.��8 <�.��� [�.��� �.�8�]

P� �.��� <�.��� [�.��� �.��6]

P� �.�6� <�.��� [�.��� �.���]

P� �.��� <�.��� [�.��� �.���]

P� �.�88 <�.��� [�.�8� �.���]

P6 �.��� <�.��� [�.��� �.���]

P� �.�8� <�.��� [�.��� �.�8�]

P8 �.��� <�.��� [�.8�� �.���]

Mean curves �.�8� <�.��� [�.�86 �.���]

Overall, this demonstrated that the performance of the compact �uorescence sensor was com-
parable with the clinically validated Benchtop system, thereby indicating its potential for clinical
assessment of gut function.

As an aside, it is worth noting that the range normalization approach used in this section (i.e.,
scaling data from � to �) would not be suitable for investigation of intestinal permeability (where it
is necessary to assess changes in �uorescence intensity between participants, e.g., as described
in Ref. [���]). Instead, this approach served to allow comparison and validation of the compact
sensor against an existing system that has been deployed in clinical studies, thereby demonstrat-
ing development of a more affordable and portable technology that is better suited to large-scale
clinical deployment.
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Table �.�: Parameters extracted from the datasets presented in Fig. �.�� and Fig. �.��
AUC: area under curve. Peak AUC represents the AUC value calculated from time = � minutes
until the time at which maximum intensity is observed (Peak Time). To compare the extracted
parameters, signals from each participant and system were �rst scaled to their maximum
intensity (i.e. range = �–�). Parameters for participants �-8 were extracted from the full �8�
minutes of data. Parameters for participants � and � were extracted from ��� and �� minutes
of data respectively (due to the early termination of data collection explained above). The
Table includes Peak Time, Total AUC and Peak AUC values for each participant. The same
parameters were also extracted from themean curves (displayed in Fig. �.��B) and are shown
at the end of the table (including values from error bars, which correspond to the upper and
lower bounds of the shaded regions in Fig. �.��B). Note that no STD values are included for
Peak Time as time points for data collection were the same across all participants.

ID System Peak Time Total AUC Peak AUC

P� Benchtop system �� 8�.�8 ��.���
Compact sensor �� ��.��� ��.���

P� Benchtop system �� 6�.8�� ��.���
Compact sensor �� �8.��� ��.���

P� Benchtop system �� �8.��� ��.�8�
Compact sensor �� ��.6�� ��.6��

P� Benchtop system �6 ��.��� 8.8��
Compact sensor �� ���.��� ��.�8�

P� Benchtop system �� ��.��� �6.6��
Compact sensor �� ���.��� ��.���

P6 Benchtop system �� ��.��� ��.���
Compact sensor �8 ���.8�� ��.�8�

P� Benchtop system 8� ���.6�8 ��.���
Compact sensor �� ���.8�� ��.��8

P8 Benchtop system �� ��.6�� ��.���
Compact sensor �� ���.��8 ��.8�6

Mean curves Benchtop system �� ��.��� ��.8��
Compact sensor �� ��.��� ��.���

STD Benchtop system - ��.��� �.���
Compact sensor - �6.��� �.8�8
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Table �.�: Statistical Analysis of both systems (Benchtop system and Compact sensor)
using the parameters shown in Table . P value statistically signi�cant < �.��.

Parameter Test p value

Peak Time Student T-test (paired) �.���
Total AUC Student T-test (paired) �.���
Peak AUC Student T-test (paired) �.���

�.�.�.� Compact sensor characterization – Impact of contrast agent dose –
Stage �

Following validation against the Benchtop device, a second experimental stage was introduced to
characterize the response of the compact �uorescence sensor using a lower �uorescein dose. To
do so, 6 further healthy volunteers (participants �-��) were recruited following the same experi-
mental protocol described above but with a lower �uorescein dose (��� mg �uorescein in ��� ml
water).

Fig. �.��A shows the �uorescence vs. time curves for all �� participants (left – participants �-
8, ��� mg �uorescein; right – participants �-��, ��� mg �uorescein). In this case, normalized
�uorescence intensity signals are presented (as opposed to the scaled signals used in Sec. �.�.�.�)
to allow quanti�cation of changes in �uorescence intensity with respect to dose. As observed in
Fig. �.��A, most of the datasets exhibit an increase in �uorescence intensity up to a peak point
prior to a decay back towards zero. A similar trend is observed in the mean �uorescence intensity
vs. time curves for both dose conditions (Fig. �.��B).

The only exception to this trend is the data collected in Participant �, in which no decay region is
observed and where peak intensity appears to occur at approx. �8� minutes (i.e., at the end of the
�hour acquisition). Importantly, the dynamics observed for participant � were the same with both
the compact sensor (Fig. �.��A) and the benchtop system (Fig �.��A). Thus, this behaviour can
be attributed to physiological factors intrinsic to the participant (e.g., slow gastric emptying, low
gastrointestinal motility, etc.).

The maximum �uorescence intensity observed for the ��� mg dose (�.��� a.u. from the average
curves) was higher than that observed for the ��� mg dose (�.��� a.u.) by a factor of �.8 (Fig.
�.��B and also see Fig. �.��). This is also observed when calculating the peak intensity amongst
all participants, as shown in Fig. �.��C. This difference was found to be statistically signi�cant
using an unpaired Student’s T-test (p-value = �.����). Importantly, this signi�cant difference is
compensated when a correction factor of �.� is applied to the ��� mg dose signals (p-value =
�.���), suggesting an approximately linear correlation between dose and �uorescence intensity
(i.e., indicating that a �.�-fold increase in dose produces an approx. �.�-fold increase in intensity).
Results obtained from analysis of the Total AUC and analysis of equivalent data collected with the
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Figure �.��: Characterization of compact sensor under different �uorescein dose conditions.
(A) Time-resolved normalized �uorescence signals for participants �-8 (left; ��� mg �uores-
cein in ���ml water) and participants �-�� (right; ���mg �uorescein in ���ml water). Partici-
pants � and � present shorter signals (��� and ��minutes respectively) due to data collection
issues that necessitated early termination of experiments. (B) Mean (± STD) normalized �u-
orescence vs. time curves for both dose conditions: ��� mg (blue), ��� mg (orange). The
irregularities/discontinuities observed at �� and ��� minutes on the mean normalized �uo-
rescence signal for the ��� mg dose are a result of the shorter data collection times for par-
ticipants � and �. (C) Mean peak (maximum) intensity values extracted from the normalized
intensity curves shown in panel A. Note that the maximum intensity values in panel C do not
correlate to the maximum values observed on the curves shown in panel B due to variability in
the time at which peak intensities were observed in each participant (see panel A). That is, the
values reported in panel C represent the averages of the maximum intensity values observed
in each curve in panel A. Thus, any effect of peak time is removed/ignored in the average cal-
culation in panel C (unlike in panel B, where varying peak time leads to changes in the location
and intensity of the curve’s peak). A statistically signi�cant difference was observed between
the ��� mg and ��� mg peak intensity values. When a correction factor (of �.�) was applied
to the ��� mg peak intensity (“Corrected ��� mg”; green bar), no statistically signi�cant dif-
ference was observed when compared against the ��� mg dose, indicating an approximately
linear relationship between dose and peak intensity. * – p value< �.��; ns – not signi�cant.

benchtop system (collected at the same time as the data presented in Fig. �.��) further support
this hypothesis (see Figs. �.��, �.��, �.�6).
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Figure �.��: Peak Time, Total AUC and Normalized Peak Intensity values calculated from the
compact sensor datasets for all participants (P�–��). Values for participants �–�� were ex-
tracted from the full �8�minutes of collected data. Due to early termination of data collection
(explained above), parameters for participants � and � (indicated with an *) were extracted
from ��� and �� minutes of data respectively. On each graph, data is classi�ed according to
contrast agent dose (including the “Corrected ��� mg” data, where data collected at ��� mg
was multiplied by a correction factor of �.� to allow comparison to data collected at ��� mg).
Bars are color-coded based on the Fitzpatrick skin tone type for each participant (see legend).
The numbers of participants in each Fitzpatrick group are shown in the legend. Dotted lines
represent the values from the mean �uorescence vs. time curves (presented in Fig. �.��B) for
each dose condition. (A) Peak Time parameter representing the time (in minutes) at which the
signal reaches maximum intensity. (B) Total AUC. (C) Normalized Peak Intensity representing
the maximum �uorescence intensity value for each dataset.
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Figure �.��: Characterization of benchtop system under different �uorescein dose condi-
tions. (A) Time-resolved normalized �uorescence signals for participants �-8 (left; ��� mg
�uorescein in ��� ml water) and participants �-�� (right; ��� mg �uorescein in ��� ml wa-
ter). Participant � and � present shorter signals (��� and �� minutes respectively) due to
data collection issues that necessitated early termination of experiments. (B) Mean (± STD)
normalized �uorescence vs. time curves for both dose conditions: ��� mg (blue), ��� mg
(orange). The irregularities/discontinuities observed at �� and ��� minutes on the mean nor-
malized �uorescence signal for the ��� mg dose are a result of the shorter data collection
times for participants � and �. (C) Mean Peak (maximum) intensity values extracted from
the normalized intensity curves shown in panel A. A statistically signi�cant difference was
observed between the ��� mg and ��� mg peak intensity values (p value = �.����). When
a correction factor (of �.�) was applied to the ��� mg peak intensity (“Corrected ��� mg”;
green bar), no statistically signi�cant difference was observed when compared against the
���mg dose (p value = �.6���), indicating an approximately linear relationship between dose
and peak intensity. * – p value<�.��; ns – not signi�cant.
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Figure �.��: Peak Time, Total AUC and Normalized Peak Intensity values calculated from the
benchtop system datasets for all participants (P�–��). Values for participants �–�� were ex-
tracted from the full �8�minutes of collected data. Due to early termination of data collection
(explained above), parameters for participants � and � (indicated with an *) were extracted
from ��� and �� minutes of data respectively. On each graph, data is classi�ed according to
contrast agent dose (including the “Corrected ��� mg” data, where data collected at ��� mg
was multiplied by a correction factor of �.� to allow comparison to data collected at ��� mg).
Bars are color-coded based on the Fitzpatrick skin tone type for each participant (see legend).
The numbers of participants in each Fitzpatrick group are shown in the legend. Dotted lines
represent the values from the mean �uorescence vs. time curves (presented in Fig. �.��) for
each dose condition. (A) Peak Time parameter representing the time (in minutes) at which the
signal reaches maximum intensity. (B) Total AUC. (C) Normalized Peak Intensity representing
the maximum �uorescence intensity value for each dataset.
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Figure �.�6: Total AUC values extracted from the mean normalized �uorescence intensity
vs. time curves for both devices (left – compact sensor; right – benchtop system). Values
were extracted from data shown in Fig. �.�� (for compact sensor) and Fig. �.��B (for Bench-
top system). Statistically signi�cant differences were observed between the ��� mg and ���
mg Total AUC values for both devices (identi�ed by *). When a correction factor (of �.�) was
applied to the ���mg Total AUC values (“Corrected ���mg”; green bar), no statistically signif-
icant differences were observed when compared against the ��� mg data (for both devices),
indicating an approximately linear relationship between dose and Total AUC. * – p value <

�.��; ns – not signi�cant.

�.�.�.� Compact sensor characterization – Impact of skin tone – Stage �

The �nal experimental stage (Stage �) aimed to characterize the response of the compact �uores-
cence sensor when applied to different skin tones. All �� participants were classi�ed into three
groups based on their Fitzpatrick skin tone score (i.e. Fitzpatrick Type �, Type �, or Type �/�). Pho-
tographs of the hands and arms of three participants representing Fitzpatrick types �, � and � can
be seen in Fig. �.�8A.

First, we analysed the �rst �� minutes of the data collected in each participant (where �uores-
cein signals are negligible due to the time delay in �uorescein reaching the blood stream following
ingestion). Fig. �.��A and B show the mean values extracted from the Fluorescence and Backscat-
tered photodiodes (Fig. �.��A) and themean normalized intensities (Fig. �.��B) for each Fitzpatrick
group (Type �, � and �/�). Individual values for each participant are shown in Fig. �.�8. Onlyminimal
(non-signi�cant) differences are observed between Fitzpatrick groups for all parameters (p-value
> �.�� in all cases). However, as expected, the lightest skin type (Type �) and the darkest skin type
(Type �/�) present the highest and the lowest mean Backscattered Photodiode values (�.��� and
�.���, respectively).
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Figure �.��: Characterization of compact sensor under different skin tone conditions. (A)
Mean (± STD) backscattered and �uorescence photodiode values from the �rst �� minutes of
the collected data (i.e., where no �uorescein signal is present) for each Fitzpatrick group (i.e.
Type �, � and �/�). (B) Mean (± STD) normalized intensity values extracted from the �rst ��
minutes of data for each Fitzpatrick group. (C) Mean (± STD) total AUC values extracted from
the full normalized �uorescence vs. time curves (�8� minutes) for each Fitzpatrick group
and each dose. Note that no error bar is shown for Type �/�, ��� mg dose, as only one
participant was categorized into this group. (D) Mean (± STD) peak intensity values extracted
from the full normalized �uorescence vs. time curves (�8�minutes) for each Fitzpatrick group
and each dose. Bars are color-coded according to Fitzpatrick skin tone type (see legends).
The numbers of participants included in each group (including dose conditions) are shown
in the legends (total number of participants: n=��). Dotted lines in A and B represent the
mean values extracted from the curves averaged across all participants (i.e. from the curves
presented in Fig. �.��A for the normalized intensity values), where Fitzpatrick classi�cation
is not considered. Dotted lines in C and D are represent the values extracted from the mean
curves presented in Fig. �.��B

Second, we analysed the entire datasets (�8� minutes) where the overall �uorescence signal is
mainly attributed to �uorescein. We extracted the total AUC and the peak intensity values from the
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signals presented in Fig. �.��A and calculated the mean values (and standard deviations) for each
Fitzpatrick group. The values can be seen in Fig. �.��C and D. The individual participant values
color-coded by their Fitzpatrick type are presented in Fig. �.�� and �.�� for the compact sensor
and benchtop system respectively. As above, only minimal, non-signi�cant differences (p-value >
�.��) are observed between Fitzpatrick groups (for both dose conditions).

Taken together, these results suggest that the performance of the compact sensor is not adversely
affected by changes in skin tone and indicate that the normalization procedures used (i.e. where
the backscattered intensity is used to correct the �uorescence signal level) provide an adequate
correction for any changes in �uorescence intensity observed across different tones.

Overall, our results demonstrate strong correlation of data collectedwith our compact �uorescence
sensor with data from an existing benchtop system [��]. This indicates the potential of our com-
pact sensor to transcutaneously assess gut function in a more affordable and portable manner
than previously reported. Further characterization of our compact sensor suggested a linear rela-
tionship between �uorescein dose and �uorescence signal, exhibiting strong signal-to-noise ratios
at �uorescein doses of ��� mg. Importantly, the standard, approved dose of �uorescein used in
the clinic is ��� mg (e.g., in �uorescein angiography, where up to � ml of �uorescein solution is
intravenously injected at a concentration of ��� mg/ml) [�86, ���]. Thus, while the use of lower
contrast agent doses has the potential to introduce �uctuations in the �uorescence intensity as a
result of lower signal-to-noise ratios, our results suggest opportunities to perform transcutaneous
spectroscopy using lower �uorescein doses than those typically used in the clinic (i.e. at ���mg or
below). Furthermore, analysis of data with respect to skin tone revealed that variation in skin tone
had no discernible effect on the performance of our compact sensor. The ability to detect �uores-
cence signals under different skin tone conditions and �uorescein doses indicates clear bene�ts in
terms of cost, safety and patient experience, and also suggests the potential to successfully deploy
transcutaneous spectroscopy in diverse populations and ethnicities. As such, future steps involved
deploying the developed sensor in clinical studies of undernutrition (see Chapter 6 and preliminary
results reported in Ref. [���]) to further investigate the potential for non-invasive assessment of
gut function.

�.�.� Miniaturization
�.�.�.� PCB design and assembly

This �nal section focuses on advancing the miniaturization of the compact �uorescence sensor
presented in the previous sections. This part of the research focused on designing a printed circuit
board (PCB) using the Eagle Software (Version �.6). Emphasis is placed on minimizing the size
of the PCB through meticulous con�guration of electronics within the board. The board encom-
passes all the electronic components presented in the �nal electronic circuit (Fig �.��B), including
the ampli�ers and LED driver. The evolution of the PCB design is traced through two versions.

Elena Monfort-Sanchez - ��6



�.�. Results Chapter �

Figure �.�8: Characterization of compact sensor under different skin tone conditions – in-
dividual values. (A) Photographs of the hands and arms of three participants representing
Fitzpatrick types �, � and � (left to right respectively). (B) Individual backscattered (upper
graph) and �uorescence (lower graph) photodiode values averaged over the �rst �� minutes
of data (i.e., where no �uorescein signal is present). (C) Individual normalized intensity val-
ues averaged over the �rst �� minutes of data (i.e., where no �uorescein signal is present).
Bars are color-coded according to Fitzpatrick skin tone type (see legends). The numbers of
participants included in each group are shown in the legends (total number of participants:
n=��). Fluorescein doses used for each participant are indicated on the graphs. Dotted lines
represent the mean values extracted from the values averaged across all participants (i.e.,
with Fitzpatrick classi�cation not considered).

Fig. �.��B and D shows both PCB designs, together with the sensor used for the clinical stud-
ies described in previous versions (�.��A). Initially, the �rst version incorporated all the electronic
components, including both Photodiodes, but only the connections for the high-power LED were
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included, due to its size. Fig. �.��B shows the �rst PCB design with a description of all the main
parts and a size comparison between the PCB, the LED and a SMA �bre connector (�.��C) showing
at their true size. A GUARD was incorporated in the design to create a protective barrier around
the photodiodes’ connections due to the small output current ( �.��� µA). The primary function of
a GUARD is to shield certain parts of the circuit preventing interferences or unintended coupling
with other parts of the circuit during hand-soldering, as in this case. In addition, GUARDS help
in minimizing electromagnetic interferences between adjacent components, reducing the risk of
crosstalk and signal degradation. However, this �rst PCB design lacked the GUARD around the
Photodiodes and overlooked the speci�c dimensions of the electronic components, such as resis-
tances and capacitances. In addition, the attachment of the SMA connectors to the Photodiodes
also posed a physical obstacle due to their size differences (Fig. �.��C). After recognizing these
practical challenges, the second PCB design only included pins to connect the photodiodes and
the LED, which were fully shield with the GUARD. This con�guration offers the possibility to isolate
the optical components (Photodiodes, optical �lters and LED) to ensure an improved connection
with the custom �bre probe through the use of SMA connectors. Fig �.��C shows the second PCB
design. As before, the main parts of the circuit are labelled in the PCB.

This �nal PCB design is now implemented in a more compact, wearable version of the sensor
presented in this thesis, developed in collaboration with Dr. Nilanjan Mandal. Fig �.��E shows
the current version of the �uorescein sensor that incorporates a touchable screen for raw data
visualization (using the WIO terminal), an 8�� mmhA battery and a SD card module where raw
data is stored. No pre-processing step is implemented in this version of the sensor. However,
ongoing and further work focuses on improving data collection and storage, battery consumption
and advanced miniaturisation.
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Figure �.��: Miniaturisation of the compact optical sensor. (A) Initial con�guration of the
compact sensor presented in the previous sections. Top and front view are shown. The top
view also depicts the internal electronic con�guration of the sensor, showcasing the differ-
ences in size between the electronics (integrated inside the metallic boxes) and the NI DAQ
used to control and collect data. (B) First PCB design. Internal parts, including the ampli�ca-
tion stages (denoted as “Amp stage”) and the LED driver, are identi�ed. (C) Size comparison
between the PCB designs and the LED and SMA connectors. (D) Final PCB design. As be-
fore, internal parts, including the ampli�cation stages and the LED driver, are identi�ed. (E)
Current version of the miniaturisation developed in collaboration with Dr. Nilanjan Mandal. It
integrates the �nal PCB design shown in (D). A battery source, as well as a touchable screen
(WIO terminal) and an SD card port are included. As in the compact sensor shown in (A), the
custom �bre probe is attached to the photodiodes and LED through SMAs connectors. The
distal part of the probe is then attached to the participant using a �D printed �nger clip (not
present in the image).
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�.� Conclusion
This chapter has described the development of a compact optical sensor that provides measure-
ments of �uorescence intensity during the absorption and elimination of �uorescein in the blood-
stream after oral ingestion. The system, fully housed in a laser-cut plastic structure, uses a LED
for excitation of �uorescein with an emission wavelength of �6� nm. It has been designed for
ease portability and to make clinical use safe and practical. The in-house written Labview soft-
ware allows for full control and use of the sensor by a single user. The sensor has been, initially,
validated in vitro to later be deployed in St Mary’s Hospital for further in vivo validation in healthy
controls. To date, the sensor has been involved in �� healthy in vivo measurements of �uorescein
intestinal permeation (�� of those have been presented in this chapter). The preliminary in vivo
results presented here exhibited agreement with a benchtop spectrometer (previously described in
Ref. [��]) while providing clear advantages in terms of portability and cost (estimated costs of the
benchtop system and the compact sensor were ��k and �k). Further in vivo analysis demonstrated
the performance of our compact sensor under different contrast agent doses, suggesting a linear
relationship between the ingested dose and the observed �uorescence intensity. In addition, we
characterized the sensor’s response when applied to different skin tones, with results indicating
minimal impact of skin tone on sensor performance. The observations made during the in vivo
validation demonstrate the potential of our compact, transcutaneous �uorescence sensor to pro-
vide non-invasive assessment of gut function and suggest that the use of a miniaturized version
of the sensor could particularly be useful for larger-scale clinical studies. Following this consider-
ation, further work was focused on sensor miniaturisation, proving to reduce the size of the sensor
considerably and potentially facilitating deployability. Future work in this �eld is directed towards
the development of a fully functional miniaturized version of the device. Indeed, work towards the
investigation of �uorescence intensity pro�les in pathologic stages, such as undernutrition, had
already been started (See Chapter 6). More immediate future work will involve the collection of
a larger dataset to continue validating the device and to assess the relationship between �uores-
cein intensity pro�les and gut permeability, including investigation in other body areas and under
different motion conditions.
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Chapter 6

Clinical validation of a compact
�uorescence sensor: monitoring gut
permeability in healthy and undernourished
populations
The previous chapter presented the development of a compact �uorescence sensor, and the results
demonstrated the potential of the system to allow for monitoring the permeation of a �uorescence
contrast (�uorescein) from the gut to the bloodstream. The previous chapter also analysed the
impact of motion and optical artifacts can have in the �uorescence intensity signals. This chapter
now concentrates on further in vivo validation of the compact sensor, focused on two experimental
groups with expected to exhibit different gut permeabilities. Further experimental work includes
the analysis and correlation of current clinical standard techniques, such as permeability tests
and endoscopic biopsies, with our sensor. The results will provide a better understanding of the
capabilities of the compact sensor to monitor and diagnose changes in gut permeability.

���
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6.� Introduction
Undernutrition stands as a global health concernwithmultifaceted implications that affect critically
regions in sub-Saharan Africa and South Asia [��, ��]. The most current and speci�c data can be
found in reports from organizations such as the World Health Organization (WHO) and the United
Nations Food and Agriculture Organization (FAO) [6�, �6]. As stated by the WHO, undernutrition is a
condition marked by an inadequate intake of essential nutrients crucial for maintaining health and
well-being [6�–6�]. An inadequate absorption of nutrients is often associated with a compromised
intestinal barrier, which can result in an increased gut permeability and the passage of bacteria,
toxins and undigested food particles from the gut into the bloodstream, triggering an in�ammatory
response [���, ��6].

As explained previously, current clinical procedures to diagnose and monitor abnormal gut per-
meability include permeability assays and endoscopic biopsies. Brie�y, quantitative sugar perme-
ability assays, such as Lactulose:Mannitol test, evaluates the integrity of the intestinal barrier by
measuring the recovered lactulose and mannitol or rhamnose concentrations in urine after oral in-
gestion of the sugars [���–���, ���, ���, ���, ��8]. Although previous studies showed the potential
of both L:M and L:R tests for non-invasive assessment of GI permeability, their applicability in clin-
ical research is currently limited due to lack of standardizations in their methodologies [���, ���].
Alternatively, endoscopic biopsy and histopathology can provide a direct examination of the intesti-
nal lining. However, they are highly invasive, dif�cult to perform in infants and carry inherent risks
[���, ���]. In addition, laboratory-based approaches such as these lead to delays between admin-
istering the tests and reporting results. Recent clinical and preclinical studies demonstrated the
potential of transcutaneous �uorescence spectroscopy for non-invasive monitoring gut permeabil-
ity and other GI functions [��, ���–��8, ���]. In previous chapters, we have seen that using laser-
based spectrometers, which are both large and expensive, can introduce additional challenges in
certain patient groups and environments, thereby precluding widespread deployment [��, ���, ��6,
���]. In Chapter �, we demonstrated the potential of a compact �uorescence spectroscopy sensor
for non-invasively monitoring gut permeability, therefore, facilitating the clinical uptake of transcu-
taneous spectroscopy on a larger scale [���, ���]. To further demonstrate the clinical potential
of the compact �uorescence sensor for non-invasive assessment of gut permeability, this chap-
ter reports results from a clinical study on healthy and undernourished volunteers. As reported in
the introduction, undernutrition stands as a global health concern. The analysis of �uorescence
spectroscopy data from both healthy subjects and those experiencing undernutrition will further
provide information about this condition and the potential of our compact sensor for non-invasive
assessment of gut function in undernutrition population. This chapter also includes a comparison
with current clinical approaches (i.e, L:M and L:R permeability assay and duodenal biopsies), offer-
ing valuable insights into the limitations of these techniques and their correlation with our compact
sensor for the non-invasive assessment of gut permeability.
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6.� Methods
6.�.� Compact transcutaneous �uorescence sensor
Following oral ingestion of �uorescein, a compact �bre-optic �uorescence sensor (previously pre-
sented in Chapter �) was used to detect �uorescence signals at the �ngertip. The optical setup of
our compact sensor, as illustrated in Fig. 6.�A, consists of a �6� nm LED for excitation and two
photodiodes (Fluorescence Photodiode and Backscatter Photodiode) with peak sensitivity at 6��
nm. The optical path is controlled using �exible re�ective optical �lters in front of the LED and
photodiodes. The Backscatter Photodiode is employed to calculate the normalized �uorescence
signal to correct for variations due to factors such as probe orientation, �uctuations in excitation
power, and variations in skin colour and thickness. Both Photodiodes and the LED are connected
to a custom trifurcated �bre-optic probe, enabling the interrogation of �uorescence signals at the
skin. The probe includes � multimode silica optical �bres, arranged to maintain a consistent inter-
rogation volume for both photodiodes (as illustrated in Fig. 6.�B).

Figure 6.�: Compact �bre-optic �uorescence sensor used for transcutaneous assessment
of intestinal permeability. (A) Schematic diagram of the compact �uorescence sensor; (B)
Custom �bre probe diagram showing distal �bre arrangement (left) and full bundle (right).
(C) Photograph of original compact sensor deployed in a clinical environment in the UK. The
laptop shows the user interface developed for collection and pre-processing of data. The
interface can be seen in more detail in Fig �.6. A �D printed �nger clip is connected to the
�bre tip. The �uorescein solution ready to be ingested by a volunteer is also shown in the
photo. It contains ���mg of �uorescein mixed with ���ml of water. (D) Photograph of the
replica compact sensor. A �bre-probe (similar to the original sensor in (C) and with the same
con�guration as in (B)) is connected to the sensor. The �nger clip has been removed for a
better visualization of the �bre-probe. This sensor is then connected to a laptop (as the sensor
in (C)) to collect and process the �uorescence intensity data. (E) A close-up of the distal tip
of the optical �bre probe used for both sensor (C) and (D).
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To secure the distal tip of the custom �bre probe to the participant’s fore�nger during measure-
ments, a �D-printed �nger clip was designed with a loaded spring mechanism, ensuring constant
contact pressure and minimizing motion artifacts (Fig. 6.�C). The system is driven and controlled
by a custom-written LabVIEW interface, automating data collection and pre-processing. A replica
of the compact sensor depicted in Fig. 6.�C was develop in order to investigate healthy and un-
dernutrition subjects simultaneously (i.e., to allow experiments to be performed in both Zambia
and the UK). The original device (from now referred to as Sensor �), inclusive of the sensor, �bre
probe, �nger clip, and the LabVIEW control software running on a laptop, is depicted in Fig. 6.�C.
The replica sensor (from now referred to as Sensor �) and its �bre probe are shown in Fig. 6.�D.
Fig. 6.�E shows a close-up of the distal tip of the optical �bre probe used in the replica sensor. A
similar �bre probe was used on the original sensor (shown in Fig. 6.�B). The sensors record both
the �uorescence signal and the backscattered signal which is then processed automatically in the
interface. The processing involves a normalization– which is described in detail in Chapter � and
Ref. [��] – that allows for calculation of a �uorescence vs. time curve, which can be analysed to
extract information regarding gut permeability and other elements of GI function.

For the clinical experiments reported here, both sensors were programmed to record the �uores-
cence and backscattered signals once every �� seconds for a total of � hours. This allowed for
calculation of �uorescence vs. time curves with suf�cient temporal resolution to observe the dy-
namics of the �uorescein signal (e.g. the permeation from the gut into the blood stream and the
elimination of the dye from the blood). In turn, this permitted calculation of a set of parameters
designed to provide readouts of gut permeability and previously reported in Chapter �.

6.�.� Experimental procedures
6.�.�.� Calibration

The compact sensors depicted in Fig. 6.�C and D share a common electronic con�guration, as
illustrated in Fig. 6.�A. While they exhibit hardware and electronic similarities, it is important to
note that they are not entirely identical. Both compact sensors are assembled using commercially
available off-the-self components, but the availability of certain components (such as the data
acquisition system (DAQ)) posed a challenge. For this reason, Sensor � was equipped with a NI
USB-6�8� DAQ, whereas Sensor � incorporated a NI USB-6��� DAQ. Both have a resolution of �6
bits, which determines the accuracy of the sensor readings, but NI USB-6�8� supports higher max-
imum sampling rate (6�� kS/s vs ��� kS/s) that might capture more �nite signal changes. These
differences between the DAQs could potentially impact the comparison of the resulting signal from
the sensors. In addition to these differences, for Sensor �, the electronic gain on the second ampli-
�cation stage of the Fluorescence Photodiode was slightly reduced (from 8.��� dB to 6.��� dB) to
mitigate potential issues during the deployment of the sensor in remote locations, where technical
oversight is limited (see Section 6.�.�.� for details). The modi�cation of this gain made the total
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electronic gain of the Sensor � (���.��� dB) different from Sensor � (���.��� dB). Fig. 6.� shows
the comparison between Sensor � and Sensor � electronic circuits (modi�cations on Sensor � are
highlighted in red). This adjustment serves to prevent the saturation of the �uorescence intensity
signal and, by extension, the risk of losing critical data concerning variations in �uorescein per-
meation. It is worth noting that this modi�cation may have an impact on the resolution of the of
the sensor, particularly the Signal-to-Noise Ratio, in capturing physiological �uctuations in the �u-
orescence intensity signal. The resulting Signal-to-Noise ratio is ��.��� dB, in comparison with the
��.�8� dB from Sensor �.

Figure 6.�: Electronic con�guration of Sensor � and Sensor �. Two stage ampli�cation circuit
is implemented. The electronic con�guration shared between the sensors is colored in black.
Modi�cations applied speci�cally to Sensor � are shown in red.

The rapid sampling rate incorporated in both sensors (��� samples per second and one normalized
data point recorded every �� seconds) can help to mitigate noise levels through oversampling the
data, thereby improving resolution. However, the modi�cations in Sensor � still suggest an impact
on the normalized �uorescence intensity signal and direct comparison between both sensors is
deemed impractical and unrealistic. Therefore, a calibration step is introduced prior to conducting
clinical trial measurements. This step aims to derive a Calibration factor necessary to enable re-
alistic comparison of datasets collected from both compact sensors, speci�cally the analysis of
�uorescence intensity values among distinct subject groups (i.e., healthy and undernourished sub-
jects). The calibration setup is visually represented in Fig. 6.�A. This setup incorporates a Fluores-
cence Re�ectance Standard (LABSPHERE, Certi�ed Re�ectance Standard, ���-�6� nm excitation
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and �6�-6�� nm emission, Fig 6.�B), alongside a range of Neutral-Density (ND) Filters (ranging
from ND = �.� to �, Fig. 6.�B). All these components are used to assess the dynamic response of
both compact sensors to a series of �xed �uorescence intensities. The values ascertained during
the calibration process are subsequently employed to calculate a Calibration Factor.

Figure 6.�: Calibration experiment setup. (A) (top) Experiment set up. Fibre probe (with the
�nger clip removed) is placed inside the �D printed mount. The �D printed mount prevents
background light affecting the measurements. The �bre-probe tip is positioned perpendicular
to the Fluorescence re�ectance standard and the ND Filter. (bottom) Diagram of the set up.
The different ND �lters are placed in between the �bre-probe and the re�ectance standard
to modify the amount of light re�ected to the �bre-probe. (B) (top) Photography of the LAB-
SPHERE Certi�ed Re�ectance Standard used to assess the dynamic response of both com-
pact sensors. (middle) Illustration of the different ND Filters. The background red line helps
to visualize the different transparencies of the ND Filters. The lower the ND value, the higher
the optical transmittance achieved. (bottom) Emission and Excitation spectra, according to
the manufacturer, for the Re�ectance standards shown in (B) (top). Excitation and Emission
ranges for this re�ectance standards are ���-�6�nm and ���.6��nm, respectively, with an
additional excitation band at �6�nm.
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To validate the calculation, this Calibration factor is evaluated on a series of �uorescence samples
(previously described in Chapter �). As explained in Chapter �, these solutions were designed to
approximate the �uorescence intensity observed in vivo (based on data collected using a benchtop
system) and they are not intended to act as realistic optical phantoms. The �uorescein concentra-
tions usedwere �mg/ml for the baseline (water with no �uorescein), �.����mg/ml, �.���6mg/ml,
�.���8� mg/ml and �.���� mg/ml. Fluorescence signals from each solution were collected using
both compact sensors simultaneously.

6.�.�.� Clinical trial measurements

Clinical trial experiments were focused on analysing the potential of our compact sensor on as-
sessing gut permeability differences between healthy and potential undernutrition participants. To
facilitate this investigation, two similar compact sensors (presented in Section 6.�.�) were used.
Sensor � was deployed in St. Mary’s Hospital (London, UK) between September ���� and August
���� to collect �uorescence intensity data from �� Healthy participants (Group �). Healthy volun-
teers were screened before participation to con�rm that they did not have a diagnosis of any known
conditions that altered gut permeability. The �uorescence intensitymeasurementswere performed
according to a local clinical study protocol [���] (details of ethical approval: UK Health Research
Authority IRAS Project ID – ����6�; Research Ethics Committee reference – �8/LO/����/AM��).
Sensor � was deployed in St. Augustine Clinic (Lusaka, Zambia) and experiments were performed
in 8� volunteers, following Ethical approval from the University of Zambia Biomedical Research
Ethics Committee, ����-����, dated 20th December ����. Out of the 8� participants recruited in
Lusaka, Zambia, �uorescence datawas collected in �� participants. Participants fromgroup �were
also screened before participation. In this case, the presence of any pathology associated with gut
disfunction was evaluated. All experiments were performed in accordance with Good Clinical Prac-
tice (GCP) guidelines and the World Medical Association’s Declaration of Helsinki. All volunteers
gave informed consent prior to the experiments, all participants were aged �8 and above and had
no previous reactions to �uorescein. Participants who were pregnant, were breast feeding, or had
taken antibiotics for the last �weeks were excluded. The participant demographics for each group
are tabulated in Table 6.� and 6.�.

For the �uorescence spectroscopy experiments, both sensors were deployed in their respective
clinical set ups: Sensor � was located in St Mary’s hospital (London, UK) and Sensor � was de-
ployed in St Augustine clinic (Lusaka, Zambia). Fig. 6.� shows Sensor � deployed in St Augustine
Clinic (Zambia) for the Undernutrition study. For all volunteers (healthy and undernourished), �u-
orescence �bre probes (from Sensor � and Sensor �, respectively) were �rst attached to the par-
ticipant’s �rst �nger. Fluorescence measurements were then started at the same time that the
participant was asked to begin drinking a �uorescein solution containing ��� mg �uorescein dis-
solved in ��� ml water.
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Figure 6.�: Clinical setup of the compact transcutaneous �uorescence sensor (Sensor �).
(A) Clinical setup of the portable �uorescence sensor (main components indicated by anno-
tations). The laptop contains the LabView interface developed to control and collect data from
the sensor. (B) Photography of the room where Sensor � is deployed. Laptop and sensor are
both easily accessible to the clinician/user. The participant is sat with the arm rested in a
comfortable position and the �D printed �nger clip shown in (A) is attached to the fore�nger
of the participant before the experiment starts. (C) Photography of the St Augustine Clinic
(Lusaka, Zambia) where Sensor � is deployed, and the Undernutrition study takes place.

A dose of ��� mg was chosen to reduce any potential side-effects (as it is below the clinical ap-
proved dose (���mg) of �uorescein for other medical procedures [�86]). In addition, previous work
presented demonstrated good signal levels for orally ingested �uorescein of ���mg (see Chapter �
and Ref. [���, ���]). After ingestion of the �uorescein solution, �uorescence signals were recorded
for a total of �8� minutes, with normalized �uorescence intensity values calculated and reported
every �� s. In both experimental set ups (Group � and �), all volunteers were seated for the duration
of the experiments and all volunteers fasted overnight prior to the experiment.
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Table 6.�: Demographics of the study participants in Group � Fluorescein dose – ���mg (in
��� ml water). Lower region of table presents the percentages and numbers of participants
in each Fitzpatrick skin tone. BMI scores are also included.

ID Age Sex Fitzpatrick class BMI

UK� �� F � -
UK� �� M � ��.8
UK� �� F � -
UK� �� M � ��.8
UK� �� F � �8.�
UK6 �� M � ��.�
UK� �� M � ��.�
UK8 �6 M � ��.�
UK� �� M 6 ��.�
UK�� �6 M � -
UK�� �� M � ��.�
UK�� �� M � ��.8
UK�� �8 F � ��.�
UK�� 6� M � ��.�
UK�� �� M � ��.�
UK�6 �� M � -
UK�� �6 M � �8.�

Male / Female ��.���%/�6.���%
Fitzpatrick class � and � ��.���% (�)
Fitzpatrick class � and � ��.���% (6)
Fitzpatrick class � and 6 ��.���% (6)
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Table 6.�: Demographics of the study participants in Group � Fluorescein dose – ���mg (in
��� ml water). Lower region of table presents the percentages and numbers of participants
in each category. BMI scores are also included.

ID Age Sex BMI ID Age Sex BMI

Z� �� F ��.�� Z�8 �� F ��.�
Z� �� M ��.� Z�� �� M ��.�
Z� �� F ��.8 Z�� �� F �6.�
Z� �8 F �� Z�� �� F ��.�
Z� �� M ��.6 Z�� �� M ��.�
Z6 �� F ��.� Z�� �� F ��.�
Z� �� M ��.� Z�� �� F �6.�
Z8 6� M �6.� Z�� �� M ��.�
Z� �� M ��.� Z�6 �6 F ��.�
Z�� �8 F �8.� Z�� �6 F ��.8
Z�� �� M ��.6 Z�8 �� M ��.8
Z�� �� F �8.8 Z�� �� M ��.�
Z�� �8 F �6.� Z�� �� M ��.�
Z�� �� F ��.6 Z�� �6 F ��.�
Z�� �6 M ��.� Z�� �6 F ��.�
Z�6 �� M ��.8 Z�� �� F �8.6
Z�� �� F ��.� Z�� �� M ��.�

Male / Female ��.88�%/��.���%
Fitzpatrick class � and � �
Fitzpatrick class � and � �
Fitzpatrick class � and 6 ���% (��)

6.�.�.� Permeability assays - sugar molecules

Quantitative sugar permeability assays such as Lactulose:Mannitol and Lactulose:Rhamnose tests
have the potential for non-invasive evaluate intestinal permeability [���–���, ���, ���, ���, ��8].
However, their clinical application is limited due to their practicality and lack of standardization
between studies [���, ���]. In this Chapter, we also aimed to compare the performance of current
sugar permeability assays (L:M and L:R) and our �bre-probe compact sensors in both healthy and
undernourished groups. By doing so, we address certain limitations associated with the existing
standard permeability tests (L:M and L:R) and, further, demonstrate the potential of our sensor for
non-invasively assess gut permeability.

For the permeability assays, all participantswere requested to empty their bladders into a collection
container (baseline levels) before ingesting the respective test sugar solutions. Due to variations
in the protocols between healthy and undernourished groups, L:M test and L:R were performed
separately on each group, respectively. Volunteers from group � undertook the L:M permeability
assay no less than a week after the transcutaneous �uorescence experiment. On the contrary, vol-
unteers from group � undertook the L:R permeability assay at the same time as the transcutaneous
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�uorescence experiment.

The Lactulose:Mannitol (L:M) test was performed in a cohort of �� healthy participants, with prior
con�rmation of any known conditions that altered gut permeability. A total of �� urine samples
(�� male and � female) were collected at 6 hours after L:M solution administration. The Lactu-
lose:Rhamnose (L:R) test was performed in the undernourished group. From the �� participants
whose �uorescence signals were available, �� urine samples (6 males and 8 females) were col-
lected at � hours after L:R solution administration. After collection of urine samples in both healthy
and undernourished volunteers, total urine volume was measured and recorded. Samples were
then stored in �ml aliquots at a -8�°C freezer until Lactulose:Mannitol and Lactulose:Rhamnose
concentrations could be determined independently. The samples were analysed in the MRC-NIHR
BRC National Phenome Centre (at Hammersmith hospital – Imperial College).

6.�.�.� Endoscopic biopsies

In conjunction with the assessment of �uorescence intensity signals and L:R samples, endoscopic
biopsies were collected from participants comprising Group � on the same day of the �uores-
cence study. Following the collection of the L:R urine samples, the participants were translated
to an endoscopic room where biopsies were collected. These biopsies provide an anatomical rep-
resentation of a portion of the gastrointestinal wall at the duodenum, providing a comprehensive
understanding of the gastrointestinal condition of the participants.

Figure 6.�: (left) Image taken from Alshamy et al. [���] showing the morphometry measure-
ments relevant for this chapter: VH - villus height (A), CD - crypt depth (C) and ESA - epithelial
surface area (D). (right) Illustration of parameters VH and CD. In our case, the ESA parameter,
represented in green in the left image (D), is also normalised by the size of the mucosa sam-
ple.

The biopsies were processed and analysed at St Augustine clinic (Lusaka, Zambia). The research
team conducted a detailed examination, extracting crucial parameters such as villus height (VH),
crypt depth (CD), crypt-to-villus ratio (CVR) and epithelial surface area (ESA). Fig. 6.� shows an
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illustration of the parameters extracted from the biopsies. ESA measurements were normalised
by the total length of the tissues sample (i.e. mucosa muscularis) and multiplied by ��� to have a
measurement per ��� µm. These parameters, vital for elucidating the histological characteristics of
the gastrointestinal mucosa, were then provided by the research group in Lusaka to compare with
the additional parameters collected from the participants in Group � (i.e., �uorescence intensity
signals and L:R urine samples).

6.�.� Statistical analysis
Following the calibration of the sensors, statistical testswere �rst performed to analyse the correla-
tion between the signals from the sensors and the permeability tests. This included the comparison
between the compact sensors’ �uorescence signals and their respective L:M or L:R samples, as the
standard approaches to assess intestinal permeability [���–���, ���, ���, ���, ��8]. In addition,
correlation between the morphometry data and the �uorescence intensity signals from group �
was also calculated. Further analysis then focused on assessing the performance of the compact
sensors to distinguish various gut conditions, which included the comparison between the dataset
from group � (healthy) and group � (undernourished).

Normalised �uorescence intensity signals, as well as parameters extracted from them - including
the total area under the curve (Total AUC), peak intensity, Peal Time, Peak AUC, Peak AUC/Slope and
Peak AUC*Peak Time – were used for the analysis. In the case of permeability test, percentages
of Lactulose, Mannitol and Rhamnose recovered in the urine (i.e. %L, %M and %R), as well as
the Lactulose:Mannitol ratios and Laculose:Rhamnose ratios were used. Morphometry parameters
extracted from the biopsies – Villus Height (VH), Crypt Depth (CD) and Epithelial Surface Area (ESA)
– were also compared against the �uorescence signals and the Lactulose:Rhamnose test.

For the analysis, Pearson’s correlation coef�cients (r) were used to measure the linear correla-
tions between the compact �uorescence sensor values and permeability markers, including the
morphometry parameters. P-values < �.�� were used to infer statistically signi�cant correla-
tions. Pearson’s correlation coef�cients (r) were calculated using the “corrcoef” MATLAB func-
tion. Additionally, unpaired Student t-tests were used to analyse differences between the studied
groups (healthy and undernourished) using the data collected with each compact sensor (Sensor
� and Sensor �), as well as the permeability markers (L:M, L:R values and morphometry parame-
ters).
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6.� Results
6.�.� Compact �ber-optic sensor calibration
As explained on Section 6.�.�.�, both developed compact sensors (Sensor � and Sensor �) have
the same electronic con�guration. However, some modi�cations (explained in Section 6.�.�.�)
were performed in Sensor � as per requirement on the experimental protocol and limitations on
the components available during development. In order to account for these differences and to be
able to directly compare data obtained from both sensors, a calibration steps was incorporated. A
standard re�ectance and different ND �lters were used in order to analyse the dynamic response
of the �uorescence and backscattered photodiodes to different light pro�les. The purpose of the
standard ND �lter, in this case, is to reduce the amount of light entering the detector, so we can
characterize the dynamic response of the compact sensors to different �uorescence intensities.
The amount of �uorescence and backscattered light transmitted through the ND �lter and to the
detector (photodiodes) is determined by the optical density (d) of the ND �lter. The Fractional
Optical Transmittance (FOT) of each �lter is calculated following equation (6.�):

FOT =
I

I0
= 10�d (6.�)

, where I is the intensity after the ND �lter, I0 is the Intensity before the ND �lter and d is the optical
density of the ND �lter. The optical density, d, and transmittance of each ND �lter is shown in Table
6.�.

Table 6.�: Optical density and Fractional optical transmittance (FOT) of each ND Filter used
to calculate the Calibration Factor.

Filter Optical Density (OD) Fractional Optical Transmittance (FOT)

ND � � � [��� %]
ND �.� �.� �.6�� [6�.�� %]
ND �.� �.� �.��8 [��.8� %]
ND �.6 �.6 �.��� [��.�� %]
ND �.8 �.8 �.��8 [��.8� %]
ND �.� �.� �.��� [��.�� %]
ND �.� �.� �.��� [�.�� %]
ND �.� �.� �.��� [�.�� %]
ND �.� �.� �.���� [�.�� %]

In order to account for noise �uctuations, multiple repeats (n=��), on three different days (total
of �� repeats), were collected. Fig 6.6A shows the mean voltage output values obtained for each
Photodiode on Sensor � (orange) and Sensor � (blue).
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Figure 6.6: (A) Photodiode output signals from both of the sensors (Sensor � in blue and
Sensor � in orange) for the different ND �lters. Both photodiodes (Fluorescence photodiode
in the left and Backscattered photodiode in the right) include a saturation region at a value of
�V, due to the con�guration of the electronic circuit. Values used to calculate the Calibration
Ratio are highlighted with a dotted red box, as they lie within the non-saturated and non-zero
regions. These are the values from the �.6, �.8 and � ND �lters. (B) Mean ratios and SD
calculated from �� repeats on � different days following equations 6.�, 6.� and 6.� for the
output values from the �.6, �.8 and � ND Filters. (left) Individual ratios from each ND �lter -
�.6 (left), �.8 (middle) and �.� (right) - and Photodiodes, as well as the Normalised Intensity
(Norm Int) values calculated following equation �. The exact values can be observed in Table
6.�. (right) Final mean and SD Calibration ratios obtained for each photodiode as well as the
Normalised Intensity are shown. These also correspond to the values presented in Table � -
as the mean and SD values calculated across the � ND �lters and the � days - and are used to
correct for differences between the developed sensors (Sensor � and �).
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As expected, both sensors exhibit similar trends for both photodiodes. Three characteristic re-
gions: saturation, transition zone and zero-region, can be observed. Internal sensors differences
between Photodiodes are explained by the variations in the ampli�cation gains used on each sen-
sor (see Section 6.�.�.�). Following the analysis of the curves, we decided to use only the values
from the transition regions (red box in Fig 6.6A) to calculate the Calibration factor. The reason for
this is because values from the saturation or zero-regions do not encompass information about
the differences between the sensors and can induce errors during the calculation of the calibra-
tion factor. Individual Fluorescence and Backscattered Photodiodes calibration factors, as well
as a Normalized calibration factor were obtained following equations 6.�. The Normalized cali-
bration coef�cient was calculated following the same principle as the data normalization process
explained previously in Chapter � and Ref [��]. Values for each ND �lter, as well as the calibration
coef�cients can be seen in Table 6.�.

Sensor � = Sensor � * Calibration ratio (6.�)

Calibration ratioPDF ,PDBS =
Sensor �PDF ,PDBS

Sensor �PDF ,PDBS

(6.�)

Calibration ratioNorm =
Calibration ratioPDF

Calibration ratioPDBS

(6.�)

Table 6.�: Calibration output voltages from Sensor � and � using the ND �lters. Output
voltages from the photodiodes, as well as the calibration values calculated are shown. Only
values from the transition regions (ND �lter �.6, �.8 and �.�) are shown for the Normalised
Calibration ratios. Lower and higher values, corresponding to the saturation or zero-region,
are not shown. Mean calibration ratios are calculated using the Calibration ratios from �.6,
�.8 and �, highlighted in bold, for each photodiode.

Output Voltage Filter OD

� �.� �.� �.6 �.8 �.� �.� �.� �.�

PDF Sensor � �.��� �.��� �.6�6 �.�8� �.��� �.��6 -�.���*10�3 -�.���*10�4 -�.���*10�4

Sensor � �.6�� �.��� �.�6� �.�8� �.6�� �.��6 �.���*10�3 �.6��*10�3 �.���*10�3

PDBS Sensor � �.��� �.��� �.��� �.��� �.��� �.��� -�.���*10�5 -�.�8�*10�5 -�.��6*10�6

Sensor � �.6�6 �.��� �.��� �.�8� �.6�� �.��� -�.���*10�5 -�.���*10�5 �.���*10�3

Calibration Ratio Filter OD

� �.� �.� �.6 �.8 �.� �.� �.� �.�

PDF �.��8 �.��8 �.8�� �.��6 �.��� �.��� ���.��6 �.��� �.���
PDBS �.��8 �.��� �.��6 �.�6� �.88� �.88� �.��� �.�6� �.���

Normalised (PDF / PDBS) �.��� �.��8 �.���

Mean calibration Ratio Mean STD

PDF �.��8 �.���
PDBS �.��8 �.���

Normalised (PDF / PDBS) �.��� �.���
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As shown in Table 6.� and Fig. 6.6B, Calibration factors of �.��8 and �.��8 are obtained for the
Fluorescence and Backscattered Photodiodes, respectively. These calibration factor obtained for
both photodiodes (�.��8 and �.��8) are in good agreement with the electronic differences between
the sensors (see Section 6.�.�.� and Fig. 6.�). These calibration factors (R� = �.��8, R� = �.��8
and RNorm = �.���) applied to Sensor � allow for direct comparison between dataset collected
with both sensors and minimizes the impact of their electronic differences.

Figure 6.�: Photodiode and Normalised Intensity signals from the in vitro validation exper-
iment. Different �uorescein concentration, ranging from � to �.���� mg/ml of �uorescein,
were used to validate the Calibration factors presented in Table � and Fig 6.6. Signals from
Sensor � (blue), Sensor � (yellow) and corrected Sensor � (orange) are shown. (A) Output
signals form the Fluorescence (left) and Backscattered (right) photodiodes. The saturation
region is also included for the PDF , as it represents the region above which the photodiodes
are saturated, which in this case is �V. (B) Normalised Intensity signal calculated using the
values from the photodiodes.

For the validation of the Calibration factor, �uorescence signals from both compact sensors were
collected simultaneously using the different �uorescence solutions. Figure 6.� shows the voltage
values from the Fluorescence and Backscattered Photodiodes and the Normalised signals for Sen-
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sor � and Sensor �. As predicted, output signals from the Backscattered Photodiodes (Fig. 6.�A)
do not show any signi�cant �uctuations, as the transparent plastic containers used for the �u-
orescence solutions do not produce any detectable light re�ectance. However, as expected, the
Fluorescence Photodiodes exhibit an increase in the output signals as the concentration of the
solutions increased. The Fluorescence output signals observed for Sensor � were higher than that
observed for Sensor � (Fig. 6.�B) due to the electronic differences described in Section 6.�.�.�.
This is also noticeable when comparing the Normalised Intensity signals. Importantly, the differ-
ences in the �uorescence signals between sensors are compensated when the Calibration factors
of �.��8 and �.��8 are applied to the Fluorescence and Backscattered signals from Sensor �, re-
spectively. The differences observed between the Normalised signals are primarily attributed to
the Backscattered Photodiode signals, especially for the lower concentrations of �uorescein. This
is because the material of the containers, although transparent, is a re�ective surface that is likely
to primarily impact the signals of the Backscattered Photodiodes, introducing variations between
experiments and sensors. Nevertheless, the �uorescence signals, mainly affected by the changes
in the electronic con�guration, were successfully calibrated, allowing for a realistic comparison
of datasets collected from both compact sensors, speci�cally relevant for clinical measurements.
Subsequent sections, particularly Section 6.�.� and 6.�.�, show signals from sensor � with the
Calibration factors (PDF and PDBS) already applied.

6.�.� Fluorescence intensity vs time - Healthy study
6.�.�.� Fluorescence signal analysis

To investigate the potential of the compact �uorescence sensor – previously presented in Chapter
� – as a portable tool for non-invasive assessment of gut function using transcutaneous �uores-
cence spectroscopy, �� healthy volunteers (participants UK�-��) were recruited for an in vivo valida-
tion experiment in which the compact sensor (Sensor �) was used to record �uorescence pro�les.
This data was also compared against the Lactulose: Mannitol permeability test – performed on
the same participants – to analyze the correlation between these two procedures and to demon-
strate the potential of the compact sensor for non-invasive assessment of gut permeability. Data
from these �� volunteers include signals from 6 volunteers previously recruited for chapter � who
ingested a dose of ��� mg of �uorescein, as well as �� additional volunteers recruited exclusively
for this experiment.

All �� participants were asked to fast for a minimum of � hours prior to the �uorescence spec-
troscopy experiment. At the start of the measurement, the �bre-optic probe from the compact
Sensor � was attached to the participant’s �rst �ngers using a �D-printed �nger clip. Participants
were asked to drink a �uorescein solution (��� mg �uorescein dissolved in ��� ml water), and �u-
orescence data was collected for �8� minutes. Fluorescence intensity vs. time curves from each
participant is displayed in Fig. 6.8A.
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Figure 6.8: Fluorescence Intensity signals collected from participants in Group � (Healthy
volunteers) using the compact Sensor �. (A) Time-resolved normalized �uorescence signals
for participants �-��. (B) Mean (± STD) normalized �uorescence vs. time curves for partici-
pants in panel A. A wrong adjustment of the �nger clip caused higher intensity values (from
� to �� minutes) to Participant UK8 (see panel A). This was resolved by adjusting the �nger
clip. However, this dif�culted the extraction of baseline signals needed for a correct signal
normalization. Therefore, Participant UK8 was not included for the calculation of the mean
curve. (C) Total AUC values and Peak (maximum) intensity values extracted from the normal-
ized intensity curves shown in panel A. Note that the mean values (both in Total AUC and Peak
Intensity) are extracted from the averages observed in each curve in panel A. That is, themean
Peak Intensity shown do not correlate with the value observed on the curve shown in panel B
due to variability in the time at which peak intensities were observed in each participant (see
panel A).

As expected, most of the datasets exhibit an increase in �uorescence intensity over time, reaching
a peak value approximately �� minutes after ingestion of the �uorescein solution, before begin-
ning to decrease back towards the background level (Fig. 6.8). It is important to mention that
motion artifacts, caused by for example incorrect adjustment of the �nger clip, can also affect
the readings and induce errors. In Chapter �, we have evaluated the impact of motion artifacts
in the performance of the sensor and results suggested a non-signi�cant impact on the signals.
However, that evaluation only took into account the impact of motion artifacts when the �nger clip
was correctly attached to the �nger. In cases where the �nger clip is incorrectly attached or loose,
detection of �uorescein signals is challenging. This was the case with Participant UK8 during the
�rst �� minutes of recording, in which the �nger clip was placed incorrectly at the beginning of
the experiment, leaving the �bre probe outside of the �nger (non-skin contact). After adjusting
the �nger clip (⇡�� minutes) the sensor was able to detect the �uorescein permeating into the
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bloodstream and the expected dynamic described before was observed. However, in this case,
this motion artifact challenged the normalisation and noise correction of Participant UK8 signal as
true baseline levels (collected at time � h) are not available. Therefore, in this case, this dataset
(Participant UK8) was excluded for the analysis. However, it is reasonable to assert that in gen-
eral, under the condition of no signi�cant impact from motion or optical artifacts on the signals,
differences in the �uorescence intensity pro�les and decay rates between participants are likely
attributed to inter-participant variability, such as different gastric emptying rates.

For further analysis, Total AUC and Peak Intensity values were also extracted from each partic-
ipant (as shown in Fig. 6.8C). Data is color-coded to represent the Fitzpatrick score (previously
presented in Chapter �) assigned to each participant (i.e. Fitzpatrick Type �/�, Type �/�, or Type
�/6). As expected from previous studies, there is not a clear relationship between the normalized
�uorescence intensity vs time curves generated by the compact sensor and the skin tone of the
participants. This further supports the hypothesis presented in Chapter � that the performance
of the compact sensor, and thus the �uorescence signal, is not adversely affected by changes in
skin tone, and that differences in the observed �uorescence vs time curves are likely attributed to
inter-participant variability.

Table 6.�: Parameters extracted from Group � using Sensor �. Mean and std values are
calculated from the individual values and not from the mean signal shown in Fig. 6.8. Values
from Participant UK8 are only shown for informative purposes, and they are not used for the
calculation of the mean values. Lactulose:Mannitol (LM) ratios and percentages of Lactulose
(%L) and Mannitol (%M) are also included. L:M permeability parameters were not available
for participants UK6, UK�� and UK��.

ID Total
AUC

Peak
Int

Peak
Time

Peak
AUC

Peak AUC/ Slope Peak AUC
*Peak Time %L %M LM ratio

UK� 6��.�6� �.��6 ��� ���.88� �8���.��� ������.�� �.��� ��.��� �.����
UK� ���.��8 �.��� �� ���.��8 �����.8�� �����.��� �.��� �6.6�� �.����
UK� ���.8�� �.��� ��6 ���.8�� �6���.�6� ��6��.��� �.��6 ��.��� �.��6�
UK� ���.��� �.��� �� �8.��8 ��6�.��� �6��.��8 �.��� �8.��8 �.����
UK� ����.��� �.��� �� �8�.��� ����.8�� �����.6�� �.��� ��.�8� �.���8
UK6 ���.��� �.��� �� �6.�68 �886.�6� ����.��� - - -
UK� �88.6�� �.��� �� ��6.��� ����.8�� ��6�.��� �.��� ��.�88 �.����
UK8 6��.88� �.��6 �� ���.��� ����.��� 8���.��� �.��� �8.8�� �.����
UK� ���.�� �.8�� ��� ���.��� ������.8�� ����8.��8 �.��� ��.8�� �.����
UK�� ���.��� �.��� �� ���.�� �����.��� ����6.��� �.��� ��.6�� �.��8�
UK�� ���.�� �.��� 8� ���.��6 8�86.6�� �����.��� �.��� ��.��� �.����
UK�� ���.��6 �.�88 6� ���.��� ����.68� 8���.8�� �.�86 ��.��� �.��6�
UK�� ���.��� �.��� �6 ���.��� �8��.��� 666�.6�� - - -
UK�� ���.8�� �.�8� 8� ���.666 ���8�.��� �����.��� �.��� ��.�6� �.����
UK�� �8�.��� �.68� �� 8�.��� ����.��� ��8�.��� - - -
UK�6 ���.��� �.��� 6� ���.��� �����.��6 ��8�8.��6 �.��� ��.��� �.���6
UK�� ���.��� �.��� �� ��.��8 ����.��� ��6�.�66 �.��� ��.��6 �.����

Mean ���.8�� �.�6� ��.6�� ���.��� ��6��.��� �8���.��� �.�8� ��.��6 �.����
STD ���.��� �.6�� ��.��� ���.��� �����.�� ��68�.��� �.�8� 6.�6� �.���8
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Following the analysis, the Total AUC mean value, calculated using the individual curves, was
���.8�� (a.u.), with a standard deviation of ���.��� (��.6��%), and the maximum Peak Inten-
sity mean value was �.�6� (a.u.), with a standard deviation of �.6�� (�8.8��%). Parameters, such
as Peak AUC/Slope and Peak AUC*Peak Time were also calculated in order to correct for the im-
pact of gastric emptying or gut motility (as explained in chapter �). These values, together with the
individual Total AUC values and other extracted parameters (such as the Peak Time, Peak Intensity
and Peak AUC) for all individual signals are shown in Table 6.�.

6.�.�.� Lactulose:Mannitol correlation

To further validate the performance of the compact �bre-optic sensor, a Lactulose: Mannitol (L:M)
test was carried out by all participants. At least one week after the �uorescence spectroscopy
experiment, all participants were asked to undertake a L:M permeability test. All �� participants
were asked to fast for a minimum of � hours prior to the permeability test and continue fasting
throughout the 6 hours experiment. Before starting the test, urine samples were collected and
labelled as “baseline”. Participants were then asked to drink a sugar solution containing �� g of
Lactulose and � g of Mannitol diluted in ��� ml of water, together with ��� ml of water. After �
hours from the start of the experiment, participants were able to drink an additional ��� ml of
water. Urine samples were collected during a period of 6 hours. At the end of the experiment, total
urine volume was measured and samples of �ml aliquots were analysed. Percentage excretion
of Lactulose and Mannitol, as well as Lactulose:Mannitol Ratios (L:MR), for each participant are
shown in Table 6.�.

The mean percentage excretion of Lactulose and Mannitol in participants from Group � are �,�8�%
(range �.��� – �.���) and ��.��6% (range ��.�8� – ��.�6�), respectively. The mean L:M ratio
observed among the participants is �.���� (range �.��� – �.���8), a value which is consistent
with published data for healthy subjects [���]. Although, participant UK� exhibits the highest L:M
ratio (�.���8), in comparison with participants UK� and UK�� with the lowest L:M ratios (�.����
and �.����), all the participants L:M ratios lie within the range of healthy subjects, as previously
published in [���]. Generally, lower L:M ratios are considered indicative of better intestinal barrier
function [���, ���]. However, L:M ratios alone do not necessary diagnose a permeability problem
because, although L:M test provide valuable insights about the gut permeability, clinical correla-
tion with other markers and symptoms is crucial for a comprehensive evaluation of the gut bar-
rier.

For the value of this research, parameters extracted from the L:M permeability test are mainly used
to analyse the correlation between the �uorescence intensity signal collected with the compact
sensors and the L:M parameters. To do so, Pearson’s correlation coef�cients were calculated using
the parameters extracted from the �uorescence intensity signals from Sensor � (Total AUC, Peak
AUC, Peak Intensity, Peak AUC/Slope and Peak AUC*Peak Time values) and L:M results (%L, %
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M and L:MR) of each participant. Table 6.6 shows the Pearson’s correlation coef�cient (r) of each
parameter analysed, as well as the p-values. Values from Participants UK�� and UK�� are not
considered for this analysis, as L:M parameters were not available.

As shown in Table 6.6, some Pearson’s correlation coef�cients (r) are < �, suggesting a negative
correlation between both approaches. Peak AUC vs L:MR and Total AUC vs L:MR show highest and
lowest correlations, respectively. This is also supported by the p-values extracted from the analysis
(�.��6� and �.��6�, respectively). In addition, a linear regression model was �t to the data with
highest correlation (i.e., Peak AUC vs L:MR), with R

2 = �.��� and p-value = �.��6�6 (i.e., for the
equation y = mx + c, where m (m = ����8) represents the gradient and c (c = �8.�6) represents
the intercept), see Fig. 6.�. It is worth noting that the correlation described before between the
Peak AUC and L:MR, is signi�cantly impacted by the presence of an outlier (labelled as P� in Fig.
6.�). When removing this data point (Fig. 6.�(right)), the correlation between these two parameters,
although moderate (with a Pearson�s correlation coef�cient of �.���), is no longer signi�cant (p
value = �.��8).

Table 6.6: Pearson’s correlation coef�cients (r) and p-values extracted from the correlation
between Sensor � (Total AUC, Peak AUC, Peak Intensity Peak AUC/Slope and Peak AUC*Peak
Time) and Lactulose:Mannitol test (percentage of Lactulose (%L) and Mannitol (%M) and LM
ratio (LMR)). Signi�cant correlations are highlighted in bold.

Pearson’s correlation coef�cient (r)

Parameters Total AUC Peak Intensity Peak AUC Peak AUC / Slope Peak AUC * Peak Time

%L -�.��6� -�.�8�� �.���� �.���� �.���8
%M -�.���� -�.���� -�.���� -�.���� -�.���8
LMR �.���6 �.���� �.���� �.��8� �.����

P values from the Pearson’s correlation coef�cients

Parameters Total AUC Peak Intensity Peak AUC Peak AUC / Slope Peak AUC * Peak Time

%L �.��6� �.���� �.�8�� �.���� �.����
%M �.��68 �.���� �.�8�� �.�6�� �.����
LMR �.��6� �.68�8 �.��6� �.��6� �.��6�
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Figure 6.�: (A) Linear regression model applied to Peak AUC vs L:M ratio (LMR) data. The
goodness of �t of the linear model is represented by theR2 value. Its corresponding p-value is
also included. The equation �tted to the data (red line) is presented in the form of y = mx+c.
(B) Linear regression model applied to the same dataset (Peak AUC vs LMR) but, this time,
values from Participant � (UK�) are not considered.

6.�.�.� Summary

An increased gut permeation is expected to correlate with an increased translocation of both sugar
molecules and �uorescein. Consistent with this idea, the results presented in this section suggest
amoderate correlation between the compact sensor (Sensor �) and the L:M permeability test. How-
ever, the correlation between these two techniques proved to be signi�cantly impacted by the pres-
ence or absence of speci�c points (outliers). This could be attributed to the limited data available
and the complexity of it. In addition, as explained previously, both experiments were undertaken at
different periods in time, with generally a time gap of more than �week between data collection for
Sensor � and L:M urine samples. Over this time period, variations in diet, temporary gut disorders
(such as diarrhoea or constipation) or medication, can signi�cantly affect gut permeability and
therefore, the correlation between both approaches. In order to mitigate this effect and to char-
acterise more effectively the correlation between these two tests, permeability tests, such as L:M
or L:R, and �uorescence intensity signals from the compact sensor are recommended to carried
out simultaneously. This has, therefore, been considered in the following section. In addition, this
analysis will also bene�t from recording information regarding dietary habits, medications or any
other confounding factors.
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6.�.� Fluorescence intensity vs time - Undernutrition study
6.�.�.� Fluorescence signal analysis

Following the deployment of Sensor � in St Mary’s Hospital (UK) for the collection and analysis
of �uorescence signals on healthy volunteer (Section 6.�.�.�), we focused on investigating the
potential of the developed Sensor � as a portable tool for non-invasive assessment of gut function
in potential undernutrition participants. In this case, 8� volunteers were recruited for an in vivo
validation experiment in which the compact sensor (Sensor �) was used to record �uorescence
pro�les from �� participants (participants Z�-��).

Following the same procedure as described in Section (Section 6.�.�.�), the data collected from
this group was also compared against the Lactulose: Rhamnose permeability test – performed on
the same participants alongside �uorescein detection. The objective is to analyse the correlation
between the �uorescence intensity data (this time from Sensor �) and the permeability assay (L:R
test) and to further demonstrate the potential of the compact sensor for non-invasive assessment
of gut permeability.

Following a similar protocol as the one detailed in Section (Section 6.�.�.�), all �� participants
underwent a fasting period of at least � hours prior to the �uorescence spectroscopy experiment.
At the start of the experiment, the �bre-optic probe from Sensor � was attached and secured to
the participants’ index �nger using the �D-printed �nger clip depicted in Fig. 6.�C. Following this,
participants were asked to drink a �uorescein solution and �uorescence intensity vs time curves
were collected for a duration of �8�minutes. It is important tomention that the ingested �uorescein
solution also contained the sugar molecules for the L:R test, which is later discussed. Therefore,
the �nal ingested �uorescein solution contains ��� mg of �uorescein, � g of Lactulose and � g
of Rhamnose diluted in ��� ml of water. Figure 6.�� illustrates the �uorescence intensity data
collected from each participant.

As previously observed in the Group � (Section 6.�.�.�), the majority of datasets in the current
study demonstrate an upward trend in �uorescence intensity over the �8�-minute of data collection
period. Generally, peak intensity values are reached approximately �� minutes post-ingestion of
the �uorescein solution, followed by a subsequent decline towards the baseline level (refer to Fig.
6.��).

Following the analysis of the �uorescence vs time curves, Total AUC, as well as other parameters
(Peak Intensity, Peak Time, Peak AUC, Peak AUC/Slope and Peak AUC*Peak Time) were extracted
from the signals (Table 6.�). The individual, as well as mean values of the Total AUC and Peak
Intensity parameters are shown in Fig. 6.��C. Total AUCmean value, calculated using the individual
curves, was ���.��� (a.u.), with a standard deviation of ���.��� (��.���%), and themaximumPeak
Intensity mean value was �.��8 (a.u.), with a standard deviation of �.8�6 (�8.���%).
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Figure 6.��: Fluorescence Intensity signals collected from participants in Group � (potential
undernourished volunteers) using the compact Sensor �. (A) Time-resolved normalized �u-
orescence signals for participants �-��. (B) Mean (± STD) normalized �uorescence vs. time
curves for participants in panel A. (C) Total AUC values and Peak (maximum) intensity values
extracted from the normalized intensity curves shown in panel A. Note that the mean values
(both in Total AUC and Peak Intensity) are extracted from the averages observed in each curve
in panel A. That is, the mean Peak Intensity shown do not correlate with the value observed
on the curve shown in panel B due to variability in the time at which peak intensities were
observed in each participant (see panel A). All participants were classi�ed as Fitzpatrick type
�/6.

In this case, individual values are not color-coded due to the skin homogeneity of the group (all
�� participants present Fitzpatrick’s type �-6). Previous studies have shown that darker skin types
(Fitzpatrick’s �-6 types) exhibit higher epidermal melanin concentrations than lighter skin types
(Fitzpatrick’s �-� types), producing differences in absorption and scattering pro�les that could po-
tentially impact the sensitivity of the developed compact sensors [���]. However, as anticipated
from previous experiments, including �ndings from Chapter � and Section 6.�.�.�, there is not
substantial correlation between the normalized �uorescence intensity signals and the Fitzpatrick
scores. These outcomes suggest, once more, that strategies implemented in the sensors effec-
tively address and rectify variations in the absorption and scattering pro�les of diverse skin tones.
Therefore, differences in the observed �uorescence vs time curves are likely produced by inter-
participant variability, such as gastric emptying rates.
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Table 6.�: Parameters extracted from Group � using Sensor �. Mean and std values are
calculated from the individual values and not from the mean signal shown in Fig. 6.��. Lac-
tulose:Mannitol (LM) ratios and percentages of Lactulose (%L) and Rhamnose (%R) are also
included. Null values (labelled as “-“), correspond to unavailable data.

ID Total
AUC

Peak
Intensity

Peak
Time

Peak
AUC

Peak AUC/
Slope

Peak AUC*
Peak Time %L %R LR ratio

Z� ���.�66 �.�86 �� ���.��� ����� �8���.6�� �.�6� �.��� �.���
Z� ���.�8� �.��� �� ��8.��� ��88.8 6���.��� �.��� - -
Z� ����.��� �.��� �8 ���.��� ��8�.8 �8��.�68 �.��� ��.��� �.���
Z� 6��.��� �.8�� �8 ��.��� ���� ����.��� �.�6� - -
Z� ���.6�� �.��� ��� �8�.6�8 �6�8� �����.��� �.��� �.6�� �.���
Z8 ����.�88 �.��� �� ��8.8�6 ����.� ���6�.��8 - - -
Z� ���.��8 �.6�8 �� �8�.6�8 ����� �����.8�6 - - -
Z�� ����.��8 �.��� ��8 6��.6�� �68�� ��66�.�8� - - -
Z�� ����.��� �.�6� �� �8�.��� ���� 66��.�8� - �.��8 -
Z�� ���.��� �.��� �� ���.�8� ���8� �����.88� - - -
Z�� ���6.��� �.��� �� ���.��� ���6.� 86�6.��� - - -
Z�� ���.8�� �.6�� �� ��8.��� 8���.8 ��86�.�86 - - -
Z�� ���.��� �.��8 �� ���.��� �6�6.6 ����6.��� - - -
Z�6 6�6.68� �.6�6 ��� ���.��8 �8��� �6�6�.�8� - - -
Z�� ���.��� �.�86 86 �68.8�6 86�� �����.�8� - - -
Z�8 ���6.��� �.��� �� �8�.��� ����.� �����.�� - - -
Z�� ����.��� �.��6 �� ��8.6�� 6�6�.� ����8.8�� - - -
Z�� �68.��8 �.��� 6� ���.��� ����.� 6���.��8 - - -
Z�� ����.��� �.��� �6 ���.��� ��68.8 �����.��� - - -
Z�� ���.��6 �.��� �� ���.��� ����.� ����.��� - - -
Z�� �8�.��� �.��� �� ���.��8 ����.� ����8.�8� - - -
Z�� 88�.�68 �.��� �� ���.��� �6��.� ���6�.�6� - - -
Z�� ���.6�� �.��� 6� 8�.��8 �86�.� ����.��� - �.��� -
Z�6 ���.��6 �.��� �8 ���.��� ����.� ����.868 - - -
Z�� 6��.��� �.��� 8� ���.�8� 68��.� ���8�.��� - - -
Z�� ���.6�� �.��� 6� ��.��� ����.� ����.8�8 �.��� �.��� �.��8
Z�� �68.��� �.��� 86 ���.8�� 6���.� 8���.��� �.��� �.�8� �.���
Z�� ���.�6� �.��� 86 ���.��6 ����� ����8.��6 �.��� �.��8 �.���
Z�� ���.��� �.��� �� ���.��� ����.� �6��.��� �.�8� �.��� �.���
Z�� ��8.��� �.��� �6 ��.��� �6�� 6���.��� �.�6� - -
Z�� ���.��� �.�86 ��8 �6�.�6� ����� ����6.��6 �.��� �.��� �.���
Z�� 8��.�88 �.��� 6� �6�.888 6��6.� �8���.8�6 �.��8 �.��� �.���
Z�8 ���.��� �.��8 66 ��.��� ����.� �8��.68� �.��8 �.��� �.���
Z�� ���.�8� �.��� �6 ��.��� ��8�.� ����.��� �.��� ��.6�� �.���

Mean ���.��� �.��8 68 ���.��� ����.����8 �����.�8� �.��� �.8�� �.���
STD ���.��� �.8�6 �6.��6 ���.8�� ����.����8 ��66�.�8� �.��� �.��� �.�6�

6.�.�.� Lactulose:Rhamnose correlation

Similar to Section 6.�.�.� (Group �), further validation of the performance of the compact sensor
focused on evaluating the correlation with Lactulose: Rhamnose ratios (LRR) collected from each
participant in Group �. In this case, all 8� participants ingested the L:R solution at the same time
as the �uorescein solution and urine samples were collected on the same day as the �uorescein
intensity signals. As before, all participants were asked to fast for a minimum of � hours prior
to the permeability test and continue fasting throughout the measurements. Before starting the
test, urine samples were also collected and labelled as “baseline”. Because the permeability test
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(L:R test) was conducted at the same time as the �uorescein experiment, participants were asked
to drink a �nal solution, containing, in this case, ��� mg of �uorescein, � g of Lactulose and �g
of Rhamnose diluted in ��� ml of water. Urine samples were collected after a period of � hours.
Total urine volume was quanti�ed and �ml aliquots samples were stored for further analysis at the
same facilities as the L:M samples. Lactulose: Rhamnose Ratios (LRR) for each participant are
shown in Table 6.�. It is important to note that the analysis is undertaken using data from only ��
participants (those with �uorescence signals available) out of the 8� that were originally recruited.
In addition, out of these �� participants, only ��% of the participants (n=��) had L:R data available
for this analysis. This is due to limited amount of Lactulose available during the experiment, leading
to only a subset of participants conducting the L:R test.

The mean percentage excretion of Lactulose (%L) and Rhamnose (%R) for Group � are �.��8%
(range �.��� – �.��8) and �.�8�% (range �.��� – ��.6��), respectively. The mean L:R ratio ob-
served among the participants is �.�8� (range �.��� – �.���), a value higher than those reported
in the literature for healthy subjects (range �.���8 – �.����) [���].

Taking into account the results from the L:R assay, participant Z�� exhibits the highest percentage
of Lactulose recovered, which based on the literature, it could indicate an abnormal permeability
[���, ���]. This could also be applicable to Participant Z�, exhibiting the highest L:R ratio (�.���).
However, assessing the stage of gut permeability using these values alone, including the L:R ratio,
is subject tomisinterpretations due to the challenges associated with the lack of standardisation of
the protocols used in the various studies [���, ���]. In addition, as explained previously, L:R (or L:M)
values alone do not necessary indicate a permeability problem and correlation with other markers
and symptoms is necessary for a complete understanding of the gut permeability condition.

Table 6.8: Pearson’s correlation coef�cients (r) and p-values extracted from the correlation
between Sensor � (Total AUC, Peak AUC, Peak Intensity Peak AUC/Slope and Peak AUC*Peak
Time) and Lactulose:Rhamnose test (percentage of Lactulose (%L) and Rhamnose (%R) and
LR ratio (LRR)). Signi�cant correlations are highlighted in bold.

Pearson’s correlation coef�cient (r)

Parameters Total AUC Peak Intensity Peak AUC Peak AUC / Slope Peak AUC * Peak Time

%L �.��8� �.6��� -�.��6�8 -�.���6 -�.����
%R �.��8� �.�6�� -�.���� -�.���� -�.��68
LRR �.���� �.���� �.��6� �.�8�� �.���6

P values from the Pearson’s correlation coef�cients

Parameters Total AUC Peak Intensity Peak AUC Peak AUC / Slope Peak AUC * Peak Time

%L �.��6� �.���8 �.�8�6 �.���� �.����
%R �.���6 �.�8�� �.���� �.���� �.����
LRR �.��8� �.�6�� �.���� �.�8�� �.����

Following the same procedure as for L:M samples from Group �, correlation between the compact
sensor and the L:R test results (%L, %R and LRR) was calculated using the Pearson’s correlation
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coef�cient (r), see Table 6.8. It is, however, worth noting that the limited L:M data available (n=�� for
%L and %R; and n=�� for LRR) inevitably constrains the depth of the analysis and, subsequently,
the interpretation of the results. Comparison between the �uorescence parameters and the L:R
values is, therefore, conducted with this limitation in mind.

Similar to the observations in Section 6.�.� (for Group �), Peak AUC vs LRR exhibits the highest
correlation (r=�.��6�), with p value = �.����. However, as before, the signi�cance of this correlation
is highly impacted by the LRR value of Participant Z� (see Fig. 6.��). When removing this data point
from the analysis, correlation coef�cient (r) is reduced to �.���8, with a p value = �.�6��. Figure
6.�� displays the linear regression model applied to the data in both cases (i.e., with and without
data point Z�), as well as the R2 and p-values obtained from the regression model.

Figure 6.��: (A) Linear regression model applied to Peak AUC vs L:R ratio (LRR) data. The
goodness of �t of the linear model is represented by theR2 value. Its corresponding p-value is
also included. The equation �tted to the data (red line) is presented in the form of y = mx+c.
(B) Linear regression model applied to the same dataset (Peak AUC vs LRR) but, this time,
values from Participant � (UK�) are not considered.

Total AUC and Peak Intensity also exhibit signi�cant positive correlation with the percentage of
Lactulose (%L). However, when values from Participant Z� are removed from the analysis, correla-
tions are no longer signi�cant (r< �.���8 and p-values> �.��). This high dependence is, therefore,
primarily attributed to the limited data available (n<��), and so for the purposes of the thesis, the
interpretation of the results is based on the correlations calculated using all the data available in
each case (i.e., including the potential “outliers”). Therefore, the signi�cant correlations observed
between the �uorescence signals and the%L would be associated to the similar molecular weight
of Lactulose and Fluorescein (���.��� and ���.��� mg/ml, respectively). It is then expected that
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both molecules follow similar permeability pathways, thereby characterising similar aspects of the
gut barrier integrity. In addition, results presented by Ordiz et al. would support the idea that a sin-
gle molecular marker such as Lactulose or �uorescein (in our case) could potentially give similar
information as dual sugar permeability assays, such as L:M or L:R tests [���].

Higher %L values are commonly associated with increased gut permeability [���, ���], which, as
shown, correlates with higher rate of �uorescein translocation (i.e. higher �uorescence intensity
signals). Overall, the results presented here suggest, again, a moderate linear correlation between
the �uorescence compact approach and the L:R permeability test. However, it is important to high-
light the limitations associated with data availability and the challenges inherent in interpreting
the L:R results. This is the reason why in this thesis we focus exclusively in analysing the correla-
tion between these two approaches. Considering this, the complexity of interpreting the correla-
tion between both approaches, including the L:M test, extends to the potential impact that other
confounding factors, including diet and medication, could have on the parameters here analysed.
However, the fact that, in this case, both approaches were carried out simultaneously suggest that
these confounding factors would have affected both approaches similarly. This is not the case
in Section 6.�.�, where L:M test was performed at least one week after the �uorescence test and
confounding factors might have a bigger impact in the correlation between the approaches.

Nevertheless, the results presented here show the potential use of the �uorescence sensor to as-
sess gut permeability. In addition, the need for a laboratory-based facility to process and analyse
the L:M and L:R parameters, together with associated cost and time requirements, underscores the
pressing need for improved technologies. This includes, for example the use of portable optical
sensors, such as the one developed in this thesis, to assess gut permeability. However, further
investigation of the correlation of the �uorescence signals with other physiology parameters, will
providemore information about the functionality of this non-invasive �uorescence approach.

6.�.�.� Morphometry analysis

Following this idea, duodenal biopsies were provided by the team in Zambia, from participants in
Group �, to correlate with the �uorescence parameters extracted from the signals using Sensor �.
The morphology parameter will also help to further understand the physiology of the gastrointesti-
nal wall of the participants involved in Group �. Parameters, such as villus height (VH), crypt depth
(CD), villus-to-crypt ratio (VCR) and epithelium surface area (ESA), were extracted, by the team of
experts in Lusaka, from the samples for each participant. Table 6.� shows the values for each
parameter and participant. Previous studies have shown that villus atrophy (�attened epithelial
barrier) is associated with reduced uptake of nutrients that pass through the gastrointestinal tract
[���–���]. The intestinal integrity is, then, generally assessed using the villus-to-crypt ratio (VCR),
which takes the VH and CD into account [�6, ���]. However, normal VCR value is subject to some
controversy.
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Table 6.�: Morphometry parameters extracted from the duodenal biopsies from Group �.
Parameters include villus height (VH), crypt depth (CD) epithelium surface area (ESA) and
villus-crypt ratio (VCR). Only values from the �� participants with available �uorescence sig-
nals are used for the analysis. In addition to this, zero /null values for participants Z�-�, Z��-��
and Z�8-�� correspond to unavailable biopsies. Units for VH and CD are micrometres (µm),
whereas ESA is expressed in square micrometres (µm2).

ID VH CD ESA VC Ratio

Z� ���.��� ���.68� ���.��� �.��6
Z� �8�.�8� ���.��6 6��.8�� �.6��
Z� - - - -
Z� - - - -
Z� - - - -
Z8 ���.��� ���.��� ���.��� �.6��
Z� ��� ��6.� ���.��� �.���
Z�� ���.� ���.6 ���.�� �.���
Z�� �6� ���.� ���.�� �.�6�
Z�� ���.�6� �8�.�� �68.�6� �.���
Z�� ��8 ���.� ���.��� �.���
Z�� ���.66� ���.�6� ���.��� �.��8
Z�� ���.8� ���.��� 6��.� �.���
Z�6 ���.� ���.� ���.�6� �.��
Z�� ���.��� �66.�6� ���.��� �.���
Z�8 ���.��� ���.8�� ���.6�� �.6��
Z�� ���.��� ���.88� ���.��� �.���
Z�� ��� ��� ���.��� �.��
Z�� ��� �86.� ���.��� �.�8�
Z�� - - - -
Z�� - - - -
Z�� �8�.��� ���.��� ���.�8� �.���
Z�� �8�.� ��.8�� ���.��� �.��8
Z�6 �6�.� ���.� ���.��� �.���
Z�� �6�.� ��.� ���.��8 �.68�
Z�� ���.��� ��� ��8.�8� �.���
Z�� �66.� ���.� ���.��� �.8�8
Z�� ���.��� ��8.��8 ���.��6 �.6��
Z�� ���.��� ���.��� ���.��� �.��
Z�� ���.��8 ���.��8 6��.�� �.8��
Z�� ���.86� ���.��� ��8.��� �.�6
Z�� �86.�� ���.�� �8�.�6� �.8�8
Z�8 - - - -
Z�� - - - -

Mean ���.�8� ���.�6� �6�.��6 �.�8�
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Generally, normal VCR range is associated with values between �:� to �:� [���]. However, other
ratios, such as �:� or �:� have also been reported [���]. Another parameter analysed is the Epithe-
lium surface area (ESA). It is a direct measurement of the surface of the epithelial cells within,
in this case, the duodenum. Previous studies have found changes in the epithelial surface area,
VH and CD associated with patients with malabsorption disorders, including Crohn�s disease and
malnutrition [���, ���, ��6].

Therefore, we further characterize the functionality of the �uorescence sensor (in this case, Sensor
�) and the potential of the �uorescence parameters to assess changes in gut permeability. To do
so, we calculate the correlation between the morphology parameters (VH, CD, VCR and ESA) and
the �uorescence intensity signals using the Pearson’s correlation coef�cient. Table 6.�� shows the
results from this analysis. It is important to mention that considering the controversy associated
with the VCR values, this analysis focuses on the correlation of the �uorescence signals with the
morphometry parameters, without any data diagnostic purposes.

Table 6.��: Pearson’s correlation coef�cients (r) and p-values extracted from the corre-
lation between Sensor � (Total AUC, Peak AUC, Peak Intensity Peak AUC/Slope and Peak
AUC*Peak Time) and morphometry parameters (villus height (VH), Crypt depth (CD), epithe-
lial surface area (ESA)) and Villus-to-Crypt ratio (VCR). None of the correlations were found
statistically signi�cant.

Pearson’s correlation coef�cient (r)

Parameters Total AUC Peak Intensity Peak AUC Peak AUC / Slope Peak AUC * Peak Time

VH �.���� �.���� �.���� �.���� �.����
CD �.���� �.���� �.�6�6 -�.��8� -�.��8�
ESA -�.���8 -�.���� �.��8� �.���� �.����
VCR �.���� -�.�6�� �.��6� �.���8 �.�8��

P values from the Pearson’s correlation coef�cients

Parameters Total AUC Peak Intensity Peak AUC Peak AUC / Slope Peak AUC * Peak Time

VH �.���� �.���� �.��8� �.�6�� �.����
CD �.���8 �.���8 �.���� �.��8� �.8���
ESA �.��6� �.���� �.�6�� �.���� �.�8�8
VCR �.8��� �.��86 �.8��� �.���6 �.��8�

Values from Participants Z�-�, Z��-�� and Z�8-�� are not considered in this case, as biopsy pa-
rameters were not available (see Table 6.�). As shown in Table 6.��, no signi�cant correlations
were found in any of the cases. As previously explained, �attened epithelium (ie., low VH and CD)
are linked to gut barrier dysfunction and nutrient malabsorption. Therefore, opposite to what we
expected, �uorescence parameters exhibit a subtle positive correlation with the VH and CD values,
with the highest Pearson�s correlation coef�cients found between the Peak AUC *Peak Time pa-
rameter and the VH (r = �.����). In the case of ESA, a negative correlation is observed for both
Total AUC and Peak Intensity, which is consistent with the idea that lower ESA (i.e., weaken epithe-
lium) is associated with barrier dysfunction. The results presented in Table 6.�� are also supported
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by the linear regression model �tted to the data. Fig. 6.��A-B shows the linear regression model
applied to Peak AUC vs VH and Peak Intensity vs ESA.

Figure 6.��: Linear regression models applied to �uorescence parameter and morphometry
data in Table 6.� and 6.�. The goodness of �t of the linear model is represented by the R

2

value. Its corresponding p-value is also included. The equation �tted to the data (red line)
is presented in the form of y = mx + c. (A) Linear regression model applied to Peak AUC
vs villus height (VH) data presented in Table 6.� and 6.� Linear regression model applied to
Peak Intensity vs ESA data presented in Table 6.� and 6.�. (C) Linear regressionmodel applied
to epithelial surface area (ESA) vs villus height (VH) data. In this case, data includes values
from within the entire cohort of participants recruited in Zambia (n = 8�). Out of the 8� total
participants recruited, only morphometry data from 6� participants was available. This group
also includes the data from the �� participants presented in Table 6.� and 6.�.

The results from table 6.� and Fig 6.��, specially for Peak Intensity, could suggest that lower ep-
ithelial surface area (ESA), common in disrupted gut barriers, is associated with an increase in the
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permeation of �uorescein. This is observed, for example, in patients with coeliac disease [���].
In addition, during mucosal atrophy, with an increase in intestinal dysfunction, changes in epithe-
lial barrier are characterised by decreased VH, CD, as well as ESA [���, ���]. This would explain
the positive correlation observed when comparing the VH and ESA parameters from participants in
Group � (see Fig. 6.��C). However, although promising, these results do not show enough evidence
to establish a solid correlation between �uorescence permeation and themorphometry data.

Similar results were observed when analysing the correlation between the L:R and the morphom-
etry parameters (Table 6.��). Non-signi�cant correlation was found when analysing these two
approaches, with the highest Pearson�s correlation coef�cient (�.��6�; p value = �.�6��) found
between the Villus-to-Crypt ratio (VCR) and the % Lactulose (% L). It is important to note that the
correlation analysis in this instance was conducted using data from �6 participants out of the total
8�, where L:R and morphometry parameters were simultaneously available. The higher number
of data points available for this analysis, in comparison with the previous correlation, suggests
that these results may re�ect the true lack of correlation between these two clinically established
approaches.

Table 6.��: Pearson’s correlation coef�cients (r) and p-values extracted from the correlation
between the L:R test (%L,%R and LRR) and the morphometry parameters (villus height (VH),
Crypt depth (CD), epithelial surface area (ESA)) and Villus-to-Crypt ratio (VCR). None of the
correlations were found statistically signi�cant.

Pearson’s correlation coef�cient (r)

Parameters VH CD ESA VCR

%L �.���� -�.�8�� -�.���� �.��6�
%R �.���� -�.���� -�.���� �.���8
LRR -�.���� �.���6 �.���� �.����

P values from the Pearson’s correlation coef�cients

Parameters VH CD ESA VCR

%L �.���8 �.6��� �.���� �.�6��
%R �.���� �.8��6 �.���� �.�68�
LRR �.�8�� �.8��� �.���8 �.����

6.�.�.� Summary

Literature studies have shown that a reduction in VH is often associated with increased permeabil-
ity. This would theoretically lead to an increase in the translocation of molecules such as Lactulose
or �uorescein, resulting in higher L:R and �uorescence parameter values, respectively. Themultiple
changes occurring in the epithelial barrier have been commonly assessed using the morphometry
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parameters presented before [���, ���, ���]. However, the results from this section would support
the idea that the small representation of the biopsies is unlikely to represent all the changes that
occur across the very large surface of the small intestine. For example, Kelly et al. showed that
changes in the surface area (ESA) could also be attributed to changes in the surface area of the
microvillus, which are signi�cantly more complex to assess [���] .

The lack of signi�cant correlation between themorphometry data and the �uorescence parameters
does not invalidate the potential of our approach for assessing changes in gut permeability. Rather,
it underscores the need for improved and complementary technologies to assess changes in gut
permeability. The �uorescence approach presented here might offer a different representation of
the overall stage of the gut barrier, offering advantages in terms of cost-effectiveness, portability
and scalability. The next section delves deeper into this by focusing on investigating the potential
of the �uorescence sensor to discriminate between different gut permeability conditions using the
�uorescence parameters extracted for each studied group.

6.�.� Comparison between Group � (Healthy) and Group � (Under-
nourished) datasets

This section focuses on analysing the differences between the compact sensors (Sensor � and
Sensor �) and to characterize the capability of the technology to differentiate between different
gut permeability conditions (Group � and Group �). To do so, we �rstly analyse the internal re-
sponses of the sensors (6.�.�.�. Photodiode signals) under similar experimental conditions. Then,
we compare the performance of both sensors under two different conditions by using the �uo-
rescence signals and the parameters extracted from them (6.�.�.�. Fluorescence signals). This
will also help us understand the potential of the technology to discriminate between different gut
permeability stages. Lastly, we also compare the permeability test parameters (6.�.�.�. Sugar
molecules permeability tests – L:M and L:R) as a standard measure of gut permeability for differ-
ent gut permeability conditions (L:M on Group � and L:R on Group �)

6.�.�.� Compact sensors - Photodiode signals

Previously, in Section 6.�.�.�, a Calibration factor was introduced to address the electronic vari-
abilities between Sensor � and its replica, Sensor �. The effectiveness of this implementation was
validated through an in vitro experimental set up. Subsequent sections focused on evaluating the
performance of each sensor in monitoring changes in gut permeability, particularly in two in vivo
experimental conditions: Group � and Group �. In this section, our focus remains on comparing
the performance of these compact sensors. This is achieved by analysing the photodiodes’ output
signals under similar in vivo conditions. To do so, the �rst �� minutes of the photodiodes’ signals
(Fluorescence and Backscattered Photodiode) were extracted from the datasets presented in Sec-
tion 6.�.� and 6.�.�, from both compact sensors. This ensures that both sensors are analysed
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under a similar condition, as �uorescence signals within this time period ( �� minutes) are negli-
gible due to the time delay in �uorescein reaching the blood stream following ingestion, so only
optical properties from the skin are captured. Fig. 6.�� shows the mean values extracted from
the photodiodes and the mean normalized intensities for Sensor � (Fig. 6.��A) and Sensor � (Fig.
6.��B) for each Fitzpatrick group (Types �-6). Given that participants in Group � are primarily clas-
si�ed into Fitzpatrick type �-6, comparison between Sensor � and Sensor � internal photodiodes’
response is focused on Fitzpatrick types �-6 (i.e., skin tone with higher melamine content).

Figure 6.��: Mean Photodiodes and Normalised signals extracted from the �rst �� minutes
of the datasets presented in Fig. 6.8 and 6.��. (A) Signals from compact sensor � for ex-
perimental group � with a total of �6 participants. Data from Participant UK8 was excluded
from the analysis due to data collection problems (see Section 6.�.� for more information).
Data is classi�ed in three Fitzpatrick types: type �-�, type �-� and type �-6 and color-coded
accordingly. (B) Signals from compact sensor � for experimental group � with a total of ��
participants. Data is predominately classi�ed as Fitzpatrick types �-6 and color-coded ac-
cordingly. The total number of participants classi�ed on each group is shown in the legend.

As expected, participants with higher concentration of melanin (Fitzpatrick types �-6) exhibit lower
signals, in both photodiodes, in comparison with the rest of the Fitzpatrick types. This is attributed
to the optical properties of the compounds that comprise the skin, speci�cally to the higher ab-
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sorbance property of the melanin pigment. When comparing mean signals from Group � and �,
minimal differences were observed between the photodiodes’ mean signals for Fitzpatrick types
�-6, with values of �.�6� and �.��6 Volts for Group � and �.�8� and �.��8 Volts for Group �. How-
ever, un-paired Student t-tests comparing the individual signals from both groups revealed this
difference to be signi�cant (p-values < �.�� for both cases). This is primarily attributed to the un-
balanced number of participants with Fitzpatrick type �-6 within each group (i.e., Group �, n = � vs
Group �, n = ��).

In addition, Fitzpatrick classi�cation is highly subjective, and it may not re�ect accurately the skin
pigmentation (or optical properties) of each participant and thus, estimated Fitzpatrick type on
each group can be inaccurate. Nevertheless, comparison of normalized intensity signals from the
same Fitzpatrick types �-6 did not yield signi�cant differences (p-value = �.���). This indicated
that the strategies implemented in the compact sensors, including the use of Backscattered pho-
todiodes, post-processing normalisation and the Calibration factor, address variations between the
sensors caused by internal factors (such as electronic con�guration) and external factors (such as
skin tone).

6.�.�.� Compact sensors - Fluorescence intensity signals

Previous sections (i.e., 6.�.� and 6.�.�) have demonstrated the potential of the developed com-
pact sensors on detecting �uorescence permeation from the gut to the bloodstream in different
groups of participants. In addition, moderate correlation was found between the �uorescence pa-
rameters and the standard permeability tests on different gut permeability conditions (Group � in
the UK and Group � in Zambia), especially between Peak AUC and L:M or L:R ratios. Further anal-
ysis, including morphological data, demonstrated non-signi�cant correlation between any of the
approaches analysed (including the sugar permeability assays). This supports the idea that biop-
sies might not represent the entire state of the gut barrier and other approaches, such as the use
of �uorescence spectroscopy systems, could provide a bigger picture of the gut permeability state
with the advance of portability, immediate results and cost-effectiveness. In this section, we con-
tinue analysing the performance of the compact sensors (Sensor � and Sensor �) by comparing the
�uorescence intensity signals from Group � (with normal gut permeability) with the �uorescence
signals from Group � (with potential undernutrition). The objective is to assess the capability of the
sensors to differentiate between different gut permeability stages, using the parameters extracted
from the �uorescence intensity curves.

Fig. 6.��A shows the mean normalized �uorescence vs time curves for Group � (blue, n=�6) and
Group � (orange, n=��). As expected, both datasets exhibit an increase in �uorescence intensity
up to a peak point prior to a decay back towards zero. The time at which peak intensity occurs (in
the mean �uorescence signals) varies between groups, with �� and 6� minutes for Group � and �,
respectively. Qualitative analysis of the mean normalized �uorescence intensity curves shows a
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clear separation between the groups, with Group � exhibiting the highest peak intensity.

Figure 6.��: (A) Normalised �uorescence signals from each participant (left), as well as the
mean and STD signals (right), for group � (blue) and group � (orange). The total number of
participants in each group (group � n = �6 and group � n= ��) is also displayed. Fluorescence
signals for each group were collected on different locations using the developed sensors dis-
played in Figure 6.� for a total period of �8� minutes. (B) Scatter-box plots displaying the
parameters extracted from the �uorescence vs time curves – Total AUC, Peak Intensity, Peak
Time, Peak AUC, Peak AUC/Slope and Peak AUC*Peak Time. Box plots also show median
values (red lines), 25th and 75th percentiles (upper and lower bounds of black box), most ex-
treme data points excluding outliers (whiskers), and outliers (red crosses) for group � (UK -
blue) and group � (Zambia - red). Outliers, shown for visualization purposes only, were de-
�ned as points that fell below the 25th percentile or above the 75th percentile by more than
�.� times the interquartile range.
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Fluorescence parameters – Total AUC, Peak AUC, Peak Time, Peak Intensity, Peak AUC/Slope and
Peak AUC*Peak Time – were extracted from each individual signal. Scatter-box plots, presented
in Fig. 6.��B, show the comparison between each parameter on each group (Group � in blue and
Group � in red). A high degree of overlapping between both groups is observed when comparing
the individual values for each participant, especially for Peak Time, Peak AUC and the corrected
Peak AUC parameters. This is mainly attributed to the expected inter-patient variability within each
group due to changes in gastric emptying rates, diet or the effect of other compounds within the
ingested solutions on each group. For example, Group � ingested a solution in which Lactulose
and Rhamnose, among other molecules, were included. Previous studies have shown that Lac-
tulose, but also stress, exercise, diet and alcohol consumption, for example, can impact the the
intestinal function, leading to variations in the translocation of molecules, including �uorescein [�,
��, ��, ��8],. The effect of these confounding factors in the permeation of �uorescein is yet un-
known. However, it is likely that this effect increases the complexity of the absorption kinetics of
�uorescein, and any other marker such as Lactulose and Rhamnose, altogether.

A comparison between the mean parameter values - mean Total AUC, mean Peak Intensity, mean
Peak Time, mean Peak AUC, mean Peak AUC/Slope and mean Peak AUC*Peak Time, could there-
fore, minimize the effect of this variability. Table 6.�� shows the mean values of the parameters
extracted from the individual �uorescence intensity curves, as well as the p-values obtained from
the unpaired Student t-test.

Table 6.��: Mean values extracted from the individual values presented in Table 6.� and 6.6
and shown in Fig. 6.��.

Statistical analysis - Group � vs Group � (p values)

Total AUC Peak Int Peak Time Peak AUC Peak AUC / Slope Peak AUC * Peak Time

Group � ���.8�� �.�6� ��.6�� ���.6�� ��6��.��� �8���.���
Group � ���.��� �.��8 68.��� ���.��� ����.��� �����.�8�

P value �.���6 �.���8 �.���8 �.���� �.���6 �.��8�

The mean Total AUC and mean Peak intensity observed for Group � (���.��� and �.��8 a.u.) were
higher than those observed for Group � (���.8�� and �.�6� a.u.), as shown in Table 6.�� and Fig.
6.��B. This difference was found to be statistically signi�cant using an unpaired Student’s T-test
(p-value= �.��� and �.��8, respectively). In addition, no signi�cant differences (p-values > �.���)
were found when comparing the mean Peak Time, Peak AUC, Peak AUC/Slope and Peak AUC*Peak
Time values from Group � and Group �. This is likely due to the similar Peak Time values observed
between the groups, together with the wide range of variability within the datasets. The overlapping
of the signals was calculated for the �rst 6� minutes of data collection, resulting in ��.���% and
��.���% of overlapping between Group � and �, respectively. This overlapping further increases
the similarity between the two groups (see Table 6.��: Peak AUC and Fig. 6.��B), which is also
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supported by the fact that Peak AUC values are calculate using the Peak Time values, which in this
case are very similar between the groups.

More importantly, this overlapping effect does not signi�cantly impact the mean Total AUC, as
it is reduced to 6�.8��% and ��.8��% for Group � and �, respectively, when the entire signal is
considered. This is also true for the mean Peak Intensity, as this parameter relies on the average
maximum intensities within each group, calculated using the y-axis component of the signals (with
signi�cantly less overlapping).

Considering the signi�cant difference observed between the �uorescence intensity signals from
both groups, we used the Peak Intensity parameter to further analyse the datasets, focusing on
the different populations within these two groups. To do so, we categorised the participants from
both groups taking into account their sex, age and body mass index (BMI). It is important to men-
tion that interpretation of the results is carried out taken into account the limited data available. Fig.
6.�� shows the Peak Intensity values extracted from each participant fromGroup � and �, classi�ed
into the different subgroups. Results from the unpaired Student t-test performed on each subset
is presented in Table 6.��. Although limited data is available for females in Group � (healthy con-
trols), a signi�cant difference (p value = �.���) is observed in the male volunteers between Group
� (healthy) and � (undernourished). When analysing the rest of the subgroups, signi�cant differ-
ences between Group � and � is observed in participants older than �� years old and/or BMI higher
than ��, with p values of �.���� and �.���� respectively.

Table 6.��: Mean values extracted from the subgroups presented in Fig. 6.��. The results
from the unpaired student t-test are also included. Signi�cant values are highlighted in bold.

P values from the Pearson’s correlation coef�cient

Parameters Sex Age BMI
Female Male < �� years > �� years < �� > ��

Group � �.�6� �.��� �.6�� �.��8 �.6�� �.���
Group � �.��� �.��� �.��� �.6�� �.��� �.���
P value �.��� �.��� �.�6� �.��� �.��� �.���

Overall, results presented in this section indicate differences in the gut permeability between Group
� and Group �, which further supports the hypothesis that the developed sensors are capable of de-
tecting changes in gut permeability through the permeation of �uorescein from the gut to the blood-
stream. These results also suggest that participants from Group � exhibits higher gut permeability,
in comparison with Group �, due to the observed increased of �uorescein translocation which could
be an indicative of leaky gut. Results from the sex, age and BMI analysis also supported this idea
and provided further insights on the capabilities of the developed sensor on assessing changes in
gut permeability in different populations. Next section will focus on the analysis and comparison
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of standard permeability tests carried out in Group � and � (i.e., L:M and L:R, respectively) to further
understand the differences in gut permeability between the two groups.

Figure 6.��: Scatter-box plots of the Peak Intensity values from each participant in Group � –
healthy and Group � – undernourished, categorised into three groups: sex (female – F or male
– M), age (younger or older than �� years old) and BMI (threshold of ��).(A) Peak Intensity
values as a function of sex.(B) Peak Intensity values as a function of age, with the threshold
established at �� years old.(C) Peak Intensity values as a function of BMI, with a cut value at
��. * - p value< �.��; ** - p value< �.���.

6.�.�.� Sugar molecules permeability tests

As explained previously, all participants from Group � and � undertook a sugar molecule permeabil-
ity test. Volunteers from Group � undertook the L:M permeability assay no less than a week after
the transcutaneous �uorescence experiment. This included a solution of �� grams of Lactulose
and � grams of Mannitol. Whereas, volunteers from Group � undertook the L:R permeability assay
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at the same time as the transcutaneous �uorescence experiment. The solution included � grams
of Lactulose and � gram of Rhamnose, and ���mg of �uorescein. Due to the different permeability
assays conducted on each group, comparison between these two datasets focused on the per-
centage of Lactulose recovered in the urine (%L) of each subject within Group � and �. This is
because the use of different sugar molecules, such as Mannitol or Rhamnose, although they have
similar molecular weights, they might represent different gut permeability scenarios. For example,
Mannitol, is a sugar molecule present naturally in the body and is also present in food and cosmet-
ics. Baseline concentrations of Mannitol can, then, alter the interpretation of the results, specially
if no baseline measurements are collected or available. The use of the Lactulose:Rhamnose test
has therefore become more popular, as Rhamnose has shown to correlate better with pathological
permeability stages [���].

In this case, we �rstly compared the percentage of Lactulose, as the molecule common in both
groups. Table 6.�� shows the L:R values for each participant within Group � that were used. In this
case, Group � included all the participants from the initial cohort of 8� which%L and L:R ratio was
available. This is because, here, we are not considering the �uorescence signals but the L:R test,
and therefore, we can include additional participants (from the original 8� participants’ cohort).
For Group �, only �� participants had %L, (see Table 6.�).

Table 6.��: Percentage of Lactulose (%L) and Rhamnose (%R) recovery from participants
in group � used for the comparisonwith group �. In this case, all participantswith%L available
are included, which means that from a total of 8� participants, n = �� participants are used
(this includes data shown in Table 6.�). Data from (%R) is also included to showcase the
limitations of the test.

Group � (n= ��)

ID %L %R ID %L %R ID %L %R ID %L %R

Z� �.�6� �.��� Z�� �.��� - Z�� �.��� - Z68 �.��8 �.6�
Z� �.��� - Z�� �.�6� �.��8 Z�� �.�68 �.8�� Z6� �.�8� �.�6�
Z� �.��� ��.�6� Z�8 - �.��� Z�� �.��� �.��� Z�� �.��� �.���
Z� �.�6� - Z�� �.��� �.��� Z�� �.�8� - Z�� �.��� �.�8�
Z6 �.��� - Z�� �.��� 6.�� Z�8 - �.8�� Z�� �.��� �.���
Z� �.��� �.6�� Z�� �.��� �.��8 Z�� �.��� ��.��� Z�� �.�8� �.���
Z�� - �.��8 Z�� �.��� �.��� Z6� �.�� 6.6�� Z�� �.�6� -
Z�� - �.��� Z�6 �.�� �.��� Z6� - �.��� Z�� �.��8 �.���
Z�� - �.��6 Z�� �.�6� �.�6 Z6� �.��� �.6�� Z�� �.��� �.���
Z�� �.��� �.��� Z�8 �.��� �.8�� Z6� �.��� �.�� Z�8 �.��8 �.���
Z�� �.��� 6.��� Z�� �.�66 �.��6 Z6� �.�6� �.��8 Z�� �.��� ��.6��
Z�� �.��� �.��� Z�� �.��� ��.��� Z66 �.��� �.��� Z8� �.��� �.��6

Mean �.��� �.���
STD �.��� �.6��

The mean %L for Group � and � were calculated to be �.�8� (range �.��� to �.��6). and �.���
(range �.��� to �.���), respectively. Fig 6.�6 shows the scatter-box plot of the%L for each group.
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Contrary to what we saw in the previous sections when using the �uorescence signals, the compar-
ison between%L for Group � and Group � gave a non-signi�cant difference (p value = �.���). This
could initially be attributed to the disparity in the number of data points available for comparison
(i.e., Group � with n = �� and Group � with n = ��). Nevertheless, the high inter-patient variability
within each group, together with the differences in the protocols used for the L:M and L:R test, are
the potential factors impacting the ability to discern between the groups and the interpretation of
the results.

Figure 6.�6: Scatter-box plot displaying the individual and mean values of percentage of
Lactulose (%L) extracted from group � (blue) and group � (red). Box plots also show me-
dian values (red lines), mean values (green lines), 25th and 75th percentiles (upper and lower
bounds of black box), most extreme data points excluding outliers (whiskers), and outliers
(red crosses) for group � (UK - blue) and group � (Zambia - red). Outliers, shown for visualiza-
tion purposes only, were de�ned as points that fell below the 25th percentile or above the 75th
percentile by more than �.� times the interquartile range. Mean values are calculated using all
data points, including the outliers.

Considering the differences between the protocols used on both groups, it is also tentative to at-
tribute the lack of signi�cant difference between the groups to the differences in the Lactulose
ingested on each group (i.e., �� grams for Group � and � grams for Group �). However, VanNieuwen-
hoven et al., for example, showed that differences in the initial dose of Lactulose (range from �gr
to ��gr) within volunteers with normal and induced increased gut permeability did not exhibit sig-
ni�cant differences on the percentage of Lactulose recovery, speci�cally between �gr and ��gr
[���].

On the other hand, we could also speculate that the lack of difference between the groups is due to
the effect that high doses of Lactulose have in the gut function. Previous studies, for example, have
shown that high doses of Lactulose (for example, range 6� to ��� grams/day or �� to �� grams/-
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day) could induce an increase in colon transit [��8, ���]. In addition, Lactulose is also used to treat
colonic constipation, which, in high doses, could induce diarrhoea (i.e., altering the gut permeabil-
ity) [���]. However, none of the healthy participants reported any abnormal symptoms during the
L:M test. In addition, the highest dose of Lactulose was limited to �� grams, which is lower than
the values reported in literature associated with changes in gut motility and permeability.

To further investigate these tests as markers of gut permeability, we also analyse the correlations
between the percentage of Lactulose and Mannitol or Rhamnose recovery, as well as the L:M and
L:R ratios (see Fig. 6.��). Pearson’s correlation coef�cient (r) and the resulting p values are shown
in the graphs.

As we have previously shown, L:M ratios from Group � (mean = �.���, range �.��� to �.���) agreed
with values reported in the literature for healthy subjects (mean = �.���� ± �.����) [���]. Consid-
ering this, L:R ratios from Group � (mean = �.���, range �.��� to �.���) did fall outside of the range
for healthy subjects (mean = �.����, range �.���6 to �.��8�)[���], which suggested an increased
in gut permeability of Group �.

When analysing the data separately, as we can see in the Fig. 6.��, %M and %R exhibit positive
correlation with the %L, which suggests that all three sugar molecules offer insights into gut per-
meability. A weak positive correlation found between the %L and %M was expected, as %M is
known to permeate in the majority of GI conditions, including in ”healthy” participants. This is the
reason why %M is commonly used, together with %L, to calcualte the L:M ratio to normalise for
differences in gastroemptying rates, slow gut motility, etc. This, therefore, explains the positive
correlation found between the %L and the L:M ratio (r = �.���, p value = �.���)) and support the
idea of L:M ratio as a parameter to measure gut permeability.

More interestingly,%R and%L had a considerably high correlation, indicating that both molecules
permeated to a similar extent. This, therefore, resulted in a poor correlation between the L:R ratio
and the%L (r = �.���, p value> �.��). In this case, volunteers in Group � are potentially undernour-
ished (i.e. increased gut permeability) given the L:R ratios observed and therefore, it is expected
that Rhamnose also translocated signi�cantly through the gut barrier. However, in this case, the
use of L:R ratio as a marker of permeability might be challenging to directly compare to Group �
using the L:M ratio.

In addition, upon investigating the L:M and L:R tests simultaneously, we observed baseline levels of
Rhamnose in participants where Lactulose and Rhamnose molecules were not provided during the
experiment (i.e., participants Z��, Z�� and Z��) due to an issue during the procedure (see Table
6.��). Overall, these observations tentatively suggests that, although the L:R test has become a
more popular alternative to the L:M test, this last could be a better indicator of gut permeability. This
is only a very tentative observation, as multiple factors, such as participants’ clinical history, diet,
exercise, urine collection sampling and lack of standardisation between protocols can signi�cantly
impact the results and their interpretation.
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Figure 6.��: Linear regression models applied to percentage Lactulose, Mannitol and Rham-
nose presented in Table 6.� and 6.��. The Pearson’s correlation coef�cient is represented by
the ‘r’ value. Its corresponding p-value is also included. (A) Correlations between the percent-
age of Lactulose recovery (%L) and the percentage of Mannitol recovery (%M), for group �
(healthy controls), and the percentage of Rhamnose recovery (%R), for group � (undernour-
ished). (B) Correlations between the percentage of Lactulose recovery (%L) and the Lactu-
lose:Mannitol ratio (LMR), for group � (healthy controls), and the Lactulose:Rhamnose ratio
(LRR), for group � (undernourished). In the case of group �, data includes values from within
the entire cohort of participants recruited in Zambia (n = 8�), with a total of �� data points. In
the case of group �, total number of data points is ��.

The observations from this sectionsmainly suggest that relying solely on L:Mor L:R ratiosmight not
provide suf�cient comprehensive information about gut permeability due to the dynamic interplay
between the two sugar molecules (i.e., Lactulose and Rhamnose) nullifying each other’s effect.
In addition, the use of L:M or L:R ratios have proved to be very individualised among participants
and studies. Gan et al., for example, demonstrated the high heterogeneity of L:M ratios reported
between different studies and the impact that lack of standardisation has in the interpretation of
these results [���].

The research focus should then be to understand what markers are better suited for assessing gut
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permeability. As we have seen previously, �uorescein provided a signi�cant difference between the
studied participants, while positively correlating with the percentage of Lactulose recovery (%L)
when both markers were used simultaneously. This could tentatively point to �uorescein as an ef-
fective maker of gut permeability, which also aligns with Ordiz et al. suggesting the use of a single
molecule to give a better representation of the gut permeability [���]. However, it is important to
consider that interpretation of molecular translocation, including �uorescein, between the studies
presented in this thesis and in the literature is signi�cantly limited by the lack of standardisation be-
tween tests (i.e., different sugar or �uorescence molecules and concentrations, sample collection
times, etc).

Overall, although non-signi�cant difference was found between the %L from Group � and �, the
observations presented here showcase the limitation associated with the sugar permeability tests
currently used in the clinic, especially when different protocols are used, and support even further
the importance of more robust alternatives to assess gut permeability.

6.�.�.� Advanced analysis for automatic classi�cation of�uorescence datasets

To further demonstrate the potential of the �uorescence signals collected using the developed
portable sensor, we analysed the datasets from both groups using a more advanced analysis
method. The analysis presented in previous sections focused on implementing the strategies de-
scribed on Chapter �, especially the extraction of features from the �uorescence signals – Total
AUC, Peak Intensity, Peak Time, Peak AUC, Peak AUC/Slope and Peak AUC * Peak Time - to de-
scribe the permeability of �uorescein in different gut barrier conditions. This included the param-
eters analysed in Section 6.�.� and 6.�.� for both of the studied groups – Group � from UK and
Group � from Zambia. We saw that some of these parameters, especially the Peak Intensity, pro-
vided signi�cant difference when comparing the two groups, which showcases the potential of
the developed �uorescence sensor to assess changes in gut permeability. Another more advance
strategy described in Chapter �, included the calculation of the phasor components from the �u-
orescence signals and the implementation of a Support Vector Machine (SVM) model to classify
the dataset from both groups. Following this approach, a proof-of-concept SVM model was imple-
mented in this chapter to further investigate the potential of this strategy for the classi�cation of
�uorescence signals from different permeability conditions. The Real and Imaginary components
were extracted in MATLAB, using the following equations:

g(w) =

Z 180

0

I(t) ⇤ cos(wt) dx (6.�)

s(w) =

Z 180

0

I(t) ⇤ sin(wt) dx (6.6)
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, where I(t) is the �uorescence intensity, t represents the extension of the data collection (�8�
minutes) and w is the frequency described as: w=�⇡ ⇤ 1

180min . Table 6.�� shows the real (Re)
and imaginary (Im) components of the �uorescence signals from each participant. Following the
machine learning strategy presented in Chapter �, the Re and Im components extracted previously
were implemented into a simpli�ed SVM classi�er. The SVM algorithm is widely used for two class
classi�cation [���]. Its objective is to �nd the optimal hyperplane that maximises the separation
between the data points within these two groups.

Table 6.��: Phasor components (Real and Imaginary) extracted from the �uorescence signals
for each participant in group � (UK) and � (Zambia). Participant UK8 from group � has been
excluded from this analysis, due to a problem during data collection (refer to Section 6.�.�).
Real - Real number; Imag - Imaginary number.

Group � Group �

ID Real Imag ID Real Imag ID Real Imag

UK� -��.���� -���.�8�� Z� -���.�� -�6.8�� Z�� -���.�8� ��.���
UK� -���.�8�6 ��.�8� Z� -6�.6�6 8�.��� Z�� -���.��� ���.���
UK� -��.��6 -��.��8� Z� -���.��� ��.�88 Z�� -���.68 -��.�66
UK� -��.��� �6.��� Z� -���.��6 6�.866 Z�� -��6.��� -���.���
UK� -�8�.��� ���.��� Z� -6�.��� -�8.��� Z�� -���.��� ���.���
UK6 -��.��� ��.��� Z8 -�8�.�� 6�.��� Z�� -���.�8� -��.6��
UK� -���.�� ��.�88 Z� -���.��� -��.88 Z�6 -���.��� ��6.8�
UK� -��.��� -��.��8 Z�� -���.6�6 -���.�6� Z�� -�6�.��� -��.���
UK�� -���.6�8 ��.�6� Z�� -���.��� ��8.��� Z�� -��6.��� -�.���
UK�� -�6.��� -��.�68 Z�� -�8�.6�� -��.��� Z�� -���.��6 -�6.���
UK�� -���.6�� �8.�88 Z�� -���.��� 8�.��8 Z�� -���.��� ��.���
UK�� -���.6�� ��.�8� Z�� -��8.��� -�.��� Z�� -6�.��� ��.���
UK�� -��.��� ��8.��� Z�� -���.��� -��.�8� Z�� -8�.8�� ���.��8
UK�� -6�.��� 6�.�8� Z�6 -���.��� -8�.��6 Z�� -���.��� -���.8��
UK�6 -���.��8 �8�.6�� Z�� -���.�� ��.��� Z�� -��8.��� ��.���
UK�� -8�.��� ��.��� Z�8 -�6�.��� ��8.�6� Z�8 -��8.��� -��.���

Z�� -�6�.��� ��.8�� Z�� -���.�66 �6.���

Mean -��.��� 6�.��� Mean -���.��� �8.���
STD ��.�8� 6�.�8� STD ��.��8 ���.���

To implement a SVM, the data from Group � and Group � containing the phasor components is ran-
domised and divided into two groups: training and validation (containing ��% of the data points)
and testing (containing ��%). The training and validation data is then implemented into a SVM
using the MATLAB function �tcsvm. After the validation, the data points within the testing groups
are used to assess the �nal performance of the SVM model. Fig. 6.�8 exhibits the decision bound-
ary generated by the SVM after the testing and the data points used for the testing. Fig. 6.�8 also
displays the confusion matrix generated after the testing.

The resulting SVM model provided an overall accuracy of 86.66�%, with an out-of-sample mis-
classi�cation (or validation error) of ��.���% (obtained from the Leave-one-out cross-validation -
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Figure 6.�8: Phasor components extracted from the �uorescence signals from group � (blue)
and group � (red). The Phasor plot, with the Real (g) and Imaginary (s) components of each
participant, shows the distribution of the data points used for training and validation, as well
as the testing data points (highlighted with a circle). Mean values for each group are displayed
in �lled circles (group � in blue and group � in orange). The graph also displays the decision
boundary generated by the SVM algorithm. The confusion matrix generated from the testing
of the SVM algorithm is also displayed. Metric values such as Accuracy, Speci�city and Sen-
sitivity are calculated from it.

LOOCV). The sensitivity and speci�city of the model, 8�.���% and 88.88�%, respectively, suggest
a good discrimination between Group � (UK) and � (Zambia) datasets. These results suggest, a
priori, that the phasors components could potentially be used as features to automatically discrim-
inate between gut permeability conditions. However, as explained in Chapter �, it is important to
highlight that the results provided by the SVM model do not represent the overall picture of the
�uorescein permeability pro�les. In practice, the overall performance of a classi�ers depends on
the size of the dataset, but more importantly, on the level of representation of the distribution of the
dataset [���]. With limited data available with high variability, the SVM model is more susceptible
to oversee the complexity of the data, which can let to over�tting or biased representations. The
use of Machine Learning algorithms in conjunction with additional feature extraction techniques
could overcome some of these limitations. The SVM model presented here served, therefore, as a
foundational step to promote the development of more complex strategies in the future to capture
the full complexity inherent in the �uorescence signals. In addition, it also highlights the advan-
tage that the developed compact sensor provides for the widespread of the technology to increase
the number of datapoints collected, otherwise challenging using current clinical approaches such
as permeability tests or biopsies. This will help to further understand the gut permeability within
different conditions, and how �uorescein permeation correlates with them.
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6.� Conclusion
Nutrient de�ciency gives rise to a spectrum of health conditions, including stunted growth, wast-
ing, and underweight disorders, underscoring the pervasive and profound impact of undernutrition
on global health. Understanding undernutrition and its relationship with gut health is crucial for
developing effective monitoring and diagnostic tools. This chapter has focused on further charac-
terisation of the gut permeability pro�les of undernourished volunteers in Zambia by deploying a
version of the compact �uorescence sensor presented originally in Chapter � (labelled as Sensor
�) and Ref [��]. The original sensor, Sensor �, was simultaneously deployed in the UK to collect
�uorescence intensity signals from healthy volunteers to later compare the signals between both
undernourished and healthy groups. The �ndings also helped to further validate the performance
of the compact �uorescence sensors and their potential for assessing changes in gut permeability.
The performance of the sensors was, initially, evaluated to establish the differences between both
systems to allow for a realistic comparison of datasets, particularly relevant for clinical interpreta-
tions. A calibration factor, calculated and validated in vitro, was implemented on Sensor � for the
later comparison between the �uorescence intensity signals from both sensors. In addition, L:M
and L:R permeability assaywere also performed in the healthy (Group �) and undernourished (Group
�) volunteers, respectively. Despite the complexity and limitation of the data, as well as the lack of
standardisation for the dual sugar permeability tests, the initial in vivo results demonstrated sig-
ni�cant linear correlation between the �uorescence intensity signals and the L:M and L:R ratios for
Group � and Group �, respectively. Fluorescence intensity signals exhibited a range of intensity vari-
ations within both groups that were considered normal among individuals and across populations.
This variability resulted in a substantial overlapping between the datasets. However, comparison of
the �uorescence maximum intensities and the Total AUC values from both groups exhibited signif-
icant differences, which showcased the potential of the �uorescence data for assessing changes
in gut permeability. Surprisingly, comparison between the percentage of Lactulose recovery (%L)
from healthy and undernourished volunteers was found to be non-signi�cant, which was tentatively
attributed to the lack of standardisation between the protocols and the presence of human errors
during the protocols’ implementation. While L:M and L:R dual sugar permeability tests are estab-
lished as standard clinical approaches for assessing gut permeability, this �nding highlighted their
limitations and the importance of addressing aspects, such as identifying optimal sugar molecules
and establishing standardised procedures for sample collection and storage, including the use of
preservatives to prevent substrate degradation.

Further analyses focused on evaluating the correlation between the%L andmorphology data avail-
able from Group �, with results exhibiting non-signi�cant correlation. This observation suggested
that the parameters extracted from the biopsies might not represent all the changes that occur
across the very large surface of the small intestine. In addition, it has also been established that
chronic exposure to environmental stressors, such as toxins, infections or malnutrition, can lead
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to structural changes in the gut lining [��8, ��6, ���]. These adaptative responses could confound
the assessment of tissues health and the clinical history context of each individual needs to be
considered when analysing the biopsy samples.

In conclusion, the results presented in this chapter demonstrated the potential of transcutaneous
�uorescence spectroscopy for assessing gut permeability. In addition, the deployment of a portable
sensor in a low-income setting, allowed for the further validation of the device and demonstrated
the opportunity in enabling the widespread adoption of these devices in clinical settings. The devel-
opment of portable non-invasive �uorescence systems allowed for the collection of additional data
and the further characterization of �uorescence pro�les of different gut permeability conditions,
with the advantage of portability, cost effective and immediate results. The observations gathered
during the in vivo validation also demonstrated the effectiveness of �uorescein, a clinically ap-
proved �uorescence contrast agent, on its transcutaneous detection and its selective permeation
across the Gastrointestinal tract.

Interestingly, it was also observed that some of the participants from Group � (healthy) exhibited
high �uorescence intensity signals comparable to those observed in Group � (undernourished).
While the extent of gut disruption in either group remains uncertain, the presence of these height-
ened �uorescence signals could suggest two potential scenarios. On one hand, individuals with
high �uorescence signals may experience increased permeation of the contrast agent as a result
of abnormal gut permeability. Alternatively, it is plausible that �uorescein can permeate the gut
barrier even under conditions of normal or healthy gut function, which then will impact the inter-
pretation of the results. Following the last consideration, further work focused on investigating
other �uorescence contrast agents that could potentially be used as an alternative of or alongside
�uorescein for the improvement of the assessment of changes in gut permeability. More immedi-
ate future work will involve the comprehensive analysis of the �uorescence signals together with
other relevant factors, such as diet, microbiota and bacterial translocation, to establish their po-
tential correlation.
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Chapter �

In vitro investigation of alternative
�uorescence contrast agents in �D
epithelial cell monolayer models
Up to this point the work presented in this thesis has been concerned with the developing of pro-
cessing algorithms and optical sensors to investigate the potential of transcutaneous �uorescence
spectroscopy as a tool to non-invasively assess gut permeability. As mentioned previously, how-
ever, when investigating the development of a �uorescence sensor for clinical diagnosis, it is impor-
tant to consider the speci�city of the contrast agent, particularly when focusing on the permeation
of this agent in different gut barrier conditions. Fluorescein, as the contrast agent mainly investi-
gated in this thesis, exhibited signi�cant discrimination between different gut permeability stages,
proving to be a good candidate for non-invasively assessment of gut permeability. However, it also
demonstrated its ability to permeate easily in a broad range of gut barrier conditions established
as “normal”, which could impact the reliability of the technology. These �ndings prompt further
investigation into the permeation of �uorescein through the epithelial barrier. Consistent with this
idea, we also explore alternative �uorescence contrast agents that could contribute to the improve-
ment of the technology. This chapter presents the results from an in vitro cell monolayer model to
investigate the permeation of �uorescein and to compare the ef�cacy of alternative �uorescence
contrast agents in discriminating between gut permeability conditions.

���
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�.� Introduction
As evidenced in previous chapters, transcutaneous detection of �uorescence signals, after oral
ingestion of �uorescein, have proven highly effective in discerning between different states of gut
permeability, including those associated with pathological states, such as undernutrition. Upon
ingestion, �uorescein, with a molecular weight of ���.��6 Da, is absorbed through the gastroin-
testinal tract. After its permeation from the gut barrier to the bloodstream, �uorescein can be non-
invasively detected using transcutaneous �uorescence spectroscopy. The interaction with blood
has been reported in the literature showing that �uorescein does bind with plasma proteins [�8�,
���, ���]. The total volume and rate at which the �uorescein permeates to the bloodstream is
indicative of barrier integrity or dysfunction [��, ��6, ��6, ���, ���]. This characteristic, together
with �uorescein molecular weight, its �uorescence pro�le and its water solubility, allows it to be
an effective marker for assessing gut permeability. Results presented in Chapter 6 supported this
by demonstrating the potential of �uorescein to discern between healthy and undernutrition par-
ticipants. However, the high variability found between the healthy volunteers, attributed to normal
changes on gut permeability, could potentially suggest that �uorescein easily permeates through
the gut barrier. Although, this widespread permeation of �uorescein could provide valuable insights
into early abnormal changes of the gut barrier permeability, it could also potentially lead to ambi-
guity in the interpretation of results. This permeation could be attributed to the relatively small
molecular size of �uorescein (���.��6 Da) and the mechanisms behind its intestinal permeability.
In addition, �uorescein is commonly absorbed in the small intestine, as paracetamol studies have
shown [��, ��6]. This could limit the range of detection of gut barrier dysfunction, as conditions
from other regions could potentially be overshadowed.

Given the heterogeneity of the intestinal tract [���, ���], potential solutions focused on the use of
dual contrast agents that could permeate at different locations while allowing for transcutaneous
detection. For example, Woting et al. [�66] , Wang et al. [�6�] and Ueno et al. [��6], showed the
potential use of �uorescein isothiocyanate-conjugated (FITC)-dextran to evaluate gut barrier in-
tegrity. A previous study conducted in vivo participants showed that, although a � gram oral dose
of FITC-dextran might not be enough to be transcutaneously detected, urinary recovery of the dye
demonstrated its permeation from the gut into the bloodstream [��]. This observation suggests
that FITC-dextran, often available in different molecular sizes (�kDa to �,��� kDa), could poten-
tially be used as a second marker to investigate intestinal permeability at different gut dysfunction
stages and at different locations of the Gastrointestinal tract (GI). It is, however, important to men-
tion that both �uorescein and FITC-dextran exhibit similar emission and excitation wavelengths,
which could complicate the separation and interpretation of the �uorescence signals from each
dye when used simultaneously. Therefore, choosing a different �uorophore with different emission
and excitation wavelengths, such asmethylene blue, might overcome this problem. Methylene blue
(MB), with a molecular size ���.8� Da, is used clinically for the treatment of methemoglobinemia
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and as diagnostic tool for sentinel lymph and parathyroid mapping [���–���]. In addition, Borghi-
Pangoni et al. [��6] showed the use of Methylene blue for the in vitro evaluation of epithelial per-
meation in animal models. These observations suggest that Methylene Blue could be a potential
marker for evaluation of epithelial permeability. However, we cannot ignore the reported adverse
reactions associated with Methylene Blue, which include dizziness, headaches or respiratory and
vascular problems [���]. Therefore, for the purposes of this chapter, we focus exclusively on the in
vitro assessment and comparison of the permeability of �uorescein, FITC-dextran and Methylene
Blue.

The investigation of the mechanisms behind the permeation of these contrast agents could pro-
vide insights on the bene�ts that different molecular sizes and �uorescent pro�les could have in
the assessment of gut permeability. However, the investigation of the paracellular permeability of
the previously mentioned contrast agents faces considerable challenges within the complex envi-
ronment of in vivo experiments and the adverse reactions associated with them [���]. A controlled
and simpli�ed model, such as in vitro cell monolayer, could potentially provide some insights into
the fundamental process of intestinal permeability for the relevant �uorescence molecules.

Therefore, in this chapter we present a �D cell monolayer model to investigate and understand the
permeability pathways of different contrast agents, including �uorescein. In addition, the perme-
ability of these contrast agents will also be analysed under different levels of barrier dysfunction.
The results obtained from these experiments will, �rst, help to gain deeper insights into the perme-
ation of the previously mentioned contrast agents across different epithelial barrier conditions. In
addition, the use of �uorophores with different molecular sizes and �uorescence spectrum pro�les
will give us insights about the potential use of these molecules to assess gut permeability in other
areas of the GI tract.

�.� Methods
�.�.� Gut barrier model in cell monolayer cultures
The gastrointestinal barrier allows the passage of molecules through transepithelial transport,
which involves transcellular and paracellular pathways (Fig. �.�). Transcellular transport facilitates
the movement of molecules through cells, and it is mediated by apical and basolateral transmem-
brane transporters with speci�c substrate af�nities. Contrary, the paracellular pathway, relevant
to �uorescein and other �uorescence contrast agents, is less selective and involves movement
of molecules across the barrier via charge-selective and/or size-selective pathways [��]. In cases
where the gut barrier function is compromised, a third route, known as the unrestricted pathway,
originates. In this situation, very large molecules and potentially pathogenic molecules (including
bacteria) are able to cross the barrier, contributing to a wide range of intestinal and systemic dis-
orders [��, �6, ��]. Figure �.� illustrates the epithelial gut barrier and the permeability pathways:
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transcellular in red and paracellular in blue (representing the pore-selective pathway) and green
(representing the charge-selective or leak pathway). The third permeability route (unrestricted path-
way) is also illustrated in Figure �.�B. The pore-selective pathway allows the passage of small ions,
water and solutes and it is primarily driven by the size of the intercellular spacing. On the other
hand, the leak pathway also exhibits selectivity based on the charge of the molecules attempting
to pass through.

Figure �.�: Illustration of the paracellular and transcellular transport of molecules in a (A)
Healthy and (B)Compromised epithelial barrier. The formation of a polarised cell monolayer is
characterised by the presence of an apical compartment, in contact with the intestinal lumen,
and a basolateral compartment, in contact with the circulatory system. The cells are linked
together by the tight junction complexes. The transcellular pathway is an active transport
mediated by transporters or endocitosis-exocitosis. The paracellular pathway, on the contrary,
is a passive transport mediated by the pore or leak pathways.

�.�.�.� Cell types: epithelial cell model

MDCK (Madin-Darby Canine Kidney) cells and Caco-� cells are both commonly used in vitro mod-
els for studying epithelial barrier. MDCK cells was derived in ���8 from the kidney of a healthy
male Cocker spaniel [���–���]. Caco-� cells, in the contrary, were derived from human colon ade-
nocarcinoma [�6�, �6�]. Despite their differences in origin, both cells’ lines exhibit many of the
characteristics of intestinal/renal epithelial cells, including the formation of tight junctions and the
formation of polarized monolayers. The polar organisation is characteristics by the formation of
both apical and basolateral membrane domains or compartments [�6�]. Caco-� cells are directly
derived from human tissue and therefore, they better reproduce the human physiology and phar-
macokinetics. However, their complexity is also transferred into their requirements for culture and
maintenance, as they have a slower growth rate, and exhibit higher variability between passages
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compared to MDCK cells [�6�, �6�]. Both cell lines have been extensively used in permeability
studies and are a well-established model for drug absorption and epithelial transport [�6�–�6�]
However, for the scope of this research, MDCK cells were used on the cell monolayers models
presented in this chapter. This is due to their rapid growth and the ease of culturing and handling.
MDCK cells form polar monolayers (with apical and basolateral compartments, as illustrated in Fig.
�.�) with well-de�ned tight junctions that allows the translocations of molecules. In this chapter
we will be focused on the translocation of molecules through the paracellular pathway, as this is
the mechanism of transport investigated by clinical approaches, such as Lactulose:Mannitol tests,
and it is relevant to a wide range of conditions, including malnutrition [��, �6, 86, ���].

�.�.� Disruption of tight junctions
As mentioned in the previous section (Section �.�.�), when the polar con�guration of the epithelial
barrier is damaged, an unrestricted pathway is created. This is referred as gut dysfunction or “leaky
gut”. Depending on the severity of the lesion, allergens, pathogens and bacteria can move freely
from the apical compartment to the basolateral, causing in�ammatory responses and aggravating
other pathological conditions [�, �, ��, ��]. The technique presented in previous chapters focused
on the use of transcutaneous �uorescence spectroscopy to assess gut permeability to improve
the diagnosis and treatment of conditions associated with “leaky gut”. To understand the impact
that “leaky gut” has on the permeation of the �uorescence agents, we arti�cailly induced damage
to the cell monolayer models by using ethanol and Ethylene glycol tetraacetic acid (EGTA) as our
tight junction disruptors.

Previous studies in conventional two-dimensional (�D) cell monolayers [�68, �6�], have shown
that exposure to ethanol at concentrations <= ��% v/v or ��-�� mM lead to disruption of the
epithelial tight junctions and thereby increase paracellular permeability [��6, ���]. Other studies
also shown that EGTA (Ethylene glycol-bis(beta-aminoethyl ether)-N,N,N’,N’-tetra acetic acid), a
speci�c calcium chelator, has dramatic effects on the paracellular permeability and transepithelial
electrical resistance (TEER) in Caco-� cells [���–���]. EGTA is a calcium chelator commonly used
to disrupt calcium-dependent cell adhesion and tight junction integrity in epithelial cell monolayers
such as Caco-� [���], demonstrating to be an ef�cient gut barrier disruptor. Given the effectiveness
of ethanol and EGTA to affect the integrity of the cell monolayers, we will also investigate different
levels of gut barrier damage. This will help to understand more deeply the impact that barrier
disfunction has on the contrast agent’s permeability. To do so, we titrated the ethanol and EGTA
into different solutions with speci�c concentrations. Section �.�.�.�, describes the experiments
carried out to calculate the concentrations of ethanol and EGTA needed to correlated with severe,
moderate, mild and none gut damage.
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�.�.� Fluorescence contrast agents
Asmentioned previously, this chapter focuses on investigating the permeability of different �uores-
cence contrast agents, including �uorescein, on �D cell monolayer models. The contrast agents
included in the experiments are described in Table �.�, including the molecular weight, quantum
yield number and �uorescence pro�les. Fluorescein is the contrast agent used on the experiment
reported in previous chapters, as it was effectively detected transcutaneously and demonstrated
the capability to signi�cantly discern between different gut permeability conditions. Based on the
supplier information (Sigma Aldrich - (CAS-number: ��8-��-8), �uorescein has a molecular weight
of ��6.��� Da with an emission and excitation wavelengths of �6� and ��� nm, respectively. In
the case of Methylene, it has a similar molecular weight as �uorescein (i.e., ���.8�� Da), but with
longer excitation and emission wavelengths of 66� and 686 nm, respectively [���, ���, ��6]. FITC-
dextran, in the contrary, can be presented in multiple molecular weights (�,��� kDa in our case),
making it the largest contrast agent used in these experiments. As for the �uorescence pro�le,
FITC-dextran is a marker containing �uorescein isothiocyanate (FITC; a derivate of �uorescein) as
the �uorophore and therefore, has an emission and excitation wavelengths similar to �uorescein
(��� nm and ��� nm, respectively) [Data from the supplier Sigma Aldrich - (CAS-number: 6�8��-
�6-8)].

Table �.�: Chemical and optical characteristics of the �uorescence agents used in the cell
monolayer experiment. This information is based on the manufacturer and it might vary
slightly from the literature.

Fluorophore
Molecular
weight
(Da)

Quantum
yield

Fluorescence
pro�les

Fluorescein sodium salt ��6.��� �.��� Excitation: �6� nm
Emission: ��� nm

FITC-dextran ⇡�,���k �.��� Excitation: ��� nm
Emission: ��� nm

Methylene Blue ���.8�� �.��� Excitation: 66� nm
Emission: 686 nm

�.�.� Experimental procedures
This section provides a description of the experimental procedures conducted to investigate the
different �uorophores’ permeations. To do so, this section starts by introducing the methodology
implemented to create the �D cell monolayer models used for the experiments (section �.�.�.�).
The section continues describing the different approaches and concentrations used to induced
multiple stages of epithelial barrier disruption (section �.�.�.�). Following this, section �.�.�.� in-
troduces the different concentrations of �uorophores used for the experiments, taking into account
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their �uorescence properties. A control experiment is also described in section �.�.�.� to establish
the baseline levels of permeation of the contrast agents. Finally, section �.�.�.� provides infor-
mation about the experimental work carried out to investigate the permeation of each �uorophore
under different conditions of barrier dysfunction. The step-by-step protocols used for the various
experimental stages are provided in section �.�.�.

�.�.�.� Cell monolayer culture

As explained in Section �.�.�.�, MDCK cell line is used for the �D cell monolayer models due to
its relatively simple culture requirements and their rapid growth (reaching 8�% con�uence in ap-
proximately � days). To recreate a �D epithelial barrier, MDCK cells are cultured on permeable
�lter supports, i.e., transwells. In this case, we used ��-transwell plates (Corning, Falcon®, REF:
������), with a PET �.� µm pore-size inserts (Corning, Falcon®, REF: ������). As explained pre-
viously, MDCK cells form an apical (A) and basolateral (B) compartment. The apical compartment
reproduces the side of the barrier facing the intestinal lumen, whereas the basolateral compart-
ment recreates the side facing the bloodstream (Fig. �.�). This conformation provides a simpli�ed
model of a human gut barrier and therefore, allows for investigation of different permeability path-
ways on different conditions.

The following method describes how the MDCK cells were maintained and seeded into transwell
plates. Medium, containing ��� ml of DMEM (Thermo Fisher Scienti�c, GibcoTM, REF: ���6����),
��% of FBS (Thermo Fisher Scienti�c, GibcoTM, REF: A���6���), �% of Glutamax (Thermo Fisher
Scienti�c, GibcoTM, REF: ������6�) and �% of Pen/Strep (Thermo Fisher Scienti�c, GibcoTM,
REF: ��������), was prepared in advance and stored in the fridge. MDCK cells were provided by
the QMUL-Blizard institute in frozen aliquots. To get them ready for the experiments, the cells were
thawed and, initially, seeded in a T�� �ask (see Section �.�.�: Protocol � and �). After approximately
8�% con�uence was reached, cells were split �:�� and seeded again on a T��. After a couple of
days and before starting the experiments, cells were again split �:�� and seeded to, this time to a
T�� and a T�� �ask. The T�� �ask was used to seed the cells in the transwell plates, whereas the
T�� �ask, with higher surface area, was used to maintain the cell line, so fresh cells were always
available to seed on new transwell plates if needed. Because of the rapid growth of the MDCK
cell line, cells were constantly split �:�� and passaged every �-� days (depending on the level of
con�uence) to a new T�� �ask, with the medium replaced each time. MDCK cells from the T��
�ask were seeded in ��-transwell plates with PET permeable inserts (�.� µm pore size) and used �
day after plating, when approximately 8�% con�uence was reached (Fig. �.�). Cells were seeded
in the transwell plate using Section �.�.�: Protocol �, at a cell density of 4x105 cells/ml.
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Figure �.�: (top) Schematic overview of a transwell cell culture insert. MDCK cells are seeded
on top of the permeable membrane (pore size of �.� µm) of the transwell insert. The growth
media is added to the transwell on both compartments. The compound, in this case, �uores-
cence molecules, are added to the apical compartment and the permeation to the basolateral
compartment is measured using �uorescence spectroscopy. The arrows illustrate the direc-
tion of the transport of the molecules in the transwell containers. (bottom) Photography of the
MDCK cells seeded on the transwell inserts, with the growth medium added to the chambers.

Figure �.�: Microscope image of the MDCK cells at low (left) and high (right) con�uence, prior
to passaging.
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Prior to use, MDCK cell monolayers were assessed using an Epithelial Volt-Ohm Meter � (EVOM�
- World Precision Instruments) to measure the transepithelial electrical resistance (TEER). TEER
measurements are used to assess the integrity of epithelial cell monolayer. It involves the mea-
surement of the electrical resistance across a cell monolayer, providing an indirect measure of the
tightness of cell-cell junctions. Fig. �.� illustrates the process. Prior to TEER measurements, the
electrode from the EVOM� was submerged in medium for approximately �� minutes to calibrate
the meter. TEER measurements were collected following the protocol described in Section �.�.�:
Protocol � and analysed in Excel.

Figure �.�: TEER measurement to assess MDCK monolayer integrity. The TEER measure-
ments uses two electrode, submerged separately in the apical and basolateral compartments,
to measure the resistance across the membrane.

�.�.�.� Disruptor optimisation

The permeation of molecules through the paracellular pathway depended primarily on the integrity
of the tight junctions. In this chapter, we aim to investigate the permeability of different �uores-
cence dyes on different epithelial barrier stages. As explained in Section �.�.�, Ethanol and EGTA
have proved to be ef�cient tight junction disruptors [�6�–���] In this case, Ethanol and EGTA were
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used, at different concentrations, to simulate different stages of epithelial barrier damage. The
experiment carried out in this section helped to decide the speci�c disruptor concentrations used
later in the permeability assay.

The initial concentrations of ethanol and EGTA (labelled as maximum concentrations) were ob-
tained from the literature ([�68, �6�, ���, ��8]) and from previous protocols followed within the
laboratory. Table �.� illustrates the concentrations used on each case. The process involved the
initial preparation of the most concentrated solution to be used. The rest of the concentrations
were then obtained by �:� titrations. Fig. �.� illustrates the process followed to obtain the EGTA
solutions. A similar process was followed for the Ethanol. However, to prevent ethanol from evap-
orating, the ethanol solutions were made fresh every time they needed to be used.

Figure �.�: Process to calculate the different concentrations of EGTA. The stock concentra-
tion is used for the preparation of the maximum concentration of EGTA used in the protocol.
The rest of the concentrations are prepared using a �:� titration. A similar process was fol-
lowed to prepare the ethanol, while also preventing the ethanol from evaporating.

MDCK cells used for this experiment were seeded on the transwell plates � day in advance. Plates
were labelled as shown in Fig. �.6. Twowells, onewith and other without cells, were left as controls.
On the day of the experiment, TEER measurements were collected, and data was stored as T� (t
= � hours). Then, the medium from the basolateral chamber, �rstly, and apical chamber, secondly,
were carefully aspirated. In the apical chamber, medium containing the disruptor ethanol or EGTA
was added, following the concentrations labelled in the plates, as shown in Fig. �.6. Basolateral
chambers were then �lled with fresh medium and cells were placed in the incubator. TEER mea-
surements were collected for a total of � hours with measurements at T� (t=� hours), �.� hours
and � hours.
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Table �.�: Ethanol and EGTA solutions and the different concentrations used to disrupt the
epithelial barrier at different levels. Concentrations were made following the process illus-
trated in Fig. �.�. Relative volumes of Ethanol and EGTA are also provided.

Concentrations

Ethanol � µl/ml � µl/ml �� µl/ml �� µl/ml �� µl/ml �� µl/ml �� µl/ml 6� µl/ml
(�%) (�.�%) (�%) (�%) (�%) (�%) (�%) (6%)

EGTA � µl/ml �.�� µl/ml �.� µl/ml � µl/ml �� µl/ml �� µl/ml �� µl/ml 8� µl/ml
(� mM) (�.�� mM) (�.� mM) (� mM) (� mM) (� mM) (8 mM) (�6 mM)

Data was analysed in excel to determine the impact that each disruptor and concentration had on
the integrity of the barrier. Two replicates of the experiments (i.e., two plates as the ones showed
in Fig.�.6) were performed.

Figure �.6: Con�guration of the trasnwell inserts to assess the effect of different concentra-
tion of EGTA and Ethanol. The plates were label according to the image. A well was left as
a control, with no cells seeded on the insert membrane. The same labels were used for the
repeat in plate �.
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�.�.�.� Dye optimisation

We �rstly focus on investigating the permeability of different �uorescence dyes under normal (no
disrupted) conditions. Additionally, we also analyse the �uorescence intensities at different con-
centrations to investigate other aspects of the contrast agents that can later impact the interpreta-
tion of the results. This includes for example the self-quenching effect of the �uorescence dyes, as
well as the saturation limit of the spectrometer DARIOstar (from BMG Labtech) [���, �8�].

The different �uorescence dyes investigated in this chapter have different quantum yield numbers,
as shown in Table �.�. For the comparison of their permeability, the maximum concentrations
were, therefore, extracted taking into account the differences in their quantum yield numbers. This
is to ensure that any variations observed when comparing their �uorescence intensity signals are
primarily attributed to differences in permeability and not to the differences in their brightness (i.e.,
ef�ciency to convert absorbed photons into �uorescence emission).

The maximum concentration of FITC-dextran was initially established at ���µg/ml, which gener-
ated readable �uorescence intensities and was routinely used in the laboratory protocols at Blizard
Institute. In addition, FITC-dextran assays are well-stablished and standardised in researchmaking
it useful as a control for our �uorescence intensity readings [�8�–�8�]. Because FITC-dextran and
�uorescein share similar �uorescence quantum yields (�.�� and �.��, respectively), the maximum
concentration of �uorescein was primarily determined by the ratio of FITC to Dextran. This ratio
of �.��� mol of FITC:� mol of dextran, as provided by the manufacturer, resulted on a �uorescein
maximum concentration of �.8�� µg/ml. This was calculated as follows:

�. Calculate how many mols of FITC-dextran are in ��� µg of FITC-dextran

FITC-dextran (molecular weight) = ���� g
mol (quoted by the manufacturer)

��� µg FITC-dextran = � * 10�4 g
mols of FITC-dextran = 1⇤10�4g

4000 g
mol

= 2.5 ⇤ 10�8
mols

A = 2.5 ⇤ 10�8 mols FITC-dextran in ��� µg (�.�)

�. Calculate how many mols of Dextran (glucose) are in A

• Calculate how many mols of glucose are in � mol of FITC-dextran

Glucose (molecular weight) = �8�.��6 g
mol

mols of glucose = 4000g/mol
180.156 g

mol
x � mol = ��.��� mols

B = 22.203 mols glucose in � mol FITC-dextran (�.�)

Elena Monfort-Sanchez - ���



�.�. Methods Chapter �

• Calculate how many mols of glucose are in A based on B

mols of glucose = A x B = �.� * 10�8 mols x ��.��� mols = ��.��� * 10�8

C = 55.507 ⇤ 10�8 mols glucose in A (�.�)

�. Calculate how many mols of Fluorescein (or FITC) are in A based on C and the ratio between
FITC and dextran

Ratio FITC:Dextran = �.���:� (given by the supplier)
mols of FITC = �.��� x C = �.��� x ��.��� * 10�8 = �.��� * 10�9 mols

D = 2.220 ⇤ 10�9 mols FITC in A (�.�)

�. Calculate how many grams of FITC are D

FITC (molecular weight) = ��6.��� g
mol

grams of FITC in ��� µg of FITC-dextran = 0.835µg (�.�)

In the case ofMethylene blue, it presents a quantumyield number of�.��. In this case, itsmaximum
concentration was calculated using a correction factor of �.�� to compensate for the difference in
quantum yield with respect to �uorescein. The maximum concentration of Methylene Blue was
calculated as follows:

• Correction Factor = �.��

Methylene Blue maximum concentration = 1.75 ⇤ 0.835µ g

ml
= 1.461

µg

ml
(�.6)

Once these maximum concentrations were calculated, we used the recipes in Section �.�.�: Proto-
col �, to prepare the solutions. A �:� titration was used to calculate the rest of the concentrations,
using medium as solvent. The original concentrations of the �uorescence dyes, labelled as stock
solutions or ���%, and the respective titrations are shown in Table �.�.

For the experiment, MDCK cells were seeded on the transwell plates � day in advance. Plates were
labelled as shown in Fig. �.� (right), with the percentages representing the different concentrations
of �uorescence dyes. Three wells were left as controls for the dyes (with cells, but no �uorescence
dyes) and one well was left as control for cells (no cells and no dyes).

On the day of the experiment, TEER measurements were collected to ensure the integrity of the
barrier and data was stored as T�. Then, the medium from the basolateral chamber were carefully
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Table �.�: Fluorescence concentrations and the different titrations for the contrast agents:
�uorescein, FITC-dextran and Methylene Blue. Concentrations were prepared following Sec-
tion �.�.�: Protocol �.

Dye Control 6.��% ��.�% ��% ��% ���%

FITC-dextran � µg/ml 6.�� µg/ml ��.�� µg/ml ��.�� µg/ml ��.�� µg/ml ��� µg/ml
Fluorescein � µg/ml �.��� µg/ml �.��� µg/ml �.��� µg/ml �.��� µg/ml �.8�� µg/ml
Methylene Blue � µg/ml �.��� µg/ml �.�8� µg/ml �.�6� µg/ml �.��� µg/ml �.�6� µg/ml

Figure �.�: (left) Labelling of the plates used for the assessment of the permeation of the
�uorescence dies - FITC-D: FITC-dextran; FL: Fluorescein: MB: Methylene Blue - at different
concentrations (�% to ���%). (right) Dark plate used to measure the �uorescence intensity
of the dyes, after the experiments. Apical and basolateral samples were added to the dark
plate, to measure the �uorescence intensity remaining after � hours in both compartments.

aspirated, followed by the volume from the apical compartment. In the apical chamber, medium
containing the �uorescence dyewas added, with the concentrations speci�ed in the plate, as shown
in Fig. �.�. Basolateral chambers were then �lled with PBS and cells were placed in the incubator
for �hours. TEER measurements were collected for a total of � hours at intervals of �hour each. At
the end of the �hours period, ��� µl from the apical and basolateral chambers were transferred to
a dark plate, with � repeats per chamber and well. Fluorescence intensity readings were collected
using the DARIOstar plate reader (from BMG Labtech, Fig.�.� (right)) and data was analysed in Ex-
cel to determine the permeability of each �uorescence dye and concentration on un-disrupted cell
monolayers. As illustrated in Fig. �.�, the diffusion of the �uorescence dyes in the �D cell mono-
layers occurs from the apical to the basolateral, but also from the basolateral to the apical. It is
expected that the diffusion of the �uorescence molecules continue until an equilibrium is reached
(i.e. concentrations at the apical and basolateral compartments are balanced). Therefore, the per-
meability of the �uorescence dyes is assessed using the relative �uorescence intensity signals at
the basolateral compartment (FB ’), with respect to the apical compartment, the initial concentra-
tion and the time at which the measurements were done. This is calculated as follows:
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FB
0 =

FB(t = 3h)

FA(t = 3h) + 5 ⇤ FB
⇤ F0 (�.�)

, where FA(t=�h) and FB(t=�h) are the average �uorescence intensity signals measured at the
apical and basolateral compartments (at t = � hours), respectively. F� is the initial �uorescence
signal for each dye and concentration. In addition, the differences in the volumes within the apical
(��� µl) and basolateral (�ml) compartment is also taken into account by implementing a factor of
�within the equation. Fluorescence signals from the Growthmedium and PBS are also extracted to
the F0, FA and FB values in advance. Since the concentrations of �uorescence dyes is expected
to reach an equilibrium, measurements are collected at t =�hours, to ensure that values in the
basolateral compartment have not reached the equilibrium state. As before, at least � replicates
of the experiments were performed.

�.�.�.� Transwell insert - control permeability

As explained in previous sections, paracellular permeability of molecules is commonly in�uenced
by the size of the substrate to be translocated. In our model, the permeation is mainly attributed
to the integrity of the tight junction of the epithelial barrier. However, the transwell inserts, with
�.� µm pore size, could potentially impact the translocation of the molecules, especially those
�uorescence dyeswith largermolecular size, such as FITC-dextran. To investigate this, we followed
a similar protocol as the one used on Section �.�.�.�, in which the permeation of the �uorescence
dies from the apical to the basolateral compartment ismeasured using �uorescence spectroscopy.
Two replicates of the experiments were performed. However, MDCK cells were not used in this
case, as only the impact of the membranes is investigated.

�.�.�.� Permeability assay

This last section describes the protocol followed to investigate the permeation of different �uores-
cence dyes – Fluorescein, FITC-dextran and Methylene blue – on �D MDCK monolayers with dif-
ferent permeability conditions, as induced by different concentrations of the disruptors – Ethanol
and EGTA. These experiments include the results from previous sections, such as the optimised
concentrations for the �uorescence dyes and the disruptors.

In advance to the experiments, MDCK cells were seeded in � different transwell plates. A total of ��
wells per �uorescence dye and �� additional wells for control were seeded, as illustrated in Fig �.8.
On the day of the experiment, TEER measurements were collected from all the wells to ensure the
integrity of the barrier and data was stored as T�. Then, the medium from the basolateral cham-
ber were carefully aspirated, followed by the volume from the apical compartment. In the apical
chamber, medium containing the �uorescence dye and the disruptor were added, with the relevant
concentrations speci�ed in the plate, as shown in Fig. �.8. Basolateral chambers were then �lled
with PBS and cells were placed in the incubator for �hours. TEER measurements were collected
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for a total of � hours at intervals of � hour each, to evaluate the level of barrier damage induced by
the disruptors. At the end of the � hours period, ��� µl from the apical and basolateral chambers
were transferred to a dark plate, with � samples per compartment and transwell. Fluorescence
intensity readings were determined using the DARIOstar plate reader (from BMG Labtech, depicted
in Fig. �.6 (left)) and data was analysed in excel to determine the permeation of each �uorescence
dye and concentration at every level of induced damage. As before, at least � replicates of the
experiments were performed.

Figure �.8: (left) Labelling of the plates used for the assessment of the permeation of the
�uorescence dies - FITC-D: FITC-dextran; FL: Fluorescein: MB: Methylene Blue - at different
concentrations (�%to ���%) and with different levels of disruption (Ethanol and EGTA at dif-
ferent concentrations). Each �uorescence dye had a ��-well plate with the different concen-
trations and disruptor conditions. (right) Control plate used to measure the permeability of
the �uorescence dyes, without any disruption added to the wells.

�.�.� Protocols
Protocol �: Thawing

�. Remove vial from the liquid nitrogen.

�. Loosen the cap of the vial slightly to release the pressure inside.

�. Transfer the vial into a ��ºC water bath.
Keep the lid of the vial above the surface of the water to reduce the chances of contamination.

�. When cells are almost thawed (i.e., small remains of ice within the vial are visible), move the
vial to a sterile station, such as a tissue culture hood.

�. Wipe the outside of the via with a ��% ethanol solution and then, remove the lid.

6. Carefully, remove the cell suspension using a pipette and transfer the remaining content to a
centrifuge tube and add ��ml of medium.
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�. Spin the cells at ⇡��� pprm for � minutes. Gently aspirate most of the medium, taking care
not to aspirate the pellet of cells.

8. Add �� ml of fresh medium and resuspend the cells to dissociate the pellet into individual
cells.

�. Place them into a T�� �ask and examine the suspension using a microscope.

��. Place the �ask in a �% CO2 incubator.

Protocol �: Passaging

�. Inspect the �ask with MDCK cells, previously plated. Con�uence of 8�% (Fig. �.�B) indicates
cells are ready to be split again.

�. Aspirate the growth medium from the stock cell culture �ask used for passaging.
Cells are attached to the base of the �ask.

�. Add �-��ml of PBS. Gently rotate the �ask to wash the cells. Remove the PBS.

�. Add �-�ml of �.��% of Trypsin-EDTA to the �ask to detach the cells from the �ask. Tilt the
�ask to make sure cell surface is evenly coated. Return the �ask to a ��ºC incubator with �%
CO2.

�. After �-8 minutes, take the �ask from the incubator and shake it gently to detach the cells.
Observe under the microscope.
If cells are properly detached, they will appear round and in suspension.

6. Rinse the �ask with �ml of growth medium to neutralize the trypsinization. Aspirate the sus-
pension and pipet cells �-� times up and down to dissociate the suspension into individual
cells. This will yield ⇡ 2 ⇤ 106 cells. However, number of cells should not be used as a routine
guide, as morphology is a much better indicator of growth state.

�. Use a ��ml serological pipette to collect the solution containing the cells and add them into a
falcon tube.

8. Centrifuge the cells (⇡���� rpm for � minutes) and discard the supernatant.

�. Add �ml of growth medium to the cells.

Follow steps �� – �� for seeding cells into �asks or steps �� – �� for seeding into transwell
plates.

��. To seed them into a new �ask, we use the following equation:

Vol� = Vol� x Split Ratio x Volume ratio

Elena Monfort-Sanchez - ���



�.�. Methods Chapter �

Based on the Split Ratio (�:��) and the type of �ask (T�� or T��), we will take:

• �.�ml = �ml x �.� x � (for a T�� �ask and �:�� split ratio).

• �.�ml = �ml x �.� x � (for a T�� �ask and �:�� split ratio).

��. Add the calculated volumes (V ol2) to the �asks and add �.� ml and/or 8.� ml of growth
medium for the T�� �ask and T�� �ask, respectively.

��. Label the �ask, with the cell line (MDCK), split ratio (�:��) and number of passage and, place
the �ask/s in a �% CO2 incubator.
To maintain the functionality and quality of the cells, keep the number of passages<��.

��. To seed the cells into the transwell, add ��� µl of the solution containing cells and growth
medium on the apical compartment. Then, add �ml of growth medium (no cells) in the baso-
lateral compartment.

��. Repeat previous steps as many times as transwell plates are needed. Include at least one
transwell without cells to use as a blank. For the blank transwell (no cells), add ��� µl of
growth medium (no cells) in the apical compartment and � ml on the basolateral compartment.
Label it as blank/control.

Protocol �: TEER Measurements

�. Attach the electrodes to the EVOM� and introduce them into a falcon tubewith growthmedium.
Make sure the electrodes are covered with the solution. Select the resistance mode with units
in ohms and �� wells as the plate size.
This step ensures the EVOM� is calibrated and ready for the measurements.

�. After �� minutes, remove the transwell plate from the incubator and place it on a laminar �ow
hood.

�. Remove the lid and using sterile forceps (previously wiped with ethanol), rotate the transwells
to keep them all in the same position.
This will speed the TEER measurements process.

�. Place the electrode into the �rst (control, no cells) transwell, with the short section of the
electrode is in the apical (top) compartment and the long side is inserted into the basolateral
chamber using the gaps between the insert and the well.
This measure establishes the baseline of the measurements (TEERblank).

�. Maintain the position for a couple of seconds the let the EVOM� to stabilise the reading. Then,
save the value.

6. Extract the electrode carefully and wash it on the growth medium used before for the calibra-
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tion.
This is done to prevent cross contamination between transwells, as some of them have different
conditions in the apical chamber, such as �uorescence dye or disruptor concentrations.

�. Continue measuring the rest of the transwells.
If the transwell contains cells, make sure the electrode in the apical chamber is not in contact
with the membrane, but ensure that it is suf�ciently cover with the solution.

8. Once all the wells are measured, make sure to save the readings. Cover the plate with the lid,
return it to the incubator and remove the next plate if needed.

�. After all the measurements are done for the day, wash the electrodes of the EVOM� with ��%
ethanol and water, alternating. Repeat this three times. Then shake the electrode on top of a
absorbent tissue to dry it.

��. TEER values are calculated using the following equation:

TEERmembrane = TEERmeasured � TEERblanck

TEER <� represents damage in the cell monolayer barrier.

Protocol �: Fluorescence contrast agents - maximum concentrations
For FITC-dextran: concentration of ��� µg/ml

�. Measure �x��� µg (�.��� mg) of FITC-dextran from Sigma Aldrich - (CAS-number: 6�8��-�6-
8).

�. Add � ml of growth medium to the solution.

�. Spin the solution to ensure homogeneity.

�. Protect solution from light.

For �uorescein: concentration of �.8�� µg/ml

�. Measure �x�.8�� µg (�.��� µg) of �uorescein from Sigma Aldrich - (CAS-number: ��8-��-8).

�. Add � ml of growth medium to the solution.

�. Spin the solution to ensure homogeneity.

�. Protect solution from light.

For Methylene blue: concentration of �.�6� µg/ml

�. Measure �x�.�6� µg (�.��� µg) of Methylene blue from Sigma Aldrich - (CAS-number: ����6�-
��-�).

�. Add � ml of growth medium to the solution.
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�. Spin the solution to ensure homogeneity.

�. Protect solution from light.
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�.� Results
�.�.� Disruptor optimisation
As explained in Section �.�.�.�, we �rst investigated the use of Ethanol and EGTA as epithelial bar-
rier disruptors using different concentrations, shown in Table �.�. After applying the disruptors into
independentMDCKmonolayer transwells, TEERmeasurementswere collected at times � hours, �.�
hours and � hours (see Fig. �.�). The data has been extracted using the following equation:

TEER�T = TEERT 0 � TEERT0h (�.8)

, where T’ = �.� or � hours.

Figure �.�: TEER relative change calculated at �.� and � hours after the addition of the differ-
ent concentrations of the disruptors. (left) Ethanol. (right) EGTA.

Based on the equation, a negative change in the TEER value indicates lower barrier resistance,
which is indicative of epithelial barrier damage. As we can see in Fig. �.�, control conditions, where
disruptors were not applied (concentration of �% and � mM for Ethanol and EGTA, respectively),
show positive values. On the contrary, as expected, higher concentrations of Ethanol and EGTA
produce larger changes in TEER values, with highest changes observed with EGTA 8mM. However,
even though both disruptors show similar effects on the epithelial barrier, it is worth noting that the
impact of ethanol (after � hours) is not as pronounced as that of EGTA. This could be attributed to
the evaporation of Ethanol, due to the small volumes used, causing less barrier damage over time
(i.e., TEERt=3h > TEERt=1.5h). Overall, both disruptors showed an impact in the permeability
of the barrier, which is primarily attributed to a disruption in the integrity of the tight junctions.
Bootz-Maoz et al., for example, showed that EGTA selectively damages the tight junction’s integrity,
maintaining the viability and functionality of the barrier [���]. In the case of Ethanol, Ma et al. also
showed that concentrations of ethanol below ��% damage the tight junctions of the epithelial cells,
without causing any signi�cant cytotoxicity [�6�]. Therefore, given the observations presented in
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Fig. �.�, concentrations of �.�%, �% and �%, for Ethanol, and �.� mM, � mM and 8 mM, for EGTA,
were used for the experiments in Section �.�.� to induce barrier damage at different stages: light,
medium and severe.

�.�.� Dye optimisation
In addition to investigating the effect of the disruptors, we also analysed the permeation of the
dyes at different concentrations. By doing so, we could analyse the permeability of the different
dye concentrations in normal conditions. The results will help to established what concentrations
are going to be used in the permeability assays in Section �.�.�.

As explained previously, MDCK cells were seeded in a ��-well plate and different concentrations of
the �uorescence dyes – Fluorescein, FITC-dextran and Methylene Blue – were added to the apical
compartment. The concentrations were prepared as explained in Section �.�.�.�, labelled as �%,
6.��%, ��.�%, ��%, ��% and ���%. Fig. �.�� shows the TEER measurements, as well as the
�uorescence intensity measured at the basolateral and apical compartments for each dye. TEER
values measured at the start of the experiments showed values above ����⌦, which indicate the
formation of monolayers with strong tight junctions [�8�].

Figure �.��: (A) TER measurements collected at the start of the experiment to assess the
integrity of the monolayer barrier. These measurements were taken before the �uorescence
dyes were added to the apical compartment. (B) Mean Fluorescence Intensity signals (from
the two repeats) measured after � hours incubation for each �uorescence dye and concentra-
tion from the basolateral (left) and apical (right) compartment.

Elena Monfort-Sanchez - ���



�.�. Results Chapter �

The values reported in Fig. �.�� shows the different �uorescence intensities collected - after � hours
of incubation - from each compartment (apical and basolateral) and �uorophore concentration. As
expected, the more concentrated solutions provided higher �uorescence intensities. This can be
observed in the values from the apical compartment in Fig. �.��B (right). Given that no disruptor
was added to the medium, it is expected that the strong tight junctions measured at T = �hours
(Fig. �.��A) are also present at the time the �uorescence measurements were made - after � hours
incubation. This will explain the limited permeation of the �uorophores observed in Fig. �.��B and
Table �.�. The �uorescence intensities observed in the apical compartment correlated with⇡��%
of �uorescence in the stock solutions for each concentration. In the basolateral side, due to the
strong tight junctions, the permeation of the dyes was reduced signi�cantly (p values< �.��), with
only around �% of the stock solutions permeating through the membrane. This small permeation
to the basolateral chamber was attributed to the natural translocation of the dyes through the
paracellular pathway.

Table �.�: Assessment of the permeation of the �uorescence dyes under normal (no dis-
ruption) conditions. Table shows the percentage of �uorescence intensity, relative to the
stock solutions [F0], for the basolateral and apical compartment, for each �uorescence dye
and concentration. Values were measured after � hours incubation. FITC-D - FITC-dextran;
MB - Methylene Blue.

Panel A: Percentage of Basolateral �uorescence intensity relative to the �uorescence signal
of [F0]

Fluorophores concentration FITC-D Fluorescein MB

6.�� % �.��� �.��� �.8��
��.� % �.6�6 �.8�� �.��8
�� % �.�88 �.��� �.���
�� % �.��� �.��� �.68�
��� % �.��� �.�6� �.��6

Panel B: Percentage of Apical �uorescence intensity relative to the �uorescence signal of [F0]

Fluorophores concentration FITC-D Fluorescein MB

6.�� % ��.888 ��.��� ��.��6
��.� % �6.8�8 ��.8�� ��.���
�� % �8.�6� ��.��� �6.���
�� % �8.��� �8.8�� �6.�8�
��� % ��.��� ��.��8 �8.���

Interestingly for the Methylene Blue, at the basolateral compartment in Fig. �.��B, an increase in
the �uorescence signal is observed for the higher concentrations (i.e., ��% and ���%). However,
this increase proved to be no signi�cant (p value> �.��) when calculating the �uorescence inten-
sities relative to the stock concentrations (Table �.�). Fluorescence values observed in Fig. �.��B
at concentrations �% are produced by the auto�uorescence of the growth medium from the api-
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cal compartment that permeated into the basolateral compartment, increasing the �uorescence
signal. However, this is effect was considered when calculating the relative concentrations (Ta-
ble �.�). No saturation nor self-quenching effect was observed when measuring the �uorescence
intensities from the apical compartment, even for the highest concentrations used.

After analysing these results, concentrations of 6.��%, ��% and ���% are expected to provide
signi�cant discrimination between the conditions. These concentrations are then used in Section
�.�.� for the assessment of the permeability of the dyes under different conditions.

�.�.� Transwell insert - control permeability
As explained previously, we hypothesised that the permeation of the �uorescence dyes is mainly
produced through the paracellular pathway, mainly driven by the integrity of the tight junction of the
epithelial barrier. In addition, we also expected that the permeation of the dyes is highly in�uenced
by their molecular weight and, therefore, we also considered it important to analyse the potential
impact of the insert membrane, with a pore size �.� µm, on the passive permeation of the �uo-
rescence dies. To do so, we added the �uorescence solutions into the apical compartment of the
transwells inserts, this time without cells, and �uorescence intensity measurements were calcu-
lated after � hours from both compartments (apical and basolateral). The concentrations for the
�uorescence dyes – �%, 6.��%, ��% and ���% - were extracted from the previous experiment, in
Section �.�.�. TEER measurements were not collected in this case, as no cells were seeded in any
of the plates. Fig. �.�� shows the mean �uorescence intensity values measured at the basolateral
and apical compartments for each dye.

Figure �.��: Mean Fluorescence Intensity signals measured after � hours incubation for each
�uorescence dye and concentration from the basolateral (left) and apical (right) compartment.
No cells nor disruptors were added to the medium.

As anticipated, higher concentrations result in increased �uorescence intensity in both compart-
ments. Table �.� illustrates a signi�cant difference between the control wells (with �% dye concen-
tration) and the other wells, indicating a permeation of the dyes through the membrane. In a dual
compartment model, the permeation of the dye is expected to follow a diffusion process from the
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chamber with higher concentration (apical) to the one with lower concentration (basolateral). This
diffusion will continue until an equilibrium is reached, leading to similar substrate concentration
(i.e., similar �uorescence intensity in this case) in both compartments. We expect that, in a model
with no cells, the permeation of the molecules form the apical to the basolateral compartment
occurs within a small time window (shorter than in the presence of a cell monolayer). Therefore,
in this case, equilibrium is expected to be reached before or around � hours incubation. However,
a signi�cant difference is observed between the �uorescence intensity signals of the apical and
basolateral chambers (p value < �.��, Table �.�B). This observation suggests an in�uence of the
�lter membranes on the permeation of the dyes.

Table �.�: Statistical analysis between the apical and basolateral compartments, as well as
between the control wells (�% concentration of dye) and the rest of the concentrations. P-
values from the paired Student t-test are shown. FITC-D - FITC-dextran; MB - Methylene Blue.

Panel A: P values from the comparison between the control wells (�% of dye) and concentra-
tions

Basolateral compartment Apical compartment

Concentration FITC-D Fluorescein MB FITC-D Fluorescein MB

6.�� % �.�6�� �.���� �.�8�6 �.���8 �.���� �.����
�� % �.�6�� �.���� �.���� �.���6 �.���� �.����
��� % �.���� �.���� �.���� �.��68 �.��8� �.����

Panel B: P values from the comparison between the apical and basolateral compartments

Concentration FITC-D Fluorescein MB

6.�� % �.���� �.��6� �.��8�
�� % �.���8 �.��6� �.����
��� % �.���� �.���� �.����

This hypothesis is further supported by the percentage of relative �uorescence intensity shown in
Table �.6. It reveals that less than �% of the �uorescence dyes, initially added to the apical com-
partment, were detected in the basolateral side. This observation suggests the signi�cant in�uence
of the pore size of themembrane (�.� µm) on the permeation of the dyes. This effect is particularly
important for larger �uorescence dyes, such as FITC-dextran, with a molecular weight higher than
�k Da. In addition, it is worth mentioning that the charge of the �uorescence dyes can potentially
impact their permeation. For example, positively charged dyes, such as �uorescein or FITC-dextran,
tend to interact more readily with negatively charged cell membranes (such as the ones formed by
MDCK cells [�86, �8�]), potentially facilitating their uptake. Methylene blue, on the contrary, is a
negatively charged dye that may experience repulsion, resulting in reduced permeation. However,
the interaction between the charge properties of the dye molecules and the MDCK cell membrane
is complex, and further worked is needed to fully understand these interactions.
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Table �.6: Assessment of the permeation of the �uorescence dyes after � hours (no cells)
Table shows the percentage of �uorescence intensity, relative to the stock solutions [F0], for
the basolateral and apical compartments, for each �uorescence dye and concentration. FITC-
D - FITC-dextran; MB - Methylene Blue.

Panel A: Percentage of Basolateral �uorescence intensity relative to the �uorescence signal
from [F0]

Concentration FITC-D Fluorescein MB

6.�� % �.��� �.��� �.8�6
�� % �.��� �.��� �.8�8
��� % �.6�6 �.��� �.�8�

Panel B: Percentage of Apical �uorescence intensity relative to the �uorescence signal from
[F0]

Concentration FITC-D Fluorescein MB

6.�� % 8�.��� 8�.��� ��.���
�� % 88.��� ��.��8 ��.8��
��� % 86.�68 ��.�86 8�.�6�

In the results presented here, no cells were seeded in the transwell inserts, and only the impact
of the membranes is analysed. We speculate that PET (polyethylene terephthalate) membranes
do not have inherent charge properties that directly in�uence the permeation of the dyes. Instead,
we assumed that PETmembranes primarily permeability effect is mechanical, based on their pore
size and physical characteristics [�88]. This is because we presume that the charge generated by
the cell membranes has a signi�cant higher impact in the permeation of molecules. We assumed
that, when no cell are involved, a time window of � hours is enough to reach the equilibrium be-
tween the compartments. Therefore, the results presented in this section might suggest that the
use of �lters with higher pore size (�.8 µm – � µm) could potentially alleviate these permeability
constrains. Nevertheless, due to the limitations in the consumables available for the experiments,
we were compelled to proceed with the current membrane �lters (PET with �.� µm pores size). To
facilitate the comparison of the permeation of the different dyes in these later experiments, rela-
tive concentrations are calculated based on the �uorescence signals observed in this section (Fig.
�.��), as they represent the maximum achievable permeation of the dyes.

�.�.� Permeability assay
The previous sections have primarily examined the permeation of the different �uorescence con-
trast agents across different concentrations, alongside assessing the effect of Ethanol and EGTA
on the integrity of cell monolayer models. In this �nal section we investigate the permeation of
different �uorescence dyes – Fluorescein, FITC-dextran and Methylene blue – across �D MDCK
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monolayers with multiple permeability conditions induced by varying concentrations of the disrup-
tors – Ethanol and EGTA. The experiments conducted here include the �uorescence concentrations
at 6.��%, ��% and ���%, alongside Ethanol and EGTA disruptors at concentrations of �.�%, �%
and �%, and �.� mM, � mM and 8 mM, respectively. MDCK cells were seeded into ��-transwell
plates, and the different �uorescence and disruptor concentrations were added to the apical com-
partments following the label depicted in Fig. �.8. TEER measurements were collected at time �
hours and � hours to analyse the effect of the disruptors. TEER relative changes were calculated
using the following equation:

�TEER = TEERrelative = TEERT=3h � TEERT=0h (�.�)

Figures �.��, �.�� and �.�� show the �uorescence intensity values and relative TEER (�TEER) val-
ues for the �uorescence dyes: �uorescein, FITC-dextran and Methylene Blue, respectively. Across
all conditions, the largest magnitudes of TEER changes (�TEER) are observed at concentrations
of �% Ethanol and 8 mM EGTA, which are the highest concentrations used. Interestingly, Ethanol
disruption exhibits a less pronounced and more unstable effect, resulting in minimal �TEER or
occasionally positive �TEER values at �.�% and �% concentrations. This variability is primar-
ily attributed to the Ethanol evaporation during the incubation period of � hours. Conversely, EGTA
demonstrates amore substantial and consistent disruption effect across all cases, with the largest
�TEERmagnitudes recorded at -�8��, -���6 and -���� (using EGTA = 8mM) for �uorescein, FITC-
dextran and Methylene Blue, respectively.

These results highlight the ef�cacy of EGTA in compromising the integrity of the cell monolay-
ers, providing different levels of disruption: mild (�.� mM), moderate (� mM) and severe (8 mM).
Despite the potential limitation of the Ethanol evaporation, the concentrations used also provided
distinct levels of disruption, with the most signi�cant difference observed at �% concentration. As
expected from the TEER results, higher �uorescence intensities are observed on the basolateral
compartment when cell monolayers were incubated with EGTA. This is associated with a higher
permeation of the dyes form the apical to the basolateral compartment, as illustrated by the mean
percentages of �uorescence signal, relative to the stock solutions, shown in Table �.�, �.8 and �.�. It
is important to mention that values presented in these tables also take into account the reference
values (i.e., maximum permeation) from Section �.�.�, where permeation of the dyes was mea-
sured without the presence of cells - and so variability in the percentage of maximum permeation
is expected.

Fluorescein exhibited the highestmean percentage of permeation (⇡ 100%)whenincubatedwith8mMEGTA.FITC�
dextranandMethyleneblue, underthesamecondition, showedmeanpercentageofpermeationof70.386%and73.142%.Thehigherpermeationoffluoresceinthroughahighlydamagedmembraneisattributedtoitsrelativelysmallmolecularweight(376.270Da), incomparisonwithFITC�
dextranandMethyleneblue.Inthecaseofcellincubatedwith5%Ethanol, similarpermeationsoffluoresceinandFITC�
dextranareobserved, withmaximumsnothigherthan33.905%and24.298%, respectivelyduetopotentiallytheethanolevaporationeffectpreviouslydescribed.Interestingly,Methyleneblueexhibitedthehighestpermeationsunder5%Ethanoldisruption(66.343%).ThiswasinitiallyattributedtoapotentialtoxicityeffectoftheMethyleneBlueontheMDCKcells.WhenanalysingF ig.7.14, asubstantialdecreaseintheTEERvaluesisobservedwhencellswereincubatedwith100%ofMethyleneBlue.Thisdramaticchange, alsopresentinthecontrolcells, wasassociatedwithadamageofthebarrierintegrityleadbythepresenceofMethyleneBlue.Previousstudies, forexample, haveshowedthat, asaprocessofstainingcells, exposuretoMethyleneBlue(¿12minutes)cancausedamagetothecellmembrane[289, 290].Inaddition,MethyleneBlueisabletopermeateinsidebothlivinganddeadcells, therebyalteringitsfluorescenceproperties[291].AsexplainbyRef [291], livingcellscanturnMethylenebluecolourless, whereasitremainsblueinsidedeadcells.Ifasimilarphenomenonishappeninginourexperiments, thefluorescenceintensityvaluesobservedinthiscasemightnotsolelyrepresenttheparacellularpermeabilityofMethyleneBlue.Thecolourlessandpotentially, non�
fluorescenceMethyleneBlue, takenupbylivingcells,mightbeundetectedineitherofthecompartments.Inaddition, theadherenceofMethyleneBluetodeadcellsisexpectedtoaffectitspermeabilitythroughthemembrane.Theprobabilityofthesescenariosoccurringinourexperimentsincreasesthecomplexityofthepermeabilityprocess, complicatingtheinterpretationoftheresultsfromMethyleneblue.

Elena Monfort-Sanchez - ���



�.�. Results Chapter �

Figure �.��: (A) TEER relative change, calculated as (T = �hours) – (T = � hours), to assess
the integrity of the monolayer barrier for the different disruptor conditions applied. Control
values represent the change in TEER values for the wells with no disruptor applied. Different
concentration of Ethanol (left) and EGTA (right) are colored coded depending on the concen-
tration applied. (B) Mean Fluorescence Intensity signals (from the three repeats) measured,
for each concentration of �uorescein, as well as the different disruptors applied: Ethanol (left)
and EGTA (right). As before, the values are colored coded depending on the concentration of
disruptor used in each case.
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Table �.�: Percentage of FLUORESCEIN �uorescence intensity, relative to the stock solution
[F0], for the basolateral compartment for the different concentrations of �uorescein and dis-
ruptor.

Panel A: Ethanol

Concentration �.� % Ethanol � % Ethanol � % Ethanol

Fluorescein 6.�� % ��.��� �8.��� 6�.��6
Fluorescein �� % 8.��� ��.6�6 �8.���
Fluorescein ��� % ��.��� ��.��� �6.���

Mean �8.��� ��.��� ��.���

Panel B: EGTA

Concentration �.� mM EGTA � mM EGTA 8 mM EGTA

Fluorescein 6.�� % ��.�6� ��.��� ���.���
Fluorescein �� % ��.8�� �8.6�� ��6.8��
Fluorescein ��� % 6.��� ��.6�� �8.���

Mean ��.�68 �6.��� ��8.���
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Figure �.��: (A) TEER relative change, calculated as (T = �hours) – (T = � hours), to assess
the integrity of the monolayer barrier for the different disruptor conditions applied. Control
values represent the change in TEER values for the wells with no disruptor applied. Different
concentration of Ethanol (left) and EGTA (right) are colored coded depending on the concentra-
tion applied. (B) Mean Fluorescence Intensity signals (from the three repeats) measured, for
each concentration of FITC-dextran, as well as the different disruptors applied: Ethanol (left)
and EGTA (right). As before, the values are colored coded depending on the concentration of
disruptor used in each case.
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Table �.8: Percentage of FITC-Dextran �uorescence intensity, relative to the stock solution,
for the basolateral compartment for the different concentrations of FITC-Dextran and disrup-
tor.

Panel A: Ethanol

Concentration �.� % Ethanol � % Ethanol � % Ethanol

FITC-D 6.�� % �6.�6� ��.��� �6.���
FITC-D �� % ��.�6� ��.��� ��.���
FITC-D ��� % 8.��� �.��6 ��.���
Mean ��.�6� ��.�8� ��.��8

Panel B: EGTA

Concentration �.� mM EGTA � mM EGTA 8 mM EGTA

FITC-D 6.�� % ��.��� 6�.��� ���.���
FITC-D �� % ��.��� ��.��� �8.���
FITC-D ��� % ��.��� �.6�� ��.���
Mean ��.��8 ��.��6 ��.�86

Table �.�: Percentage of Methylene Blue �uorescence intensity, relative to the stock solu-
tion, for the basolateral compartment for the different concentrations of Methylene Blue and
disruptor.

Panel A: Ethanol

Concentration �.� % Ethanol � % Ethanol � % Ethanol

MB 6.�� % ��.6�� ��.8�� ���.���
MB �� % ��.��� ��.��6 ��.���
MB ��� % ��.6�6 ��.8�� ��.���
Mean �6.��� ��.�8� 66.���

Panel B: EGTA

Concentration �.� mM EGTA � mM EGTA 8 mM EGTA

MB 6.�� % �6.��� �8.��� ���.��8
MB �� % �8.��� �8.��� 8�.���
MB ��� % ��.��� ��.6�� �8.�8�
Mean �8.��� ��.��� ��.���
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Figure �.��: (A) TEER relative change, calculated as (T = �hours) – (T = � hours), to assess
the integrity of the monolayer barrier for the different disruptor conditions applied. Control
values represent the change in TEER values for the wells with no disruptor applied. Different
concentration of Ethanol (left) and EGTA (right) are colored coded depending on the concen-
tration applied. (B) Mean Fluorescence Intensity signals (from the three repeats) measured,
for each concentration of Methylene Blue, as well as the different disruptors applied: Ethanol
(left) and EGTA (right). As before, the values are colored coded depending on the concentra-
tion of disruptor used in each case.
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�.� Conclusion
Fluorescein is a �uorescence contrast agent widely used in the clinic, aswell as in research, demon-
strating its effective permeation through membranes [��6, �86, ��6, ���]. Previous chapters have
demonstrated the use of oral administered �uorescein as a relevant �uorophore for the transcu-
taneous assessment of changes in gut permeability. The non-invasive detection of �uorescein
through the skin, across a wide range of skin tones, offers signi�cant advantages over other widely
known �uorophores such as FITC-dextran [��]. This observation was further supported by the
signi�cant difference in �uorescein intensities observed between healthy and undernourished par-
ticipants. However, �uorescein has also been shown to permeate easily even under permeability
conditions self-categorised as “healthy”. This observation prompted further evaluation of �uo-
rescein permeation across different gut permeability conditions. However, the complexity of the
gut barrier presented challenges, as processes such as gastric emptying and �uorescence clear-
ance occur alongside the permeation of �uorescein. Therefore, MDCK cell monolayer models were
used to characterise �uorescein permeation under different barrier conditions in a more controlled
environment. In addition, �uorescein permeation was also evaluated against FITC-dextran and
Methylene Blue, widelly used �uorescence dyes with different molecular sizes and �uorescence
spectra.

For the disruption of the epithelial barrier, EGTA and Ethanol at different concentrations were used.
Ethanol exhibited a less pronounced and unstable effect, attributed to its overtime evaporation
during the � hours long experiment. EGTA, on the contrary, generated more consistent disruption
of the cell monolayers. However, overall, both disruptors compromised the monolayer epithelial
barrier by affecting the integrity of the tight junctions, leading to translocation of the �uorescence
molecules form the apical to the basolateral compartment.

We also analysed the impact of the trasnwell inserts �lters on the permeation of these dyes, prior
to their evaluation, and found that the �.� µm pore size inserts were potentially limiting the perme-
ation of the �uorescence dyes. This limitation was taken into account when the permeation of the
different �uorescence dyes was analysed.

Fluorescein, FITC-dextran andMethylene Blue have different molecular sizes and therefore, perme-
ability rates are expected to be different. In the case of Methylene Blue, a signi�cant decrease in
the TEER values, together with an increase in its relative permeation, indicated a potential toxicity
effect from Methylene Blue at a concentration of �.�6� µg/ml. In addition, given the capability of
Methylene Blue to permeate inside living and dead cells, interpretation of the results became more
challenging. Therefore, for the purposes of this chapter, we focused on comparing the permeation
of �uorescein and FITC dextran.

The results demonstrated that �uorescein, and also FITC-dextran, permeate through the paracellu-
lar pathway at different rates depending on the level of epithelial disruption, as expected from our
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�ndings in previous chapters. More importantly, �uorescein permeation showed to be more dis-
tinct among the different stages of disruption, suggesting a greater sensitivity to different levels
of epithelial damage, in comparison with FITC-dextran.

As explained previously, the investigation of the �uorescein permeation in cell monolayer models
was partially driven by the high �uorescence intensities observed in speci�c participants in chapter
� and 6. However, overall, the �ndings from this chapter support �uorescein as an effective marker
of barrier integrity (at the levels of disruption tested here). In addition, the ability of �uorescein to
be transcutaneously detected makes �uorescein a valuable indicator for non-invasively assessing
gut barrier integrity. Finally, the results from this chapter also indicate that �uorescein may provide
a low-cost alternative to FITC-dextran for future in vitro cell monolayer experiments (where typically
FITC-dextran is used)
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Conclusion and future work
The primary focus of the thesis is to demonstrate the potential of a developed compact transcuta-
neous �uorescence sensor, combined with the use of �uorescein oral administration, to effectively
assess changes in gut permeability non-invasively. The lack of standarisation between dual-sugar
permeability tests (such as Lactulose:Mannitol or Lactulose:Rhamnose tests), their high cost, lim-
ited clinical translation as well as the invasivenes of procedures such as endoscopic biopsies,
proved the need of more cost-effective, more robust and less invasive approaches to assess gut
permeability. Therefore, thework presented in this thesis hypothesised that the developed compact
�uorescence sensor can signi�cantly improve the assessment of gut permeability and enablemore
widespread deployment of transcutaneous �uorescence spectroscopy as a tool for non-invasive
assessment of gut function.

The following sections summarise each of the chapters presented in this thesis, excluding Chap-
ters � and �. The �rst section includes a concise overarching summary about the main �ndings
of this thesis. Subsequent sections delve deeper into each chapter, with a focus on the potential
future steps towards the improvement of the technology and the assessment of gut permeabil-
ity.

���
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8.� Summary
Through comprehensive in vivo validation and subsequent data analysis, this thesis �rst demon-
strated the potential of transcutaneous �uorescence spectroscopy, combined with the oral admin-
istration of �uorescein, to assess gut function. These �ndings supported the development of a
compact and portable �uorescence sensor, capable of reliable and robust detection of changes
in gut permeability, even with variations in �uorescence dose, optical conditions, and motion arti-
facts.

Results from these experiments showcased the cost-effectiveness, reliability and improved clin-
ical adoption of the compact sensor compared to clinically validated spectroscopy systems, en-
abling further deployment in larger clinical studies. Despite the complexity of the study, the com-
pact �uorescence sensor demonstrated signi�cantly better discrimination between groups with
different gut permeability conditions in comparison with current clinical approaches (i.e., Lactu-
lose:Mannitol, Lactulose:Rhamnose, and endoscopic biopsies), reinforcing the potential of this ap-
proach. Finally, �D cell monolayer models revalidated the use of �uorescein as a marker of gut
permeability, demonstrating a higher dynamic range than FITC-dextran or Methylene Blue when
analyzed under different levels of barrier dysfunction.

Overall, these �ndings validate the initial hypothesis that the use of transcutaneous �uorescence
spectroscopy can signi�cantly improve the monitoring and diagnosis of gut permeability disor-
ders, offering improved cost-effective, robust, non-invasive, and real-time monitoring capabilities
compared to current methodologies.

8.� Computational analysis of �uorescence spec-
troscopy data

8.�.� Algorithm development for automatic processing and analysis
of �uorescence spectroscopy data – proof-of-concept

Chapter � has reported a series of analysis techniques for assessing changes in gut permeabil-
ity. Transcutaneous �uorescence data from �� healthy participants was recorded in two different
scenarios. Firstly, transcutaneous �uorescence data was collected from the participants to mea-
sure their normal gut permeability by ingesting a dose of ���mg of �uorescein diluted in water.
In the second experimental scenario, data was collected from the same participants after they
were asked to drink a �uorescence solution (with the same �uorescein concentration as before)
with an additional sugar content that induced an increased in gut permeability. As explained pre-
viously, Chapter � then focused on investigating different analysis approaches to characterise the
�uorescence signals from each experimental condition.
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The �rst analysis approach focused on extracting a series of parameters through differentmethods
- frommanual to more automatic – based on Peak Selection. Two additional parameters were also
calculated – Peak AUC/Slope and Peak AUC * Peak Time – as a simpli�ed approach to correct for
any variability in the gastric emptying rates between participants. Comparison of all the extracted
parameters – Peak Time, Peak Intensity, Peak AUC, Peak AUC/Slope and Peak AUC * Peak Time
– provided signi�cant difference (p value < �.��) between the datasets, allowing for an effective,
simple and quick strategy that can be implemented within the technology to differentiate between
the two stages of gut permeability.

Given the potential impact of the gastric emptying rate on the dynamics of the signal, the following
work then focused on further improving the correction of the �uorescence signals, this time, for the
elimination of the �uorescein from the body. To do so, two exponential decay �tting approaches
were implemented to extract the decay rates from each signal. However, results from the decay
�tting models showed high dependence on the selected starting points, which, together with the
absence of clear exponential decay regions in some signals, suggested an inaccurate prediction of
the elimination rate and thus unrealistic corrections. Future work regarding this topic is discussed
later in this section and focuses on the prediction of the entire �uorescence signal using pre-de�ned
equations, such as the method presented in Let et. al [���].

Phasor analysis was used to analyse the �uorescence signals in the frequency domain, in which
data from all �� participants was compressed into two frequency components: real and imaginary
parts. These parameters were then integrated inside a support vector machine (SVM) algorithm to
build a classi�cation model that was tested using a leave-one-out methodology. The classi�er pro-
vided an accuracy of 8�.���%, which suggested that the extraction of phasor components followed
by SVM has the potential to differentiate between stages of gut permeability in a fully automatic
strategy.

Overall, results from this chapter demonstrated the capability of two different strategies – a simple
and semi-automatic method through Peak Selection and a more complex and fully-automatic ap-
proach through Phasor Analysis - to differentiate between states of gut permeability. In addition,
the signi�cant difference found between the datasets when implementing these approaches re-
veals the potential of transcutaneous �uorescence spectroscopy for non-invasive assessment of
intestinal permeability. This is of high importance for this thesis as the observations from this chap-
ter suggested that transcutaneous �uorescence spectroscopy has signi�cant advantages over ex-
isting permeability tests (e.g. L:M tests, Cr-EDTA assays, etc.) in terms of both invasiveness and
time to report results, and the implementation of strategies such as the ones here presented im-
plies the potential for rapid clinical translation.

Some of the limitations associated with the technology were addressed in the following chapters,
including the development of a compact and portable system to further validate the technique in
larger populations, with different skin types and �uorescein doses (Chapter �), as well as in other
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pathological conditions (Chapter 6). Immediate work is now focused on collecting more data to
further validate the technology.

There are of course limitations associated with the analysis strategies presented in this chapter.
For example, the use of simple, but rapid, analysis strategies, such as the manual Peak selection
increases the probabilities of bias from the user that can lead to unreliable classi�cations and
interpretation of the results. In the case of fully automatic approaches, such as the Phasor analysis,
the classi�cation is independent on the user input, but it might become less intuitive to interpret
the results. A trade-off would be the use of automatic time domain approaches, similar to the
automatic Peak Selection or deep learning algorithms such as long short-term memory (LSTM)
network. In this case, improved strategies to reduce the impact of noise, such as �tting methods,
and the collection of more data will be bene�cial.

For the correction for the elimination of the dye from the body (i.e., decay rate), future immediate
work should be directed toward re�ning the exponential decay �tting algorithms by incorporating
additional features and constraints. Some of these strategies could involve the use of equations
to describe the full curve, similar to the method described in Lett et. al [���], as well as the use of
speci�c ranges for the expected decay rates. In addition, the selection of speci�c segments within
the decay region of the signals will also help to focus the algorithm on regions with clear decay
rates. Furthermore, exploring addition features, such as the uptake of the �uorescence intensity,
could also improve the characterisation of the �uorescence curves and facilitate the discrimina-
tion between gut permeability states. Additionally, �uorescence signals with no clear decay region
could be improved by recording data for prolonged periods (i.e., more than � hours). However,
there is the risk of the technology becoming more time-consuming and uncomfortable for the par-
ticipant. Finally, collection of blood samples and �uorescence data simultaneously could facilitate
quantitative measurements of the concentration of translocated �uorescein and give information
about the clearance rate of �uorescein, which could be used to correct the �uorescence signals.
Considering this approach, correlation between gut permeability and �uorescence intensity signals
in plasma could bene�t the development of point-of-care technologies that could be use in larger
populations for the rapid assessment of gut permeability.

Overall, the results presented in this chapter, along with any further data collected, will be used to
guide the development of more advance processing and analysis tools (in terms of, for example,
machine learning algorithms or �tting strategies) with the objective to improve the technology,
allowing for effective and accurate assessment of changes in gut permeability.
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8.� Development and characterisation of a com-
pact �uorescence sensor
Chapter � focused on the development of a compact transcutaneous �uorescence sensor that in-
tegrated the functionality of the system presented in chapter � (referred to as benchtop system)
for the non-invasive assessment of gut permeability. The sensor provides measurements of �u-
orescence intensity of the absorption and elimination of �uorescein in the bloodstream after oral
ingestion. In this case, the objective was to develop a more compact sensor that was suitable
for deployment in wider clinical studies, including low-income settings. To this end the device is
housed in a laptop-size structure for ease of transportation. In addition, it can be fully controlled
automatically through an in-house written LabVIEW software. The device was designed and de-
veloped for ease of portability and low-cost and to make it safe, practical and comfortable for the
user and the participant.

Having described the design and development of the sensor, chapter � also presented the results
from the in vitro and in vivo validation of this system. The protocol focused on comparing the �u-
orescence intensity signals between the device and the control measurement (benchtop system)
from, initially, �uorescence samples to later be deployed in clinical studies for further in vivo vali-
dation. To date, the sensor has been involved in �� in vivo measurements of �uorescein intestinal
permeation, in two different clinical studies (including chapters � and 6).

The preliminary in vitro validation measured the �uorescence signal from both the sensor and the
benchtop system on different samples with �uorescein concentrations similar to those found in a
realistic in vivo scenario. Results from these measurements showed good agreement between the
sensor and the benchtop system, with a correlation coef�cient of �.�8� (p value = �.���). Further
in vivo validation focused on measuring the �uorescence intensity signals this time from healthy
participants after oral administration of ��� mg of �uorescein. Results from this in vivo validation
exhibited a signi�cant correlation (p value < �.���) between the sensor and the control system,
with a Pearson’s correlation coef�cient of �.�8�. The following experiments focused on charac-
terising the performance of the sensor under different conditions. These included variations in
the contrast agent dose ingested by the participants as well as different skin tones. A potential
linear relationship was found between the ingested dose (��� mg or ��� mg) and the observed
�uoresce intensity after comparing the �uorescence intensity signals from both conditions. In
addition, when characterising the sensor’s response under different skin tone, results indicated
minimal impact of the skin tone on the sensor’s performance. Altogether, results demonstrated
the potential of the developed compact sensor for assessing the permeation of �uorescein from
the gut to the bloodstream transcutaneously. Overall, the sensor presented in this chapter showed
promising performance for the assessment of changes in gut permeability, which prompted the
deployment of it on a wider clinical study (discussed in Chapter 6). Considering this, further work
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was focused on miniaturisation the sensor by designing a PCB electronic con�guration that was
later integrated in a smaller version of the sensor to facilitate deployability. This miniaturised ver-
sion is now being deployed in different in vivo studies to measure gut permeability in conditions
such as IBD or undernourished children [���].

Future work in this �eld is directed towards the improvement of some of the limitations found
during the design, development and validation of the sensor presented in this chapter. Firstly, the
design and development of the system was limited to the resources available. For example, the
use of National Instruments (NI) DAQs allowed for a full control of the device via a customisable
interface, ensuring accurate and precise data acquisition. However, this limited the miniaturisation
and cost of the sensor. Considering this, microprocessors or microcontrollers such as Raspberry
Pi or Arduino, with speci�c requirements, could be good alternatives to the use of NI DAQs.

When developing the sensor, the cost of the technology was reduced signi�cantly, decreasing from
£ ⇡��k for the benchtop system to £ ⇡�.�k for the sensor. As discussed, the use of a NI DAQ
played a major role in the �nal cost of the developed sensor, along with the integration of a �bre
probe. This probe allowed a maximum separation of ��� µm between the PDs and the LED. With-
out the optical �bre, the con�guration of these optical sensors, when placed on a PCB, achieved
only a minimum separation of �.8 mm, which in previous experiments proved inadequate to detect
�uorescence signals transcutaneously. Nonetheless, this limitation could potentially be addressed
using customized PDs and LEDs that are in-house developed (or ”bare die”). An alternative ap-
proach involves the use of light pipes to guide the light from the optical sensors to speci�c loca-
tions, allowing a higher separation between the PDs and the LED, while maintaining a light beam
spacing of ��� µm. Nevertheless, the effectiveness of the light transportation through these pipes
needs further investigation.

In terms of the validation experiments, the performance of the sensor was characterised in two
different �uorescein doses of ���mg and ���mg. However, validation under multiple doses, such
as ��, �� and ��� mg will provide information regarding the limit of detection of the sensor and
the sensitivity of the technology to lower doses, particularly important for children. In addition, be-
cause the sensor relies on the optical properties of the �uorescence light to assess the �uorescein
permeation, a large number of participants with wider diverse skin tones and a robust categorisa-
tion different to Fitzpatrick scale, will further validate the potential of the system to deploy in large
populations.

The last section of the chapter showed the steps taken towards further miniaturising the device.
Ideally, the ultimate goal is to design a wearable device that participants could use comfortably
without interfering signi�cantly in their daily live and that could also be used in children. Consid-
ering this, other favourable experiments could include the investigation of the impact from natu-
ral movements of the participants, such as walking or executing daily tasks, on the �uorescence
signals. This will provide information about how natural movements could affect the signals so
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improvements can be made within the device. At the same time, the investigation of other parts
of the body, instead of the �ngertip, could also help to improve the comfortability of the sensor
towards its use in the clinic, especially in children. As discussed, the next generation of the device
is now being deployed in clinical studies in which some of these aspects will be investigated.

8.� Clinical validation of a compact �uorescence
sensor
8.�.� Monitoring gut permeability in healthy and undernourished pop-

ulations – a comparative study
Following from the work presented in Chapter �, Chapter 6 focused on further investigating the �u-
orescence intensity pro�les of undernourished adults in Zambia and to compare this data against
healthy volunteers from the UK. To do so, a second sensor, a replica of the sensor presented in
Chapter �, was developed and later deployed in Zambia. The performance of the replica sensor
was, initially, evaluated against the original sensor (referred to as Sensor �) to establish the differ-
ences between the devices. This was carried out using �uorescence re�ectance standards that al-
lowed the calculation of a calibration ratio that was implemented on Sensor �. The calibration of the
systems allowed for a realistic comparison between the �uorescence datasets from both devices,
particularly important for the clinical interpretation of the results from both studied groups.

In this case, the protocol used to collect the �uorescence signals in both groups was similar to that
described in Chapter � and involved the oral ingestion of ���mg of �uorescein in empty stomachs
and the following collection of �uorescence signals using Sensor � in the UK and Sensor � in Zam-
bia for at least �8� minutes. In addition, L:M and L:R samples were also collected from the healthy
and undernourished groups, respectively. Despite the limited data available and the lack of stan-
dardisation of the dual sugar permeability tests, the initial comparison demonstrated signi�cant
correlation between the �uorescence intensity signals and the permeability tests for both groups.
This was attributed to the similar molecular size between �uorescein and Lactulose and the perme-
ability pathway followed by both molecules [���, ��6]. As discussed in previous chapters, under-
nutrition is also characterised by an increased in gut permeability. Therefore, a difference between
the healthy and undernourished groups was expected. When analysing the �uorescence intensity
signals, a wide range of intensity variations was found in both groups which was considered nor-
mal among individuals and across populations. This variability resulted in a signi�cant overlapping
between the datasets with no signi�cant differences found with respect to the time at which the
�uorescence signals reached the maximum intensity (i.e., Peak Time). However, comparison of
the peak intensities and Total AUC values from both groups exhibited signi�cant differences (p
values< �.��), suggesting that undernourished participants had an increased permeation of �uo-
rescein with respect to the healthy group. These results, therefore, showcased the potential of the
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developed sensor for non-invasively assessing changes in gut permeability using transcutaneous
�uorescence spectroscopy.

In addition, morphometry data was also collected from participants from Group � (Zambia) and
later compared against the �uorescence signals and the L:R values. No signi�cant correlation was
found between the morphometry data and the �uorescence or dual sugar permeability data. Al-
though limited data was available for the comparison, these results suggested that the morphom-
etry data might only be sensitive to localised lesions within the location of the biopsies. Data from
the �uorescence or sugar permeability tests, on the contrary, might represent better changes that
occur across a larger surface in the small intestine. These observations, therefore, suggest that
transcutaneous spectroscopy could be used as a complementary tool for assessment of changes
in gut permeability and not a replacement of the biopsies.

Interestingly, further comparison between the percentage of Lactulose from both groups showed
no signi�cant difference, which was attributed primarily to the lack of standardisation between the
protocols (i.e., different urine collection times, concentration of Lactulose and no conservative or
stabiliser used in the samples). In addition, from a total of 8� participants from the undernourished
group that were recruited, only L:R data from �� was available due to human errors during the
implementation of the protocol. All these observations highlight even further the need for more
robust approaches to assess gut permeability.

To further demonstrate the potential of the �uorescence signals to discriminate between different
gut permeability conditions, phasor analysis (presented in Chapter �) was performed. The fre-
quency components of the signals from both groups were then integrated into a SVM model that
was able to classify the data with an accuracy of 8�%.

In conclusions, in Chapter 6 we demonstrated the potential that transcutaneous �uorescence spec-
troscopy has over current clinical approaches to differentiate between different stages of gut per-
meability. In addition, the development of a second sensor allowed the implementation of the tech-
nology in a clinical study in two different countries at the same time, including a low-income setting.
This chapter has demonstrated the advantage that the developed sensors has over the previous
approach (i.e., benchtop system) in terms of friendliness, cost-ef�ciency and portability.

Future work is now focused on aspects of the protocol used during the clinical study as well as the
further improvement of the device. As mentioned in the previous section, a miniaturised version
of the devices presented in Chapter � is now going to be deployed in clinical studies for the as-
sessment of changes in gut permeability in IBD patients and undernourished children. Therefore,
the future work regarding the device is further explained in the previous section. In this section
we focus on aspects that will help to improve future clinical studies centred in the assessment
of changes in gut permeability using transcutaneous �uorescence spectroscopy. For example, a
longitudinal study would provide information about changes over time in the �uorescence pro�le
related to physiological factors, such as gastric emptying rate, diet or pathological conditions, in-
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cluding the response to treatments. In addition, monitoring other factors, such as exercise, sleep
or medication, along with the collection of �uorescence signals could provide information about
confounding factors that could impact the gut permeability. Consistent with these ideas, during
the analysis of the �uorescence signals, variations in the gastric emptying rates between partici-
pants were often suggested to impact the comparison between datasets. Correlation between oral
administration of paracetamol and transcutaneously collection of �uorescein signals showed that
�tting models can be used to measure the gastric emptying rates on healthy volunteers [���]. This
suggest that a fully characterisation of the �uorescein pro�les using advance signal processing ap-
proaches, as explained in 8.�.�, could be bene�cial. More importantly, larger clinical studies with
well-de�ned and more robust protocols will provide valuable information about gut permeability in
different aspects of the pathogenesis, reducing the risk of associated errors or miss interpreta-
tions.

In conclusion, the results presented in this chapter demonstrated the potential of the technology to
discriminate between different stages of gut permeability and will be used to guide further clinical
studies, with a particularly focus in undernourished children. The aim is to investigate the full
potential of this technology, while improving the clinical assessment of gut permeability.

8.� Alternative �uorophores for gut permeability
assessment
8.�.� In vitro investigation of potential �uorescence contrast agents

in �D MDCK monolayer models
Up to this point the work presented in this thesis has been centred on developing processing al-
gorithms and optical sensors to investigate the potential of transcutaneous �uorescence spec-
troscopy as a tool to non-invasively assess gut permeability. In this case, Chapter � focused on
investigating other �uorescence contrast agents that could be used as an alternative to or simul-
taneously with �uorescein to improve the assessment of gut permeability. Fluorescein has proved
to be clinically safe during intravenous or oral administration and has demonstrated to permeate
selectively from the gut to the bloodstream under different conditions [��, ��8, ���, �86, �88, ��6,
���, ���]. Although �uorescein has a similar molecular size as Lactulose, which is widely use in
the clinic and in research to assess gut permeability, investigation of complementary �uorescence
dyes could provide more information about the permeability in other regions of the intestinal tract.
For example, Maurice et al. [��]. showed that �uorescein is mainly absorbed in the small intestine,
which limits the assessment of colonic gut dysfunction. In addition, results presented in the previ-
ous chapters showed that �uorescein permeated easily in conditions self-categorised as healthy
due to, tentatively, its small molecular size. Therefore, the main objective of this chapter was to
characterise the permeation of �uorescein within a more controlled environment with different
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induced barrier dysfunction levels. Simultaneously, we also investigate the potential of other �uo-
rophores with different molecular size and �uorescence spectra to assess gut permeability. To do
so, MDCKmonolayermodels were used to characterise and compare the permeation of �uorescein
with other �uorescence compounds, such as FITC dextran and Methylene Blue. EGTA and Ethanol,
at different concentrations, were used to simulate different levels of barrier dysfunction. Although
ethanol exhibited a less pronounced and unstable effect, TEER measurements showed that both
disruptors compromised the integrity of the tight junctions, leading to increased permeation. Prior
to the permeability assays, it was observed that the �.� µm inserts �lters restricted the permeation
of the �uorophores to a maximum of ⇡ �% of the total initial concentration.

Therefore, results from the following experiments were standardised to the maxima achievable
for each �uorophore. Considering this, immediate future work should focus on the comparison of
insert �lters with different pore sizes, providing information about which pore size works best in
this case. Some of the potential sizes might include � to � µm, to prevent MDCK cells to migrate
between compartments.

Following from the above observations, the permeation of �uorescein, FITC dextran andMethylene
Blue was characterised under different conditions. In the case of Methylene Blue, a potential cell
toxicity was detected at concentrations of �.�6� µg/ml due to a signi�cant decrease in TEER value
alongside an increase in the relative permeation. This hypothesis could be comprehensively eval-
uated in the future using cell viability and functional assays, in which metabolic and mitochondrial
function or DNA damage are measured.

In the case of �uorescein and FITC dextran, the results demonstrated that both �uorophores per-
meated distinctly through the epithelial barrier under different barrier conditions. These differences
were mainly attributed to their different molecular sizes, as the passive translocation of molecules,
particularly through the paracellular pathway is highly driven by the size of the molecule [�, ��, ��].
More importantly, results from this assay showed that �uorescein exhibited a clearer discrimina-
tion between the conditions, suggesting a higher speci�city to different levels of epithelial damage
than FITC dextran.

As explained previously, the further investigation of the �uorescein permeation was driven by the
high �uorescence intensities observed in speci�c participants in Chapters � and 6. However, over-
all, the �ndings from this chapter support �uorescein as an effective candidate for assessing gut
permeability. Future work should then aim to elucidate the underlying factors contributing to the
high �uorescence intensity signals observed in healthy participants. Some potential solutions have
been discussed previously and include the investigation of the impact of confounding factors, such
as variations in diet, stress levels, alcohol intake ormedication, in the gut permeability. Additionally,
further work could also centre on investigating and identifying more �uorescent dyes suitable for
transcutaneous sensing, including the use of multiple �uorescence dyes to assess permeability
in other areas of the intestinal tract. For example, encapsulation of complementary dyes, with a
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controlled or delay release of the �uorophores, will open a window to explore different regions of
the gut [���, ���].

8.6 Final remarks
Overall, this thesis has focused on the development of processing algorithms and optical sen-
sors to investigate the potential of transcutaneous �uorescence spectroscopy as a tool to non-
invasively assess gut permeability. The in vitro and in vivo validation of the devices demonstrated
the potential of the technology to measure changes in gut permeability in different conditions and
populations. The development of a portable sensor allowed the study of gut permeability in un-
dernourished adults, with promising results showing signi�cant differences between healthy and
undernutrition groups. The results further highlighted the limitations of current clinical diagnostic
tools, such as sugar permeability tests and biopsies, on the diagnosis of abnormal gut permeabil-
ity conditions. Further work in this �eld has been discussed above and the long term aims focus
on the development of a low-cost fully wearable transcutaneous �uorescence device that could be
used in multiple populations, including children. The device presented in this thesis represents a
platform for future investigations towards a better understanding of the mechanisms and interac-
tions behind changes in gut permeability and pathological conditions and to guide the development
of better tools for assessing gut barrier function.
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