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The applications of functional materials containing nanoparticles are rapidly increasing. This area is especially relevant to 
the healthcare industry and the design of new light activated antimicrobials. Wider application of these materials will 
require quantification of localised nanoparticle concentration, which is currently only available through indirect estimates 
(including functional testing and bulk spectroscopy). The work presented uses direct visualisation of embedded cadmium 
selenide quantum dots (Ø - 13.1 nm) using fluorescence lifetime imaging. The nanoparticles used in this study are 
embedded into a polydimethylsiloxane host matrix via swell encapsulation. The swell encapsulation of the particles is 
shown to result the highest concentration of material at the polymers surface, while a lower concentration is found in the 
bulk. Fluorescence imaging provides direct comparison of nanoparticle concentration between samples. A comparative 
swell encapsulation of titanium dioxide nanoparticles (Ø - 12.6 nm) provides further analysis, including photocatalytic dye 
degradation, water contact angle measurement and energy-dispersive X-ray analysis. The techniques demonstrated allows 
quantification of nanoparticle concentration within a host matrix, both the functional nanoparticles at the materials’ 
surface and the redundant particles within the bulk.

Introduction 
 

The investigation of sub-micron scale materials and their 
unique properties is a burgeoning field in scientific research.1–3 
A drive towards incorporating nanoparticles into devices and 
materials for real-world applications has resulted in the 
generation of many nanoparticle containing commercial 
products.4–6 Examples include: drug delivery agents, medical 
imaging mediators, computers, solar cells and strengthening 
additive in building materials.7–12 These applications illustrate 
some of the many applied uses of nanocomposite materials, 
demonstrating material stabilisation, filling a space within a 
material or imparting properties not intrinsic to a host 
material. An area of rapid growth is the use of nanoparticles 
for antimicrobial surfaces, as the instances of surface acquired 
infections, for example in hospitals, is high. Indeed, a range of 
medical devices which are tactile and designed to minimise 
surface acquired infections have been trialled, including 
catheters, computer equipment, furniture and clothing.13–16 
The main method of nanoparticle incorporation is via direct 
addition into the fabrication process, usually through mixing 
with the matrix material.17–19 As a result, an even 
concentration of the nanoparticles is generally obtained 
throughout the matrix. This can be inefficient for many 
antimicrobial materials, as the active nanoparticles are only 
required at the surface, rendering deep nanoparticle 
incorporation superfluous. This is particularly an issue if the 

nanoparticles are fabricated from precious metals, rare 
elements or require expensive manufacturing techniques.20,21 
A range of post-treatments for nanoparticle incorporation are 
reported in the literature including: swell-encapsulation, 
thermal deposition and electrochemical deposition.22–26 These 
methods focus the nanoparticle placement at the surface of 
the material. Swell encapsulation can be applied to polymeric 
materials and expands the polymer using a solvent. This 
creates space for small molecules and nanoparticles to 
permeate the matrix, becoming embedded in the polymer. The 
removal of the swelling solvent via evaporation causes the 
polymer to shrink, trapping the incorporated materials (Figure 
1). The swelling volume of the polymer, and the diffusion of 
the nanoparticle through the swollen matrix control the 
penetration depth of nanomaterials or small molecules into 
the host matrix. Successful antimicrobial surfaces developed 
using this strategy have been reported in the literature.22–24 
Medical grade polymers such as polyurethane, silicone and 
polyvinyl chloride have been treated using a swell-
encapsulation shrink strategy to incorporate a range of 
photosensitiser dyes, in addition to nanoparticles which 
include, zinc oxide, gold and titania.17,18,22–24 These surfaces 
demonstrate efficacious antimicrobial activity when tested 
against a range of bacteria, under laser, white light and UVA 
illumination. These materials are based on and have been 
designed for medical device and hospital tactile surface 
applications. Although the incorporation of nanoparticles into  
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(aq, 2 M) precursors. The particles were then heated to 80°C in 
excess oleic acid (120 mmol, 38.1 mL), with a catalytic amount 
of triethylamine (8 mmol, 1.12 mL) added to encourage ester 
formation between the titanol groups on the particle surfaces 
and the oleic acid. Attenuated total reflectance Fourier 
transform infrared (ATR-FTIR) spectroscopy observed free and 
bound oleic acid signals, indicating ionic attraction of 
carboxylate groups to titanol (Ti-(OH2)+) groups on the particle 
surface.17 
 

Swell Encapsulation 

QD polymer samples were prepared by swelling 1 x 1 cm 
squares of PDMS polymer in n-hexane solutions of varying 
concentration, for varying amounts of time. n-Hexane (9 ml) 
was mixed with the QD dispersion (1 mL) to give a stock and 
then diluted with n-hexane to give a 66%  (v:v) solution, 50% 
solution and 33% solution, to generate the 4 swelling 
dispersions. The polymer squares were swelled in each 
dispersion for 24 hours, before removal and drying. In addition 
squares were swelled in the most concentrated dispersion for 
1, 3, 6 and 24 hours. After drying the samples were rinsed with 
deionised water to remove any surface bound materials. 
TiO2 functionalised with oleic acid was suspended in toluene 
(20 mL) and this mixture was used to swell 1 x 1 cm PDMS 
squares for 1, 3, 6 and 24 hrs.29 The squares were allowed to 
dry before rinsing with deionised water to remove surface 
bound material. 
 
Characterisation Techniques 

The main paragraph text follows directly on here. X-ray 
diffraction (XRD) studies were carried out using a Bruker-Axs 
D8 (GADDS) diffractometer. The instrument operates with a Cu 
X-ray source, monochromated (Kα 1 and Kα 2) and a 2D area X-
ray detector with a resolution of 0.01° (glancing incident angle, 
θ = 5°). The diffraction patterns obtained were compared with 
database standards. UV/Vis absorption spectra were obtained 
using a Perkin Elmer Lambda 25 UV/Vis spectrometer single 
beam instrument over a range of 250-1000 nm. TEM samples 
were prepared by dropping a small amount of particles in 
solution onto holey carbon-coated copper grids (Agar 
Scientific) and drying in air. TEM micrographs were collected 
using a Jeol 2100 microscope, fitted with a Gatan Orius digital 
camera at a beam acceleration of 200 kV. Particle 
counting/sizing was performed using ImageJ software. 
Scanning electron microscopy (SEM) was carried out on the 
polymer samples using a LEO Gemini 1525 FEGSEM using an 
acceleration voltage of 5 kV. Energy-dispersive X-ray (EDS) 
analysis was carried out using the same instrument at an 
acceleration voltage of 20 kV. Fluorescence imaging was 
utilised to visualise cadmium selenide QD encapsulation into 
the polymer matrix. PDMS samples (10 x 10 x 1 mm) were cut 

into half (providing two 5 x 10 x 1 mm portions), the freshly cut 
cross-sections were used for fluorescent imaging. 
 
Fluorescent Lifetime Imaging. 

The main paragraph text follows directly on here. A spectrally 
filtered supercontinuum laser (SC450, Fianium) producing 5 ps 
pulses at a rate of 20 MHz was used as the excitation source 
for all lifetime fluorescence measurement.30 An Acousto-Optic 
Tuneable Filter (AOTF) system, directly coupled to the laser 
output was used to select a 488 nm laser line. The beam was 
directed toward the laser-scanning unit (based on a FV300 
inverted scanning microscope, Olympus). A dichroic mirrors 
(FV3 DM488-2, Olympus) was used to reflect the laser beam 
into the back aperture of a 10× objective and finally onto the 
sample. The same objective and same dichroic mirror we used 
to collect fluorescence emission. A long pass filter (LP02-
488RU-25, RazorEdge, Semrock, Laser 2000) was used to 
further separate excitation from emission light where the 
former was focused by a lens onto a 100 μm confocal pinhole 
(P100S, Thorlabs). Fluorescence was subsequently directed 
toward an avalanche photodiode (SPCM-AQRH-13, 
PerkinElmer Optoelectronics) operating in single photon 
counting mode. A Time-Correlated Single Photon Counting 
board (TimeHarp 200, Picoquant GmbH) was used for lifetime 
measurements. Lifetime data was analyzed with custom 
Matlab scripts, allowing to extract fluorescence lifetimes, and 
to construct two-dimensional fluorescence intensity, lifetime 
and intensity weighted lifetime maps. Each map was 
reconstituted from 5 minutes continuous scanning consisting 
of 264 images with size 512×512 pixels, a pixel threshold of 
150 photons was used. Matlab scripts were also used to map 
out the sample area and calculate the intensity weighted 
lifetime per sample area. 
 
Water contact angle measurements 

Water contact angle measurements were performed using an 
FTA-1000 drop shape instrument; 3 μl water droplets were 
used and the contact angle of the water droplet was directly 
observed. The photoactivity of PDMS samples swell 
encapsulated with titanium dioxide nanoparticles was 
quantified using dye degradation tests. Resazurin dye was 
prepared by combining 3 g of a 1.5 wt. % aqueous solution of 
HEC polymer, 0.3 g of glycerol and 4 mg of resazurin dye, this 
was diluted evenly with ethanol (v:v) to improve spreading 
across the substrates. 1 mL of this mixture was applied to each 
of the samples, which had be previously irradiated with UV 
light (λ = 365 nm, Vilbert Lourmat VL-208BLB). The dye 
degradation was monitored using UV/vis spectroscopy (as 
above) and optical images as the UV exposure was continued. 

Results and Discussion 
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localised toward the edges exposed to the swell encapsulation 
solution. From these images relative nanoparticle 
concentrations could be established and the amount of non-
functioning particles (those trapped in the bulk of the host 
material) could also be visualised. The results were validated 
by using photocatalytic titanium dioxide nanoparticles, these 
samples demonstrated higher surface activity with longer 
nanoparticle swell encapsulation times. This was confirmed by 
examination of the wetting behaviour of the samples, whereby 
estimates of nanoparticle surface concentrations were 
established.  
The quantification of nanoparticle concentration should not 
only appeal directly to those investigating antimicrobial 
materials made via swell encapsulation, but also to those 
interested in designing efficient materials. The localisation of a 
materials active component at the surface, minimises wasted 
material which is incorporated but is lost in the bulk. 
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