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ABSTRACT

Growth factors are signalling molecules that orchestrate cell proliferation, survival and
migration. As such, they have been identified as promising therapeutics to promote tissue
repair. However, there are currently a lack of approaches that enable their effective delivery.
A promising strategy to make growth factor-based therapies more potent is to mimic the way
the extracellular matrix (ECM) coordinates the presentation of growth factors in time and
space. For example, the ECM contains domains that bind growth factors with high affinity and
contains enzymatically cleavable domains whose cleavage leads to a transient increase of the
available growth factor. One mechanism that evolved to achieve a delayed, on-demand
activation of growth factors is the traction force mediated release of the transforming growth
factor-beta β (TGF-β) from the lasso-resembling Large Latent Complex (LLC). While the use
of bioactive ECM-derived motifs has already extended the capabilities of growth factor
delivery scaffolds, traction forces have not yet been explored as a general stimulus to trigger
an on-demand release of growth factors.
This thesis presents the design of synthetic, functional mimics of the LLC, termed the Traction
Activated Payloads (TrAPs). TrAPs consist of an aptamer and a cell adhesive peptide. The
single-stranded oligonucleotide aptamer binds a growth factor via affinity interactions, which
are disrupted when the cell pulls on the complex via integrins.
This thesis demonstrates the versatility of the platform by showing: (i) that TrAPs can be
designed to deliver multiple different growth factors and (ii) that TrAPs retain their
functionality when conjugated to both a variety of surfaces and therapeutically relevant
collagen scaffolds. This thesis further demonstrates that TrAPs can be combined with various
cell adhesive peptides, making this platform the first step towards the design of cell typespecific, sequential growth factor activation.

2

DECLARATIONS

Declaration of originality
I, Anna Stejskalová, declare that the work contained in this thesis was composed by and
originated from me. All experimental results are my own, except where they have been
attributed to others. Published work of others is appropriately referenced. The use of ‘we’
throughout the thesis acknowledges the advice from others.

Copyright Declaration
The copyright of this thesis rests with the author and is made available under a Creative
Commons Attribution Non-Commercial No Derivatives licence. Researchers are free to copy,
distribute or transmit the thesis on the condition that they attribute it, that they do not use it for
commercial purposes and that they do not alter, transform or build upon it. For any reuse or
redistribution, researchers must make clear to others the licence terms of this work.

Published work
Biologically-inspired, cell-selective release of aptamer-trapped growth factors by traction
forces, Stejskalová A, Oliva N, England FJ, Almquist BD, Advanced Materials. DOI:
10.1002/adma.201806380 (In Press).
Using biomaterials to rewire the process of wound repair. Stejskalová A, Almquist BD.,
Biomater Sci. 2017 Jul 25;5(8):1421-1434.
Programmable biomaterials for dynamic and responsive drug delivery, Stejskalová A*, Kiani
MT*, Almquist BD., Exp Biol Med (Maywood). 2016 May;241(10):1127-37. (*equal
contributions)
“Traction-Activated Therapeutics”, Stejskalová A, Almquist BD, UK Patent Application No.
1615989.9, Filing Date 20 September 2016, International PCT application WO2018055360A1,
Filing Date 20 September 2017

3

ACKNOWLEDGEMENTS
First and foremost, I would like to thank my advisor Dr Ben Almquist for his guidance,
feedback and support in my research and personal development throughout my PhD.

His

enthusiasm and mentorship made the whole PhD feel like one big adventure. It has been a great
privilege to be the first PhD student in the Almquist lab.
I would further like to thank all the past and current members of the Almquist group Mehrdad
Kiani, Mara Pop, Julia Sun, Alex Cryer, Dr Nuria Oliva George and Magda Plotczyk for their
advice and help in the lab. I would especially like to thank Mara Pop for her help with
cryosectioning and Mehrdad Kiani for being the best badminton partner.
My thanks belong to the very talented UROP students, Frances England, Elena Drudi,
Magdalene Ho and Bea Bezdadea who were a great addition to our lab and also contributed to
some of the research presented in this thesis, especially towards optimising the collagen
scaffolds.
My special thanks belong to Anabela Cepa Areias, for her positive energy, Alice Spenlehauer,
for being the best coffee buddy, Michael Madekurozwa, for all the debates and snacks, Nicola
Ciganovic, for bringing a bit of culture to our PhDs, Ester Reina Torres for providing calm
perspective and Francesco Gianolli for being a great office-mate. Thank you for sharing the
ups and downs of the PhD journey with me and for being not only great colleagues but also
great friends.
I would also like to acknowledge Dr Yiyang Lin for his help with troubleshooting the HPLC,
the fantastic staff of the FILM facility, the NMR and the mass spec facilities as well as the
Bioengineering technicians Joel Eustaquio and Kosta Rolev for always being very helpful.
Finally, I would like to thank my family: Vašek for his love, kindness and support; my brother
and sister, Jakub and Karolina for always being great conversation partners and friends to me;
my grandparents, and especially my Grandpa for emailing me interesting papers; and my Mum
and Dad for passing on us their excitement for exploring the world around us in all its depth
and breadth (and also for simply being the best parents anyone could ever ask for).

4

LIST OF FIGURES
Figure 1. Tissue repair is a dynamic process. However, traditional hydrogels have been either static or
degraded at pre-defined rates. Emerging hydrogels are designed to be dynamic, to contain bioactive
signals and to orchestrate various stages of tissue repair. Reprinted from 24 with the permission
from Springer Nature. .................................................................................................................... 24
Figure 2. Four stages of cutaneous tissue repair: haemostasis, inflammation, proliferation and
remodelling. All these stages are orchestrated by signalling molecules, the growth factors (listed in
white boxes). Figure reprinted from 28 with permission from AAAS...........................................28
Figure 3. Mammalian growth factors consist of multiple domains and motifs. Examples of such domains
include the growth factor core domain(dark blue) and the basic retention motif (green) that targets
the growth factor to the ECM. Reprinted from

36

with the permission of Cold Spring Harbor

Laboratory Press ............................................................................................................................ 29
Figure 4. The cytoplasmic domain of the vascular endothelial growth factor receptor (VEGFR).
Depending on which sites are phosphorylated, VEGFR stimulation induces various downstream
effects including proliferation, migration and vascular permeability. Based on ref 40. .................30
Figure 5. The PDGF-BB signalling is context dependent. A. Blood vessel formation in wild-type and
PDGFret/ret mice

E12.5

hindbrain.

When

the

ECM

targeting

domain

is

removed

(PDGFret/ret mice), pericytes (green) do not adequately cover endothelial cells (red). Reprinted
from39 with the permission from Cold Spring Harbor Laboratory Press. B. Proliferation rate of
fibroblasts increases and then plateaus with increasing PDGF concentrations (open circles).
Migration exhibits a bi-phasic response to PDGF-BB stimulation (closed circles). Reprinted from
44

with the permission from Rockefeller University Press ............................................................. 31

Figure 6. The spatial distribution of VEGF is tightly regulated and has a direct impact on the shape of
the vasculature. A &B. VEGF typically has three isoforms, each of which has a different diffusivity
through the matrix, which results in VEGF gradients. When only VEGF120/120 is present, the
gradient becomes shallow. Figure from ref

62

. C&D.The branching of a blood vessel plexus is

guided by heparin-bound VEGF. If such binding is lost (only VEGF120/120 is expressed),
endothelial cells are exposed to aberrant cues that result in the formation of the abnormal
vasculature. From ref 59. E. The proteolytic control provides another level of control over VEGF
signalling. Only proteolytically-cleaved fragments (VEGF113) or degradation-resistant fragments
VEGFΔ108-118 result in an abnormal vasculature. Figure reprinted from ref

61

with the permission

from Rockefeller University Press................................................................................................. 34
Figure 7. Synergies between the growth factor and integrin binding sites on fibronectin. a. Fibronectin
consists of many functional domains, including integrin and growth factor binding sites. Source
from ref 65 b. Martino and colleagues functionalized hydrogels with the Integrin-bind domain and
GF-binding domain (FN III9-10/12-14). C. Synergistic signalling between integrin binding
domains and growth factor binding domains lead to a more pronounced increase in endothelial cell
proliferation when exposed to VEGF. When the domains FN III9-10 and III12-14 are added

5

separately, the synergistic effect is lost64. Figures reprinted with the permission from Springer
Nature and AAAS.......................................................................................................................... 35
Figure 8. Heparan sulphate proteoglycans provide an additional layer of control over growth factor
signalling. The growth factor is sequestered in the extracellular space from which it is released
either slowly (high-affinity binding) or more rapidly (low-affinity binding); the release from the
extracellular space is increased upon enzymatic degradation of the proteoglycan. Heparan sulphate
proteoglycans also provide control over growth factor presentation to the receptors in the
pericellular space. Reprinted from ref 72 with the permission from Royal Society Publishing. ....37
Figure 9. Each type of protein requires a different type of controlled release system. A. A hydrogel for
sustained release of growth factors is suitable for the delivery of hormones. Growth factor delivery
systems inspired by controlled-release strategies for small drugs also frequently have this design.
B. Cell instructive scaffold recruits cells and subsequently directs their phenotype and
morphogenesis. .............................................................................................................................. 39
Figure 10. Basic properties of a cell-instructive scaffold. The material should support cell adhesion, be
biodegradable, have suitable mechanical properties and be porous enough to allow for cell invasion
and nutrient exchange. ...................................................................................................................40
Figure 11. Three main approaches to growth factor delivery. The release profile can be modulated using
either physical barriers or chemical interactions. The chemical interactions can either be covalent
or affinity-based ............................................................................................................................ 42
Figure 12. Growth factors bind to various ECM components via affinity interactions. The data were
obtained by Martino and colleagues using ELISA and identify PIGF-2 as an exceptionally strong
binder towards several ECM components. Reprinted from 127 with the permission of the publisher
AAAS. ...........................................................................................................................................49
Figure 13. SELEX is an in vitro evolution method commonly employed to select suitable aptamers that
bind the target growth factors with high affinity. Figure based on 132 ...........................................50
Figure 14. A. The KD and concentration of aptamer dictate the overall growth factor release rate. A. The
release of PDGF-BB from aptamer functionalized hydrogels is influenced by the K D. The higher
the KD, the more rapid the release (black). Taken from

137

. B. The molar ratio of the aptamer to

VEGF impacts VEGF retention. C. The link between the molar ratio of aptamer: VEGF and the
rate of VEGF release (f2.5 and f5 signify 2.5:1 and 5:1 ratios of an aptamer to VEGF, respectively)
138

. The higher the ratio, the slower is the release. Figures reprinted with the permission of the

publisher Wiley Online Library. ....................................................................................................51
Figure 15. Angiogenesis is sequentially regulated by pro-angiogenic (VEGF, Ang2) and pro-maturation
signals (PDGF, Ang1). Their sequential administration is critical and simultaneous stimulation of
cells with all these signals abrogates angiogenesis. Reprinted with the permission of the
publisher143 ....................................................................................................................................53
Figure 16. Sequential delivery of two growth factors at pre-programmed rate was achieved using
polymeric scaffolds. 145 Reprinted with the permission of Springer Nature. .................................54
Figure 17. In vitro mechanical stimulation of alginate hydrogels induces VEGF release. Figure a. depicts
the loading regimen. Figure b shows that alginate hydrogels stimulated with a strain of 10% (open

6

circle) release the growth factor less rapidly than cells strained with an amplitude of 25% (open
squares). Non-compressed hydrogels (filled circles) result only in a minimal VEGF release.
Reprinted with the permission of Springer Nature 146. .................................................................55
Figure 18. Two different approaches to photopatterning hydrogels with growth factors. A. The Lutolf
group employed light to site-specifically photoactivate FXIIIa factor. The hydrogels were
subsequently incubated with a growth factor that recognises and binds to FXIIIa

152

. B. DeForest

and colleagues used photochemistry to both catalyse the site-specific conjugation of growth factors
to a hydrogel via oxime ligation and to photorelease the proteins using photocleavable linkers with
aldehydes 153. Figures reprinted with the permission of Springer Nature. .....................................57
Figure 19. Enzymatic, on-demand release of growth factors. A. Three different types of VEGF were
incorporated into a fibrin network and were engineered to achieve varying release profile through
controlling their enzymatic cleavage. B. The effect of different VEGF cleavage was tested by
evaluating their effect on the maturation of human endothelial pluripotent cells (green stem cell
antigen CD133, red DAPI). The amount of CD133 was the highest in the α2PI1-8-VEGF121 and the
lowest in the VEGF121, suggesting that the burst release promoted rapid differentiation. Reprinted
from 160 with the permission from Elsevier. ..................................................................................59
Figure 20. The sequential on-demand release of growth factors from aptamers using hybridisation. A.
An aptamer (ON2) attached to a hydrogel binds a growth factor with high affinity. When a
complementary oligonucleotide (ON1) is photo-released, it hybridises the aptamers (ON2) and
triggers the release of the growth factor Pr. The figure is taken from

167

. B. Sequential release of

VEGF(green) and PDGF-BB (red) triggered by sequential hybridization of two distinct aptamergrowth factor complexes 166. Figures reprinted with the permission from ACS Publications. ......61
Figure 21. On-demand growth factor delivery. Most stimuli (deformation, light, displacement-ligands)
need to be applied externally. Enzymatic digestion via MMP is an example of a cell-derived
stimulus. ........................................................................................................................................63
Figure 22. Exposing cryptic motifs. a. A cryptic binding site. Mechanisms via which it can be exposed
include b. Surface adsorption, c. Interaction with other molecules, d. Mechanically-induced
deformation E. proteolysis that results in the unmasking of the cryptic site, and f. Proteolysis that
releases the binding site to the environment. Reprinted from 171...................................................64
Figure 23. Sequential activation of growth factors within scaffolds. a. Extracellular matrix (ECM) either
concentrates growth factors in their active form (green growth factor, red – active receptor binding
site, left) or their inactive form (grey growth factor, grey circle – inactive binding site right). The
receptor binding sites on growth factors are exposed (red circle) when stimuli, such as force or
enzymatic cleavage of the substrate are applied. B. Some growth factors, shown in green, have
exposed growth factor receptor binding sites (red circle) when attached to a matrix. Other growth
factors, shown in grey, cannot bind their receptors when attached to the ECM (grey circle). For the
growth factor to be recognised by cells, its receptor binding site needs to be activated (red circle),
using a stimulus. ............................................................................................................................ 65
Figure 24. The growth factor TGF-β1 triggers differentiation of fibroblasts into myofibroblasts that
subsequently contract the wound and produce temporary scar tissue. A. The growth factor TGF-

7

β1 is present in the wound during early stages of tissue repair where it is released from activated
platelets and by immune cells. B. TGF-β1 directs fibroblasts to differentiate first into protomyofibroblasts and subsequently into myofibroblasts, highly contractile myosin-rich cells C.
Myofibroblasts contract the wound in a highly spatiotemporally coordinated manner while
depositing collagen fibrils that repair and seal the defect. D. Once the wound is repaired, the
myofibroblasts undergo apoptosis and the scar is slowly remodelled. Reprinted from

173

with the

permission of Springer Nature. ......................................................................................................66
Figure 25. Transforming growth factor beta (TGF-β) is released from a Large Latent Complex (LLC)
directly by cells. Integrins attach to RGD cell-binding sequence on the straitjacket-like complex
LLC, open it using traction force, thus releasing TGF-β (Right: Detail of TGF-β release from LLC
by traction forces Reprinted from 175 with the permission of Rockefeller University Press). .......68
Figure 26. Cell adhere to the ECM via integrins. Integrins organise into focal adhesions via which they
apply and sense forces in the process termed mechanotransduction. Reprinted from

187

with the

permission from Wiley Online Library. ........................................................................................ 69
Figure 27. Measuring forces applied by individual integrins using MTFMs. A. Depicts a general design
of an MTFM probe. Reprinted with permission from

190

. Copyright (2017) American Chemical

Society B. Forces are the highest at cell edges. Measurements using DNA-based traction force
probe make it possible to measure traction forces with high spatial distribution. Reprinted from 195
with the permission from Springer Nature. ...................................................................................70
Figure 28. Force probes to evaluate traction forces. Only probes designed to withstand forces of T tol
43pN and higher resisted unzipping caused by cellular traction forces and supported cell adhesion.
Reprinted from196 with the permission of the publisher Springer Nature. .....................................71
Figure 29. Design concept. (a) Large latent complex binds TGF-β. (b) TGF-β is released from LLC using
traction forces. (c) TrAPs bind growth factors (blue). (d) The growth factor is released using
traction forces. Image was reprinted from197under permission of a creative commons license .....72
Figure 30. Main functional components of TrAPs. Aptamer (red) both binds growth factors and
undergoes conformational changes in response to forces. The cell adhesive peptide is recognised
by integrins and the substrate conjugation site enables binding of the complex to a material of
interest. Flexible PEG spacers are added to ensure aptamer binding to the material does not interfere
with its folding and three-dimensional structure. ..........................................................................74
Figure 31. Selection of suitable aptamers. a. Low KD in the nM range ensures the growth factor will only
be released slowly without the presence of an active stimulus. Graph reprinted from a modelling
study done by 210 b. The anti PDGF-BB aptamer used in this study can be modified on both of its
ends without affecting its ability to bind PDGF-BB. Binding of PDGF-BB stabilises the stem
region. Reprinted from 208 with the permission of Springer Nature. .............................................76
Figure 32. Solid-phase DNA synthesis consists of six main steps. Reprinted from 228 with the permission
of Springer Nature. ........................................................................................................................ 83
Figure 33. Schematic of the reactions used to prepare TrAPs. (a) GRGDSPC and GRGDSPC were
reacted with thiol-DBCO to introduce DBCO onto the peptides. (b) PDGF-BB aptamer 2 was
reacted with the peptides to create TrAPs 3a-b (c) Dithiols were reduced using TCEP and the TrAPs

8

conjugated to the desired material using a maleimide-thiol coupling. Red ribbon represents the
aptamer and blue ribbon a PEG linker. .......................................................................................... 87
Figure 34. MerMade 6 solid-phase DNA synthesizer used for DNA oligo synthesis. A. Schematic of the
DNA synthesizer. Computer operates the fluidics and moves the metallic chuck to ensure the
oligonucleotide of the desired sequence is synthesized in each of the plastic solid supports. Up to
6 independent oligonucleotides can be synthesized during one run. Addition of each new amidite
onto a growing oligo is monitored using the trityl monitor after each drain step B. Figure shows a
metallic chuck with columns containing oligos to which individual phosphoramidites and wash
solutions are administered in a step-wise manner using fluidics. The MerMade 6 synthesiser can
synthesise up to 6 oligonucleotides during one synthesis cycle. The plastic columns (blue, red,
yellow) are pre-loaded with the first amide prior to the start of the synthesis. C. The machine
automatically monitors the level of detritylation following the conjugation of each amidite and
modifiers (e.g. PEG modifier) which makes it possible to detect a problem during the synthesis.
The figure shows a typical trityl log for a 40-mer oligonucleotide with an end-bromine that does
not undergo tritylation. ..................................................................................................................88
Figure 35. The synthesis scheme used to fabricate 3’ thiol and 5’ azide terminated VEGF aptamers 4.
Red ribbon represents the oligonucleotide, blue ribbons represent PEG spacers and yellow
rectangle represents the plastic column to which the oligo is attached during the synthesis. Product
4 was synthesised in-house using a MerMade 6 synthesiser with thiol-modified solid-support and
bromine as an end functionality. Bromine was subsequently converted to azide using sodium azide
and sodium iodide in DMF during an hour- long incubation at 70°C. The deprotection scheme
using AMA was employed for 2 hours at RT and cleaved the oligo from the solid support at the
same time. ......................................................................................................................................89
Figure 36. Analysis of solid-phase DNA synthesis using the denaturing TBE-Urea gels. TBE-Urea gels
and NanoDrop were used to quantify the quality and yield of synthesis following each synthesis
round A. A representative image of one synthesis round, during which the PEG-modified-VEGFaptamer oligo was synthesized on the first three plastic solid supports (columns) placed in the
synthesizer (Column 1-3) and an oligo modified-VEGF-without PEG linkers was synthesized on
column 4. While the synthesis yield can be affected by several factors, including the storage time
of the reagents our results, unexpectedly, show that the quality of the synthesis also varies between
the columns even for the same sequence synthesised during the same synthesis-run (Column 1-3)
which further indicates that it is necessary to characterize each product even for established
protocols. B. The yield of the synthesis was analysed using NanoDrop and is the highest for the
column 3. .......................................................................................................................................90
Figure 37. General sequence of modified-aptamers used in this study. Aptamers were synthesised to
contain PEG flexible linkers and two orthogonal click groups, an azide and a thiol (shown in the
form of a disulphide). Aptamers used in this thesis were either purchased (product 2) or synthesised
in house (product 4). ...................................................................................................................... 91

9

Figure 38. Mass spectrum of GRGDSPC before its reduction with TCEP. Peaks appear at 691.2935 and
1379.5725, suggesting the presence of dimerized molecules (MWcalculated = 1379.44, m/z=1368.54,
Exact mass=1378.54) .................................................................................................................... 91
Figure 39. Mass spectrum of the products of the peptide – maleimide-DBCO reaction. Left: MALDI of
reaction between TCEP reduced GRGDSPC and maleimide-DBCO, Right: Structure and
calculated masses of TCEP-DBCO (MWcalculated=679.66). ............................................................ 92
Figure 40.A representative HPLC purification trace of GRGDSPC-DBCO (1a). HPLC purification was
performed following each synthesis round. The elution time for each peak was the same for each
synthesis round. ............................................................................................................................. 92
Figure 41. Mass spectra of peptides 1a and 1b following HPLC purificaiton confirm successful synthesis.
(Left) MALDI-TOF spectrum of GRGDSPC-DBCO, MWcalculated = 1118.19, MWmeasured
=1119.2 [M+H]+ (1a) (Right) MALDI-TOF spectrum of GRDGSPC-DBCO after HPLC
purification (1b), MWcalculated = 1118.19, MWmeasured =1119.7 [M+H] + .............................. 93
Figure 42. Reversed-phase HPLC elution profile (UV absorbance 220nm.) The TCEP-DBCO by-product
is marked with a grey rectangle. The chromatogram suggests that the retention time for TCEPDBCO is close to that of peptide-DBCO products. .......................................................................94
Figure 43. TCEP reacts with maleimide. GRGDSPC: TCEP: DBCO-mal were reacted at the ratios a.
1:1:3, b. 1:2:5, c. 1:4:5. The mass spectra determined for each peak using ESI were: 1a:
MWmeasured=1119.2, TCEP-DBCO: MWmeasured=679.1, DBCO-mal: MW below the detection
limit of the settings used. The experiment was conducted once. ...................................................94
Figure 44. LC-MS purification of DBCO-modified peptides prepared using the TCEP reducing gel.
There is no peak at 9.5-10 that was previously determined as the elution time of the TCEP-DBCO
by-product was detected. (a) GRGDSPC-DBCO (1a) prior to purification (top) and after
purification (bottom). (b) GRDGSPCC-DBCO (1b) prior to purification (top) and after purification
(bottom). The curves are representative of all prepared and purified peptides. ............................. 95
Figure 45. Peptide concentration is proportional to the extent of its absorbance at 220 nm and thus to the
area under the peak of an HPLC chromatogram. Quantification of the concentration of the purified
peptide-DBCO peptides following HPLC was done using LC-MS by comparing the area under the
peak of each purified product (red squares) to a standard curve (black dots). Concentrations of the
products: 1a: 15.476mM, 1a’:4.745mM, 1b:13.639mM, 1b’:3.812mM, the apostrophes denote a
product that corresponds to the same product but was eluted to separate tubes during HPLC
purification. Calibration curve was generated using 5 different standards (The calibration curve
was generated once, using an n=3 of independently prepared samples) and linear regression was
used to fit the data (Y = 1675*X + 867.1; R2=0.9898). The interpolated curve represents the bestfit values ±SE. ............................................................................................................................... 96
Figure 46. Confirmation of TrAP synthesis using TBE-Urea gels. All samples were compared to a ladder
generated from single-stranded oligonucleotides (A) TBE-Urea gels confirmed successful
fabrication of both scr.-TrAPs (3b) and TrAPs (3a) as evidenced from the increase in the retention
time of these products compared to the purchased aptamer 2 alone. The reaction was successful
both for the Apt_VEGF_3 and Apt_PDGFBB_1. Figure (b) confirms the successful synthesis of

10

scr.-TrAPs (5b) and functional TrAPs (5a) from the in-house synthesised anti-VEGF aptamers (4).
....................................................................................................................................................... 97
Figure 47. Main hypothesis behind the proof of concept experiment designed to evaluate whether traction
force mediated release takes place. It was hypothesized that while both TrAPs and scr.-TrAPs can
bind growth factor PDGF-BB, PDGF-BB can only be activated in TrAPs where the cells recognize
the RGD peptide via integrins, exert force and cause conformational changes to TrAPs, eventually
exposing the growth factor receptor binding site on PDGF-BB which, in turn, triggers downstream
signalling that can be quantified. .................................................................................................101
Figure 48. Possible conformations of oligonucleotides on planar surfaces. (i) Adsorbed (ii) ‘mushroomlike’ (iii) high-density brush. Based on 253 .................................................................................102
Figure 49. Schematic of glass slide functionalization procedure adapted from Zimmerman and
colleagues 241 Red ribbon represents an aptamer and the blue shape represents a peptide terminated
with cysteine. ............................................................................................................................... 104
Figure 50. Aptamer coupling to glass slides. Thiol-functionalized aptamers only conjugated to
maleimide-containing glass slides. Aptamers deposited onto amine-functionalized glass slides
(Left) exhibited non-specific binding, as evident from the light background. Aptamers that coupled
via the thiol-maleimide reaction (Right) are only located where they were initially deposited with
an only minimal non-specific background. Sybr gold staining was used to evaluate whether the
aptamers were covalently attached to the surfaces in this experiment. .......................................108
Figure 51. Functionalization of glass slides with TrAPs. (a) 2μl droplets of aptamer-solution of varying
concentrations were reacted with maleimide-functionalized glass slides for 1 hour, washed,
incubated with SybrGold and imaged under a UVP visualizer using a 5s exposure. (b)Surface
coverage with aptamers stops increasing with increasing concentration of the incubation (original)
solution of around 20μM. The experiment was conducted once with an n=3 of spots per group.
Data represent mean ± SD (red), black line represents hyperbolic least square curve fitting and the
black dotted line standard error (± SE) of the fit, (R2= 0.9031, Degrees of freedom=19).
Background intensity was subtracted from all values before fitting. The surface coverage with
aptamers reaches half maximal value when the concentration of the incubation solution is
1.666µM. c. At low concentrations, the functionalization efficiency is limited by the rate of
adsorption as well as the reaction kinetics. At higher ligand concentrations, the effect of adsorption
rate becomes negligible and as the reaction between maleimides and thiols proceeds rapidly, the
number of conjugated ligands will depend on their relative amount (e.g. peptide to aptamer ratio)
in the incubation solution and will be less affected by slight variations in the incubation time. .109
Figure 52. Confirmation that cells adhere to TrAPs via integrins. a. Red fluorescent protein (RFP)
expressing HMEC-1 cells stained with Cell Tracker Green adhere to TrAP functionalized surfaces
but not to Scr.TrAP functionalized surfaces under low serum (0.1% conditions). HMEC-1 cells
cultured in 5% FBS adhere and spread on both scr.-TrAP and TrAP-functionalized glass slides.
Images were taken 24 hours after seeding using a 10x magnification. b. Quantification of the
number of adhered HMEC-1 cells to VEGF TrAP and scr.-TrAP-functionalized surfaces using
PrestoBlueTM metabolic assay. (The experiment was conducted once with an n=7 independent

11

coverlips,, Two-Way ANOVA, Tukey Post-hoc), **** p<0.0001 (Interaction ***p=0.0005, serum
concentration ****p<0.0001, scr.-TrAPs x TrAPs ****p<0.0001) ............................................111
Figure 53. Fibroblasts adhere to RGD containing TrAPs but not to scr.-TrAPs. a. Surface modifications
that were assessed in the fibroblast-adhesion experiment. The tested ligands included cell adhesive
peptide RGD, non-cell adhesive peptide RDG, TrAPs (anti-PDGF-BB aptamer with conjugated
RGD peptide) and scr. TrAPs (anti PDGF-BB aptamer with conjugated non-cell adhesive peptide
RDG) b. Fibroblasts adhere to TrAP-functionalized coverslips but not to scr-TrAP or maleimidefunctionalized coverslips. Titrating scr-TrAPs with the RGD peptides restores fibroblasts’ ability
to bind to surfaces containing scr-TrAPs and adding RDG to TrAPs + RGD does not significantly
affect the number of cells that adhere to the coverslips compared to TrAPs alone (experiment was
conducted once with n=3 independently prepared coverslips, One-Way ANOVA, Tukey Post-hoc)
** p≤0.01. c. Representative images of the data quantified in the figure a. Scale bar = 200 µm. The
functionalization was conducted by Ms Frances England and the images obtained by Ms Mara Pop.
..................................................................................................................................................... 112
Figure 54. TrAP-functionalized coverslips exhibit minimal growth factor release compared with RGDfunctionalized coverslips, indicating that TrAPs retained the ability to bind PDGF-BB. The
experiment was conducted once using three separate coverslips for an n=3. .............................. 113
Figure 55. Proliferation of fibroblasts increases in a dose-dependent manner (the experiment was
conducted once with n=4 independent wells per condition, R2h12=0.911, R2d4=0.8767),
EC50h12=3.565, EC50d4=5.032). The data were fitted using the least squares (ordinary) fit. There
is no statistical difference between the 12-hour and 4-day starvation groups (Extra sum-of-squares
f test used to compare the curves, Two-way ANOVA was used to compare values at individual
concentrations, both tests did not show any statistical significance) ...........................................115
Figure 56. Human dermal fibroblasts respond to PDGF-BB. The morphology of fibroblasts becomes
elongated at 1ng/ml, with higher PDGF-BB further driving this phenotype imaged using the 10x
objective. PDGF-BB also induces cells to grow on top of each other, suggesting no contact
inhibition is taking place. ............................................................................................................116
Figure 57. Experimental design for the proof-of-concept experiment. Fabrication and loading of TrAP
planar surfaces used in the proof of concept experiment in this chapter. ....................................117
Figure 58. Proof of concept experiment. Fibroblasts on coverslips functionalized with PDGF-BB-loaded
TrAPs proliferate more than on coverslips with unloaded TrAPs, unloaded scr-TrAPs, and scrTrAPs loaded with PDGF-BB. The experiment was conducted once with an n=7 independently
prepared coverslips. One-Way ANOVA, Tukey Post-hoc). *p≤0.05, **p≤0.01, ***p≤0.001,
****p≤0.0001. The data provide evidence that an active, RGD-integrin interaction dependent
release is taking place. .................................................................................................................118
Figure 59. A theoretical analysis of aptamer-based TrAPs a. Growth factor release from TrAPs depends
both on affinity interactions, and traction force meditated release. b. Cells typically exert the
highest forces at their periphery. .................................................................................................122
Figure 60. VEGF aptamer 3D structure generated using NUPACK273 software..................................124

12

Figure 61. Alternative TrAP fabrication scheme employed to fabricate amine-terminated TrAPs 8c-d
reactive towards Sulfo-SANPAH activated polyacrylamide hydrogel coatings. Cyclic peptides c
(c(RGDfC) and d (c(RADfC) are used in this formulation. ........................................................ 127
Figure 62. Evaluation of anti-VEGF aptamer’s capacity to inhibit VEGF mediated proliferation. (a)
HMEC-1 metabolic activity increases with increasing VEGF-165 concentration in a dose-response
manner (n=7 wells), data were fitted with a 4-parameter nonlinear regression. The experiment was
conducted two independent times.(b)An image taken of the 96-well plate analysed in figure a
before plate reader-based quantification. Changes in colour provide quick visual estimate of the
progress of the experiment (c) Inhibition curves for a VEGF aptamer (grey squares) and a peptidemodified VEGF aptamer (black circles) added at varying concentrations incubated with 20ng/ml
VEGF-165 show that HMEC-1metabolic activity decreases with increasing anti-VEGF aptamer
concentration, which suggests that VEGF-aptamer inhibits VEGF-165 mediated effect. n=4 wells
per condition. The experiment was repeated three independent times. The data were fitted with
three parameter nonlinear regression. .......................................................................................... 132
Figure 63. Aptamer coupling to 2D polyacrylamide hydrogels via amine-Sulfo-SANPAH reaction. (a)
Calibration curve for the ssDNA assay, Promega. Standard was added to the blank polyacrylamidefunctionalized circular 5mm-coverslips. The interpolated curve represents best-fit values of linear
regression, n=1, (Y=262.8X + 2026, R2=0.9673) (b) Confirmation of successful conjugation of
amine-aptamers to polyacrylamide hydrogels via UV-mediated, sulfo-SANPAH reaction. The
amount of conjugated oligonucleotide increases with increasing concentration of incubation
solution. N=3 independently prepared and functionalized hydrogels, the experiment was conducted
once., only two coverslips were preserved for the 10000 ng/ml incubation group. Individual data
points are plotted. Interpolated curve represents best-fit values of linear regression (Y=0.006452X4.374, R2=0.9888) ....................................................................................................................... 133
Figure 64. HMEC-1 seeded on collagen-coated polyacrylamide hydrogels respond to surface mechanical
properties. The specific formulations are: ~2 kPa (4% acrylamide/0.1% Bis-Acrylamide), ~20 kPa
(8% acrylamide/0.264% Bis-Acrylamide), ~40 kPa (8% acrylamide/0.48% Bis-Acrylamide).
These images are representative of n=3 independently prepared hydrogels and the experiment was
conducted once. ........................................................................................................................... 134
Figure 65. Proof of concept experiment using HMEC-1 cells on VEGF loaded TrAPs (c(RGDfC)
terminated) attached to 2D polyacrylamide surfaces.

HMEC-1 cells on VEGF-loaded 2D

polyacrylamide surfaces modified with TrAPs showed significantly higher metabolic activity
compared with VEGF-loaded 2D scr-TrAPs and RGD-modified surfaces. The experiment was
repeated twice with an n=7 of independently functionalized, polyacrylamide-coated coverslips,
*p=0.0240, **p=0.0076). ............................................................................................................135
Figure 66: Schematic of a two-step functionalization approach for polyacrylamide gels. STEP 1:
Acrylate-PEG-Maleimide is copolymerized with other components. STEP 2: Pre-formed swollen
hydrogels are incubated with cysteine/ thiol terminated cell-adhesive peptides or TrAPs of interest.
..................................................................................................................................................... 137

13

Figure 67. Maleimide functionalized gels incubated with ssDNA and thiol-ssDNA. Only the thiolssDNA binds to the hydrogels. This binding occurs in a dose-dependent manner. The experiment
was conducted once with n=3 independently functionalized coverslips. ....................................138
Figure 68. HMEC-1 cells adhere to RGD containing TrAPs but not to scrambled RDG containing scrTrAPs. (a) HMEC-1 cells adhered to 2 D polyacrylamide hydrogels functionalized with antiVEGF TrAPs (5a) but not to scr-TrAPs (5b) or maleimide-functionalized surfaces. Scale bar is
500μm for the top row, and 50μm for the bottom row (b) Quantification of normalised mean
fluorescence measured in the far-red channel using 5x magnification. Each data point represents
the mean normalised fluorescence of a whole image taken at five different spots from a total of 2
hydrogels per group. The number of scr.-TrAPs and TrAPs that conjugated to the surfaces was
comparable. (n=5, one-way ANOVA, Tukey’s multiple comparisons test, *p<0.05, ***p<0.001)
(c) Quantification of the number of adhered cells shows that the number of cells that adhered to
TrAPs was significantly higher compared to other surface modifications (The experiment was
conducted once with TrAPs and once with peptides with an n= 3 of independently prepared
hydrogels, one-way ANOVA, Tukey’s multiple comparisons test, **p<0.01, ***p<0.0001) ....139
Figure 69. Organization of collagen scaffolds at different levels. Zero Length crosslinkers, such as EDC
promote the reaction between amines and carboxyl groups on adjacent chains. The porous structure
is achieved through bio fabrication techniques such as freeze-drying. ........................................143
Figure 70. Two-step TrAP-functionalization scheme of collagen. Step 1. The collagen scaffolds were
EDC/NHS crosslinked in the presence of a heterobifunctional amine-maleimide linker to increase
their mechanical stability and to incorporate maleimide onto their backbone. Step 2. The
maleimide-terminated scaffolds were incubated with either a thiol-containing fluorescently
labelled peptide FAM-GRGDSPC, thiol containing peptide GRGDSPC or with thiol-TrAPs in
order to achieve their functionalization. The blue rectangles represent individual tropocollagen
fibres organised into fibrils. .........................................................................................................150
Figure 71. The fluorescent intensity of FAM increases linearly with its increasing concentration across
the used range of concentrations. N=1, the black line represents the linear regression fit. (Y =
663.5*X + 99.02, R2=0.9998). The calibration curve was generated independently for each
experiment. The curve shown represents a typical result. ........................................................... 151
Figure 72.Diffusion through collagen scaffolds. Left: Scaffold immersed in food dye. Middle: Food dye
injected in the middle of the scaffold. Right: food dye was injected into four scaffold corners. These
experiments were done together with Ms Bea Bezdadea ............................................................ 151
Figure 73. Conjugation efficiency of FAM-GRGDSPC to either a group of scaffolds that were only EDC
crosslinked (black) or EDC crosslinked in the presence of amine-maleimide (grey). Maleimide is
necessary to achieve the incorporation of cysteine terminated biomolecules FAM-GRGDSPC into
scaffolds. The coupling efficiency across all groups is 27.0±3.7%. The amount of EDC has no
significant effect on the amount of conjugated peptide(The experiment was conducted twice with
comparable results with always using an n=3 of independent collagen sponges) (A two-way
ANOVA, p=0.05, pinteraction=0.1085, pEDC_concentration=0.0974, ****pamine-maleimide<0.0001). ..........152

14

Figure 74. EDC/NHS crosslinking increases mechanical stability of collagen scaffolds. a. The use of
EDC/NHS significantly reduced swelling of the scaffolds in PBS solution, measured as height in
pixels (t-test, p<0.05). b. The EDC/NHS scaffolds retained their shape after removal from PBS to
the air while the native scaffolds collapsed. Collectively, these morphological changes provide
evidence that the crosslinking reaction proceeded as expected 301. The experiment was conducted
once with n=3 independently prepared collagen sponges and similar macroscale characteristics
were typical for each subsequent functionalization and were used as a quick additional measure of
whether the crosslinking reaction was successful. .......................................................................153
Figure 75. Optimization of buffer conditions and the number of washes necessary to remove
unconjugated oligonucleotides. PBS (closed circle) removes the aptamer with the highest
efficiency (n=2). Nine washes are needed to remove the unconjugated oligos completely. The
incubation steps were conducted by Ms Magdalene Ho. The experiment was conducted once, and
similar measurements were performed to assess the quality of functionalization in other
experiments. ................................................................................................................................ 154
Figure 76. Confirmation that TrAPs react with maleimide throughout the thickness of the scaffolds.
Maleimide-functionalized sponges were reacted with VEGF-TrAPs 5a. The scaffolds were
subsequently snap-frozen and sectioned. Individual sections were incubated with IRD-700 dye
tagged anti-sense aptamer, washed thoroughly, and imaged using the same settings across all
conditions. The IRD700 aptamer could be detected only on scaffolds pre-functionalized with
maleimide. Several images were taken, and the images above are representative of each condition.
The experiment was conducted once Scale bar is 200μm. The functionalisation was performed by
Ms. Magdalene Ho and cryosectioning was conducted by Ms Mara Pop. ..................................155
Figure 77. Fibroblasts in collagen sponges functionalized with PDGF-BB-loaded TrAPs exhibit
significantly higher metabolic activity than fibroblasts in collagen sponges functionalized with scrTrAPs loaded with PDGD-BB and crosslinked scaffolds without PDGF-BB. The experiment was
conducted once with n=5 independently prepared collagen scaffolds. (One-Way ANOVA, Tukey
Post-hoc). *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001. Metabolic activity was quantified by
first removing the old media from the scafflds and subsequently adding fresh media pre-mixed
with Presto Blue assay at 1:9 ratio of the assay to minimal media (0.1% FBS) in which all the
samples were inucbated on an orbital shaker at 37% and 5% CO2 for three hours before the
fluorescent signal was read using a plate reader. .........................................................................156
Figure 78. Aptamer properties that need to be considered when fabricating TrAPs. ........................... 164

15

LIST OF TABLES
Table 1. Comparison of the main approaches to growth factor delivery..........................................62
Table 2. Aptamer sequences against PDGF-BB and VEGF……………………………………………76
Table 3. Settings used during solid phase DNA synthesis………………………………………79
Table 4. Oligonucleotides employed in this study. Isp18 signifies an internal 18-atom hexa-ethylene
glycol spacer……………………………………………………………………………………………80
Table 5. PDGF-BB TrAP, GRGDSPC and GRDGSPC concentrations used in the cell adhesion 2D
studies....................................................................................................................................................104
Table 6. PDGF-BB TrAP, GRGDSPC and GRDGSPC concentrations used in the 2D proof of concept
studies. Note that the RGD concentrations across groups are matched, and the TrAPs groups contain
additional GRGDSPC and GRDGSPC peptides………………………………………………...105
Table 7. PDGF-BB-TrAP and peptide concentrations used to functionalize collagen sponges for a 3D
proof of concept study............................................................................................................................146
Table 8. Concentrations of compounds utilized to functionalize collagen scaffolds with TrAPs..146
Table 9. Typical parameters of an aptamer therapeutic Pegaptanib that have been optimised before its
use in the clinics. The table is based on135…………………………………………………………….164

16

LIST OF ABBREVIATIONS
AFM
2D
3D
aECM
ANG-1 and 2
bFGF
BMP
c(peptide)
CPG
CSF
DBCO
DI
DMEM
DNA
ECM
EDC
EGF
ELISA
Eq.
ERK
FBS
FDA
FGF-2
FN
FRET
GAG
GF
GRFR
HMEC-1
hMSCs
HPLC
HUVEC
IGF
IM
KD
LAP
LC-MS
LLC
LTBP-1
MALDI-TOF
MMP
MSCs
NGF
NHS
PBS

Atomic Force Microscope
Two Dimensional
Three Dimensional
Artificial Extracellular Matrix
Angiopoietin 1 and 2
Basic Fibroblasts Growth Factor
Bone Morphogenetic Protein
Cyclic Peptide
Controlled Pore Glass
Colony Stimulating Factor
Dimethyl Sulfoxide
Deionized water
Dulbecco's Modified Eagle Medium
Deoxyribonucleic Acid
Extracellular Matrix
1-Ethyl-3-(3-Dimethylaminopropyl) Carbodiimide
Endothelial Growth Factor
Enzyme Linked Immunosorbent Assay
Equation
Extracellular Signal Regulated Kinase
Foetal Bovine Serum
Food and Drug Administration
Fibroblasts Growth Factor 2
Fibronectin
Förster Resonance Energy Transfer
Glycosaminoglycan
Growth Factor
Growth Factor Receptor
Human Microvascular Endothelial Cells 1
Human Mesenchymal Stem Cells
High Performance Liquid Chromatography
Human Umbilical Vein Endothelial Cells
Insulting Growth Factor
Image
Binding Constant
Latency Associated Peptide
Liquid Chromatography-Mass Spectrometry
Large Latent Complex
Latent-Transforming Growth Factor Beta-Binding Protein 1
Matrix-Assisted Laser Desorption/Ionization
Matrix Metalloproteinase
Mesenchymal Stem Cells
Nerve Growth Factor
N-Hydroxysuccinimide
Phosphate-Buffered Saline
17

PCL
PCR
PDGF-BB
PEG
PI3K
Pla
PLGA
Rac
RT
RTK
scr.-TrAPs
SD
SE
SELEX
SMCs
TBE
TCEP
TGF-β
TrAPs
TrAPs
Tyr
VEGF
VEGFR
α-SMA

Polycaprolactone
Polymerase Chain Reaction
Platelet Derived Growth Factor Bb
Poly(Ethylene)Glycol
Phosphatidylinositol 3'kinase
Plasmin
Poly(Lactic-Co-Glycolic Acid)
Ras-Related C3 Botulinum Toxin Substrate
Room Temperature
Receptor Tyrosine Kinase
Scrambled Traps
Standard Deviation
Standard Error
Systematic Evolution of Ligands By Exponential Enrichment
Smooth Muscle Cells
Tris/Borate/EDTA
Tris(2-Carboxyethyl) Phosphine
Transforming Growth Factor Beta
Traction Activated Payloads
Traction Activated Payloads
Tyrosine
Vascular Endothelial Growth Factor
Vascular Endothelial Growth Factor Receptor
Alpha Smooth Muscle Actin

18

TABLE OF CONTENTS
1.

2.

INTRODUCTION AND SCOPE OF THE THESIS ............................................................. 21
1.1.

MOTIVATION .........................................................................................................................21

1.2.

AIMS OF THE THESIS ..............................................................................................................24

BACKGROUND .................................................................................................................... 26
2.1.

TISSUE REPAIR- AN INHERENTLY DYNAMIC PROCESS.............................................................26

2.2.

GROWTH FACTORS- MODULATORS OF TISSUE REPAIR ............................................................28

2.3.

ENGINEERING CELL-INSTRUCTIVE SCAFFOLDS ......................................................................39

2.4.

APPROACHES TO GROWTH FACTOR DELIVERY .......................................................................41

2.5.

ENGINEERING SEQUENTIAL AND ON-DEMAND PRESENTATION OF GROWTH FACTORS ............53

2.6.

BIOLOGICAL INSPIRATION: LARGE LATENT COMPLEX AND MECHANICALLY ACTIVATED

GROWTH FACTOR DELIVERY ...............................................................................................................66

3.

4.

5.

2.7.

HYPOTHESIS: FORCE AS A GROWTH FACTOR RELEASE STIMULUS...........................................72

2.8.

ORGANISATION OF RESULTS CHAPTERS .................................................................................73

DESIGN AND FABRICATION OF TRAPS ......................................................................... 74
3.1.

TRAP DESIGN ........................................................................................................................74

3.2.

CHAPTER OBJECTIVES............................................................................................................78

3.3.

MATERIALS AND METHODS ...................................................................................................79

3.4.

MAIN METHODS USED ............................................................................................................82

3.5.

RESULTS AND DISCUSSION ....................................................................................................86

3.6.

CONCLUSIONS .......................................................................................................................97

ON-DEMAND TRACTION FORCE MEDIATED RELEASE ............................................ 99
4.1.

INTRODUCTION ......................................................................................................................99

4.2.

CHAPTER OBJECTIVES ..........................................................................................................102

4.3.

MATERIALS AND METHODS .................................................................................................103

4.4.

RESULTS ..............................................................................................................................108

4.5.

DISCUSSION .........................................................................................................................119

4.6.

CONCLUSIONS .....................................................................................................................123

EXPLORATION OF VEGF TRAPS ON HYDROGEL SURFACES ................................ 124
5.1.

INTRODUCTION ....................................................................................................................124

5.2.

CHAPTER OBJECTIVES ..........................................................................................................125

5.3.

MATERIALS AND METHODS .................................................................................................126

5.4.

RESULTS – 2 D POLYACRYLAMIDE GELS.............................................................................131

19

5.5.

DEVELOPMENT OF AN IMPROVED APPROACH TO ORTHOGONAL FUNCTIONALIZATION OF

POLYACRYLAMIDE 2D GELS .............................................................................................................136

6.

5.6.

DISCUSSION .........................................................................................................................140

5.7.

CONCLUSIONS .....................................................................................................................141

TRAP INCORPORATION INTO THERAPEUTICALLY RELEVANT COLLAGEN

SCAFFOLDS ................................................................................................................................ 142
6.1.

INTRODUCTION ....................................................................................................................142

6.2.

CHAPTER OBJECTIVES ..........................................................................................................144

6.3.

MATERIALS & METHODS ....................................................................................................145

6.4.

RESULTS ..............................................................................................................................149

6.5.

DISCUSSION .........................................................................................................................157

6.6.

CONCLUSIONS .....................................................................................................................159

7.

THESIS CONCLUSIONS ................................................................................................... 160

8.

FUTURE WORK ................................................................................................................. 164

9.

LITERATURE ..................................................................................................................... 168

20

1. INTRODUCTION AND SCOPE OF THE THESIS
1.1.

Motivation

Traumatic injuries, infections and metabolic diseases often result in non-healing tissue damage
that requires medical intervention1. While a number of interventions exist for patients with nonhealing wounds, none provide the ideal solution. Traditionally, non-healing wounds, especially
of the skin, are treated using the grafting with autografts, using patient’s own tissue, or
allografts, where donor’s tissue is used to replace the damaged tissue2. While extensively used,
autografts require an additional operation during which patients’ own tissue needs to be
harvested3. This procedure leads to scarring at the harvest site and is particularly limiting in
patients with large-scale injuries or with impaired wound healing3. Allografts in principle
bypass this need, however, they are frequently rejected and require the patients to use
immunosuppressive drugs that, on their own, significantly decrease patients’ life span2.
To address the lack of suitable treatments, researchers sought to develop alternative materials
capable of interacting with tissues at the molecular level and promoting wound healing.
Motivated by the need to promote skin repair in burn-victims with large-scale wounds in whom
harvesting tissue from other body parts is not an option, Yannas and Burke in 1981 developed
a product consisting of highly porous, collagen-based scaffolds and in vitro expanded sheets
of keratinocytes4. The collagen scaffold served as a template, which was invaded by fibroblasts
and subsequently degraded and replaced by the native extracellular matrix (ECM). By
expanding keratinocytes in vitro, the authors made it possible to get much higher numbers of
autologous cells in a therapeutically relevant time frame4.
In the late 1980s, biomaterials were used for the first time as cell delivery vehicles. Vacanti
and colleagues were the first to use biodegradable artificial polymers polyglactin 910,
polyanhydrides and polyorthoester as matrices for cell transplantation5. The authors
transplanted hepatocytes, intestinal cells and pancreatic islets. While hepatocytes and intestinal
cells engrafted successfully, and the cell mass even became vascularized, pancreatic cells did
not survive the implantation, indicating that materials had to be tailored for each cell type. By
1991, Vacanti and colleagues successfully combined a synthetic polymer template with
chondrocytes to promote cartilage growth in animal models. Crucially, this material was fully
biocompatible and biodegradable6.
The advances in biological research in the second half of the 20 th century have made it possible
to better understand the molecular basis of tissue repair and to identify individual biological
molecules that could be used as therapeutics in the context of tissue repair. Especially
promising class of molecules in this regard are growth factors, polypeptides that promote
21

cellular survival, proliferation and migration either locally in an autocrine or a paracrine
manner7, 8. The first growth factor was discovered in 1954 by Levi-Montalcini and Cohen who
observed that transplanting tumours into chicken embryos induced the growth of neurons and
showed that this response is caused by the nerve growth factor (NGF)9. Following this
discovery, tens of additional growth factor have been shown to orchestrate various stages of
development and tissue repair10.
All these developments attracted significant interest from scientists across disciplines and in
1993, Langer & Vacanti published their seminal review in which they defined the newly
formed field of tissue engineering as “an interdisciplinary field that applies the principles of
engineering and the life sciences toward the development of biological substitutes that restore,
maintain, or improve tissue function”. The authors also outlined the tissue engineering triad:
cells, signals and scaffolds. The advancements in biology indicated that in some instances,
purely cell-based approaches might be enough to achieve that goal. In 1998, advances in stem
cell technology gave rise to a new field of regenerative medicine 11. Regenerative medicine is
currently an overarching term for both scaffold-free cell therapy and tissue engineering, and
both disciplines aim to modulate tissue repair at the level of cellular and molecular biology12.
Currently, there are three main approaches to tissue engineering13. The first approach relies on
the direct injection of either cells or growth factors to the damaged tissue. The second approach
aims to engineer entire biomimetic tissue constructs in vitro using cells, materials and growth
factors. The third approach, sometimes referred to as the “scaffold-based” tissue engineering14,
is based on a scaffold that is either alone or in combination with growth factors and cells,
implanted in vivo, where it attracts the appropriate cell types and subsequently orchestrates
their growth and differentiation. Each of these approaches has its advantages and limitations.
Direct, bolus injection of either cells or signalling molecules, while straightforward and readily
applicable, did not yield the desired therapeutic target in most clinical studies. In particular,
injected cells deprived of cell adhesive sites typically exhibit low survival rates and poor tissue
integration15. Systemic bolus injections of growth factors also proved ineffective due to the
short half-life of growth factors in serum16, while repeated local injection of growth factors was
associated with aberrant tissue growth17.
Combining scaffolds, cells and signals in vitro has been successfully used to fabricate simple
organs18. An advantage of this approach is that the researchers can effectively stimulate the
constructs with both mechanical signals and growth factors to direct organ morphogenesis.
While promising, the clinical translation of this approach might be slow as this approach
requires a costly infrastructure of specialised laboratories where the cells are expanded under
sterile conditions19. Additionally, the need for tissue isolation is currently limiting, especially
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in patients with inadequate tissue repair capacity, such as patients prone to developing nonhealing skin ulcers. For this reason, all of the FDA approved tissue-engineering therapies to
treat diabetic skin ulcers, such as Apligraf®, are fabricated from donor cells20, and while these
products provide clinical benefits, they serve only as a temporary cover and are ultimately
rejected by the body2. Finally, widespread use of this approach is limited by the poor
vascularisation of the implants in vivo, which frequently results in necrotic cores within the
implant and eventually its failure21.
The scaffold-based tissue engineering obviates the need for the in vitro expansion of patient’s
cells, as the scaffold is designed to direct tissue repair and regeneration directly in situ7. In
addition, the scaffolds can temporarily fill the defect and provide structural support for the
newly growing tissue. The 3D structure of scaffolds is ideally suited to concentrate therapeutic
cell instructive signals at the site of injury at pre-defined doses7. However, the current control
over the spatiotemporal presentation of the stimuli in scaffolds does not allow to precisely
mimic the physiological tissue repair process, in which growth factors and other stimuli are
presented sequentially in a highly localised manner13. The insufficient control over the
presentation of signalling molecules results in mismatched signalling (Figure 1)22 and is a key
limitation of the currently available scaffolds22, 23.
The ultimate goal of scaffold-based tissue engineering is to create a dynamic material that
would be capable of imparting various stimuli to the healing tissue, evaluating in real time
which stimuli need to be administered at a given time point 24, 25, 26. By doing so, such a scaffold
would orchestrate the elaborate process of tissue repair step by step. Achieving this goal would
lead to significant advances in the treatment of non-healing wounds and is critically dependent
on having suitable enabling technologies capable of facilitating the on-demand growth factor
activation.
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Figure 1. Tissue repair is a dynamic process. However, traditional hydrogels have been either static or degraded
at pre-defined rates. Emerging hydrogels are designed to be dynamic, to contain bioactive signals and to orchestrate
various stages of tissue repair. Reprinted from 24 with the permission from Springer Nature.

1.2.

Aims of the thesis

This thesis addresses one of the major challenges of tissue engineering – the localised and ondemand release of growth factors in scaffold-based materials. Our approach is inspired by a
physiological wound healing cascade, specifically the release of the growth factor transforming
growth factor beta (TGF-β).
TGF-β is secreted in its inactive form as part of the matrix-bound large latent complex (LLC).
To activate TGF-β, cells need to pull on the LLC, which in turn changes the conformation of
LLC and releases TGF-β. LLC thus makes it possible to store TGF-β within the extracellular
matrix until it is needed.
To mimic the action of LLC, we take advantage of the recent advances in DNA nanotechnology
in combination with highly selective click chemistries. Combining these two tools, we develop
a scaffold-based material that is the first step towards engineering localised, on-demand growth
factor activation via traction forces.
To achieve this, we set out specific aims addressed sequentially in this thesis:
Specific Aim 1: The first aim of this thesis is to create a synthetic functional mimic of the LLC
that binds two therapeutically relevant growth factors PDGF-BB and VEGF. We termed these
mimics Traction Activated Payloads (TrAPs).
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Specific Aim 2: The second aim of this thesis is to design a set of experiments to evaluate
whether traction force mediated release is taking place.
Specific Aim 3: The third aim is to evaluate VEGF-binding TrAPs.
Specific Aim 4: The fourth specific aim is to develop a hydrogel that makes it possible to
explore TrAPs under more physiological conditions in future studies.
Specific Aim 5: The final aim of this thesis is to develop an approach to functionalize collagenbased scaffolds with TrAPs.
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2. BACKGROUND
2.1.

Tissue repair- an inherently dynamic process

2.1.1. Wound healing
Tissue repair, regeneration and morphogenesis are all highly dynamic processes 27 that are
orchestrated by growth factors. Among the most studied of these processes is the wound
healing cascade that evolved to seal cutaneous wounds that might compromise organisms’
integrity. This chapter discusses the current knowledge of this process, which informs
strategies about which growth factors are delivered and, critically, the way in which they are
delivered.
Wound healing proceeds in four overlapping stages: haemostasis, inflammation, proliferation,
and remodelling (Figure 2)28. The first step in the wound healing cascade is haemostasis
(Figure 2a). Following an injury, blood clotting factors such as prothrombin, circulating
platelets and fibrinogen concentrate at the injury site. The clotting starts when the local at the
injury site cause the plasma protein prothrombin to convert into the enzyme thrombin.
Thrombin, in turn, activates platelets, facilities conversion of fibrinogen into fibrin and, with
the help of calcium as a cofactor, transforms transglutaminase XIII into the factor XIIIa. Factor
XIIIa then covalently crosslinks the fibrin matrix forming an insoluble clot. Once activated,
platelets aggregate, spread within fibrin, and contract the clot via myosin-driven contraction.
Over time, the enzymes plasmin and matrix metalloproteinases degrade the temporary fibrin
clot29,30.
To minimise the risk of infection, inflammation also commences immediately following an
injury (Figure 2b). Neutrophils are attracted to the wound site by activated complement,
degranulated platelets and any bacteria that find their way into the injury site31. Next in line to
arrive are the monocytes, a type of white blood cells32. Monocytes differentiate into
macrophages, which phagocytose any bacteria and clear tissue debris. However, this is not the
only role of macrophages, as the recent body of evidence revealed that macrophages also
positively modulate tissue repair. Macrophages display remarkable plasticity33 and can assume
a phenotype that lies between one of the two polarised types of phenotype – a proinflammatory
(M1-like) and anti-inflammatory (M2-like), reparative, phenotype33. The switch between M1
and M2 macrophages typically occurs between the days three and five. The macrophages with
the M2-like phenotype express anti-inflammatory substances and growth factors including
transforming growth factor beta (TGF-β), vascular endothelial growth factor (VEGF), and
insulin-like growth factor-1. The depletion of macrophages during the early stage of wound
healing impairs granulation tissue formation and wound closure34.
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In the proliferative stage, the cells invade the wound, multiply and deposit new ECM, forming
an immature tissue referred to as the granulation tissue (Figure 2c)32. The activated platelets
and immune cells release several growth factors that instruct the quiescent surrounding cells to
repopulate the wound. Under the instruction of the signalling molecules, the first cell type to
migrate over the fibrin clot are keratinocytes. The growth factor PDGF-BB attracts another
critical cell type, the fibroblasts, which are spindle-shaped cells of mesenchymal origin.
Activated fibroblasts degrade the fibrin clot using enzymes, such as MMP, migrate into the
wound, proliferate and secrete collagen matrix. Concomitantly with fibroblasts, endothelial
cells start invading the fibrin matrix, giving rise to new blood vessels. Rapid revascularisation
at this stage is critical to provide enough oxygen and nutrients to satisfy the high metabolic
requirements of the newly forming tissue.
The last stage of wound healing is the remodelling (Figure 2d). As tissue repair progresses,
fibroblasts differentiate into myofibroblasts, α-smooth muscle actin-rich cells, and contract the
wound. This step is predominantly orchestrated by the growth factor transforming growth
factor beta (TGF-β). Gradually, the activated endothelial cells, macrophages and
myofibroblasts undergo apoptosis32 leaving behind a scar that consists of aligned type III
collagen fibres. Over the years, surrounding cells partially remodel the scar, replacing the
highly polarised collagen with the type I collagen.
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Figure 2. Four stages of cutaneous tissue repair: haemostasis, inflammation, proliferation and remodelling. All
these stages are orchestrated by signalling molecules, the growth factors (listed in white boxes). Figure reprinted
from 28 with permission from AAAS.

2.2.

Growth factors- modulators of tissue repair

2.2.1. Growth factors
As previously stated, wound healing is regulated by the coordinated action of multiple growth
factors, such as VEGF, PDGF-BB and TGF-β. In general, growth factors are a class of
biomolecules that regulate a range of cellular processes, including survival, proliferation,
migration, and differentiation35. More specifically, growth factors are highly evolutionary
conserved polypeptides each consisting of multiple functional domains. Figure 3 illustrates
some of the domains that constitute a growth factor36. Each growth factor has a core domain
that binds to appropriate receptors. Many growth factor isoforms contain additional motifs,
such as the proteolytic cleavage site and the basic retention motif that targets the ECM. Based
on the similarities in the shared amino acid sequence, the growth factors are classified into
families such as vascular endothelial growth factor (VEGF) family or platelet-derived growth
factor (PDGF families)36.
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Figure 3. Mammalian growth factors consist of multiple domains and motifs. Examples of such domains include the
growth factor core domain(dark blue) and the basic retention motif (green) that targets the growth factor to the
ECM. Reprinted from 36 with the permission of Cold Spring Harbor Laboratory Press

Each growth factor binds to the target cell via the appropriate transmembrane protein, called
the growth factor receptors (GRFRs). GRFRs consist of an extracellular ligand binding domain,
a transmembrane domain and a cytoplasmic domain37. Most of the growth factor receptors are
receptor tyrosine kinases (RTKs), where the ligand binding triggers homo- or
heterodimerization of the RTKs which activates tyrosine kinase and autophosphorylation of
tyrosine residues in the cytoplasmic domain. Phosphorylation then enables binding of adapter
molecules and further downstream signalling pathways37. Figure 4 shows that each receptor
contains several sites that can be phosphorylated, each leading to a different downstream effect.
The exact phosphorylation pattern in response to growth factor stimulation is highly contextdependent and is currently incompletely understood. Some of the critical regulatory elements
include synergistic signalling with other receptors38 and whether the growth factor is in ECMbound or soluble state39.

29

Figure 4. The cytoplasmic domain of the vascular endothelial growth factor receptor (VEGFR). Depending on
which sites are phosphorylated, VEGFR stimulation induces various downstream effects including proliferation,
migration and vascular permeability. Based on ref 40.

2.2.2. Platelet-derived growth factor (PDGF)
Platelet-derived growth factors (PDGFs) are a class of growth factors that trigger RTK
signalling via platelet-derived growth factor receptors (PDGFRs). The polypeptide chains of
this growth factor exist in four main isoforms, PDGF-A, B, C and D that dimerise to form either
homo- or heterodimers linked by disulphide bonds. The growth factor binds to either
PDGFRαα, PDGFRαβ or PDGFRββ. The PDGF-BB isoform, which is most relevant for this
thesis, binds all these receptor types41.
PDGF plays a vital role during wound healing42. As the name suggests, PDGF is stored in the
alpha granules of circulating platelets from which it is released after an injury43. Free PDGF
attracts inflammatory cells42 and fibroblasts44 to the wound area. PDGF also plays a crucial role
in orchestrating angiogenesis by instructing mural cells (smooth muscle cells and pericytes) to
wrap around and stabilise newly formed blood vessels4546. However, due to the pleiotropic role
of PDGF, its signalling needs to be tightly spatiotemporally regulated 36.
In this regard, the proximity of PDGF-BB to the newly formed microvessels is essential. This
need for PDGF-BB to colocalise with endothelial cells has been elegantly demonstrated by
preventing PDGF retention (abr. ret) in the pericellular space by removing the PDGF Cterminus which is responsible for ECM targeting39. The microvessel walls in the experimental
group PDGF-Bret/ret exhibited defective pericyte targeting which in turn affected microvessel
structure and renal function in adult mice (Figure 5a)39.
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Figure 5. The PDGF-BB signalling is context dependent. A. Blood vessel formation in wild-type and
PDGFret/ret mice E12.5 hindbrain. When the ECM targeting domain is removed (PDGFret/ret mice), pericytes
(green) do not adequately cover endothelial cells (red). Reprinted from39 with the permission from Cold Spring
Harbor Laboratory Press. B. Proliferation rate of fibroblasts increases and then plateaus with increasing PDGF
concentrations (open circles). Migration exhibits a bi-phasic response to PDGF-BB stimulation (closed circles).
Reprinted from 44 with the permission from Rockefeller University Press

Cellular response to PDGF-BB is also highly concentration dependent. In fibroblasts, PDGFBB induces proliferation, migration and changes in morphology. Interestingly, while
proliferation increases with increasing PDGF-BB concentration until it finally plateaus,
chemotactic response to PDGF-BB is biphasic; migration increases rapidly until it reaches the
maximal rate, upon which the chemotactic response decreases (Figure 5b)44. The biological
explanation for this phenomenon is that the central role of the gradient is to guide the cells to
the clot and subsequently promote their proliferation44. Mechanistically, chemotactic gradients
induce spatially asymmetric patterns of 3’ phosphoinositide (3’PI) lipids in the plasma
membrane via phosphatidylinositol 3’ kinase (PI3K), which in turn leads to directional
activation of the small GTPase Rac and finally membrane protrusion47. On the other hand, a
homogenous concentration of PDGF-BB only leads to a short-term increase and decrease in
3’PI levels, and the cell subsequently polarises in a random direction47.
In 3D collagen sponges, PDGF-BB instructs the fibroblast to contract the material. Matrix
contraction in 3D seems to be at least in part regulated by the same pathways as in 2D, as the
inhibitors of PI3K block PDGF-BB induced matrix contraction48.
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When applied topically on a mouse model, PDGF-BB accelerated the rate of excisional wound
closure by 30% and increased ECM deposition without affecting the wound healing process
dynamics42. This and other studies motivated commercialisation of this growth factor in a
cream formulation, currently marketed as Regranex49.
The first clinical trial conducted in 1998 demonstrated a beneficial effect of the Regranex
cream. The incidence of complete ulcer closure was 50% in the Regranex (amount of PDGFBB: 0.01%) treated group and 35% in the placebo group50. While most subsequent follow-up
studies confirmed that the Regranex gel provides benefits over placebo, they suggested that
this happens with lower efficiency than originally shown. For example, a study conducted in
2005 on 2394 patients showed that while the placebo treatment resulted in complete wound
closure in 25.8% of the patients, the Regranex gel led to complete wound closure in 33.5% of
the patients 50.
The variable clinical trial results might be explained by a varied overall standard of care the
patients received, as pressure off-loading and regular moisturising of the wound also play a
critical role in effectively managing diabetic ulcers. However, it might also be the case that
applying PDGF-BB alone is not enough to fully promote tissue repair and the growth factor
might need to be combined with other therapeutics. For example, studies in mice have shown
that while Regranex increases the formation of granulation tissue, it does not affect tissue
closure51, which is the endpoint measure for the clinical trials.
Overall, the examples in this section demonstrate that PDGF-BB is a potent growth factor the
effect of which is highly context dependent. This has an important implication for designing
an approach to its therapeutic delivery, and it can be concluded that, ideally, the growth factor
would be near the matrix to allow for its targeting. For example, the observation that preincubation of cells with PDGF-BB decreases its chemotactic response52 might imply that
overstimulating cells might suppress the desired response. Similarly, poor co-localization
might lead to unintended tissue morphogenesis.

2.2.3. Vascular endothelial growth factor (VEGF)
The VEGF family of proteins includes VEGF-A, PIGF (placenta growth factor), VEGF-B,
VEGF-C, VEGF-D, VEGF-E and snake venom VEGF. VEGF-A, which is highly relevant in
angiogenesis, is further divided into nine subtypes that are the product of alternative splicing
(VEGF121, VEGF145, VEGF148, VEGF162, VEGF165, VEGF165b, VEGF183, VEGF189 and
VEGF206), with the variants VEGF121, VEGF165, and VEGF189 being the most common

53

.

VEGF-A binds to vascular endothelial growth factor receptors 1 and 2 (VEGFR1, VEGFR2)
and neuropilin-1 and 2 coreceptors (NRP-1, NRP-2)53.
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VEGF-A is one of the key molecular regulators of angiogenesis and is abundant in damaged
tissues. Its production is upregulated in response to hypoxia54. It is also released from platelets
and produced by macrophages during wound healing55.
VEGF directs multiple processes involved in angiogenesis56. First, VEGF induces endothelial
cells to secrete proteases that enable them to disrupt the surrounding basement membrane.
Subsequently, VEGF induces endothelial cells to migrate, proliferate and self-organise into
functional tubes. Crucially, VEGF induces the formation of the tip and stalk cells57. The tip
cells respond to and migrate along VEGF gradients, while the stalk cells keep dividing
perpendicularly to the main blood vessel axis57.
One reason for one molecule to be able to direct so many different processes is that VEGF
signalling itself is highly context-dependent and is regulated at multiple levels58. For example,
the final effect depends on the specific VEGF isoform, VEGFR crosstalk with other receptors
and ECM accessory proteins, VEGF and vascular endothelial growth factor receptor (VEGFR)
concentrations, the duration of stimulation, and on inactivating tyrosine phosphatases 58.
Ruhrberg and colleagues demonstrated that correct development of a highly-branched
vasculature in mice relies on the appropriate gradient-like distribution of VEGF 59. Such VEGF
gradients arise due to the differential mobility of various VEGF isoforms within the heparinrich ECM 59. More specifically, in mice, VEGF is expressed in three isoforms that vary in their
ability to bind to the ECM. VEGF120 has the lowest, VEGF164 medium and VEGF188 has the
highest affinity for the ECM (Figure 6a-b). The sole expression of the VEGF120 isoform caused
the endothelial cell to proliferate and integrate within existing lumens but did not support their
outgrowth and branching59 (Figure 6c-d). Follow-up studies showed that VEGFA188/188 mice,
on the other hand, develop thin, highly branched vasculature. Only VEGFA164/164 mice develop
vasculature that resembles a wild-type phenotype60.
Proteolytic processing provides another level of control over soluble VEGF availability. An
elegant study by Lee and colleagues61 demonstrated that MMPs cleave matrix-bound VEGF164
and release soluble fragments VEGF133. While both the native VEGF164, VEGF133, and a
recombinant, MMP-resistant VEGFΔ108–118 all facilitate VEGFR-2 phosphorylation, they
generate a different angiogenic response. VEGF164 led to the formation of sheet-like structures
exhibiting capillary morphogenesis, MMP-cleaved protein VEGF133 led to dilation of existing
capillaries, and MMP-resistant VEGFΔ108–118 promoted branching and the formation of
filopodia (Figure 6e).
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Figure 6. The spatial distribution of VEGF is tightly regulated and has a direct impact on the shape of the
vasculature. A &B. VEGF typically has three isoforms, each of which has a different diffusivity through the matrix,
which results in VEGF gradients. When only VEGF120/120 is present, the gradient becomes shallow. Figure from
ref 62. C&D.The branching of a blood vessel plexus is guided by heparin-bound VEGF. If such binding is lost (only
VEGF120/120 is expressed), endothelial cells are exposed to aberrant cues that result in the formation of the
abnormal vasculature. From ref 59. E. The proteolytic control provides another level of control over VEGF
signalling. Only proteolytically-cleaved fragments (VEGF113) or degradation-resistant fragments VEGFΔ108-118
result in an abnormal vasculature. Figure reprinted from ref 61 with the permission from Rockefeller University
Press.

While it is still incompletely understood why these isoforms have a differential effect on
angiogenesis, one suspected reason is the duration and mechanism of receptor activation. For
example, only the matrix-bound VEGF promotes β1 integrin to form complexes with
VEGFR263. This synergistic signalling, in turn, leads to longer phosphorylation of Tyr1214
and activity of p38 mitogen-activated protein kinase pathway63.
In general, angiogenesis seems to be tightly coordinated also by the ECM. Martino and
colleagues demonstrated the presence of both the fibronectin domains FN III9-10 and growth
factor binding domain FN III12-14 but not FN III12-14 alone, synergistically increase
proliferation, migration and cell sprouting when the cells were stimulated with VEGF-A and
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PDGF-BB64 (Figure 7). This synergy was mediated through the integrin α5β1 that requires the
FN III9-10 to be present to bind to RGD.

a

b

c

Figure 7. Synergies between the growth factor and integrin binding sites on fibronectin. a. Fibronectin consists of
many functional domains, including integrin and growth factor binding sites. Source from ref 65 b. Martino and
colleagues functionalized hydrogels with the Integrin-bind domain and GF-binding domain (FN III9-10/12-14). C.
Synergistic signalling between integrin binding domains and growth factor binding domains lead to a more
pronounced increase in endothelial cell proliferation when exposed to VEGF. When the domains FN III9-10 and
III12-14 are added separately, the synergistic effect is lost64. Figures reprinted with the permission from Springer
Nature and AAAS.

In another example, material that facilitates α3/α5β1 integrin binding induced endothelial cell
sprouting and branching in vitro and formation of non-leaky blood vessels in vivo. In contrast,
material promoting αvβ3 integrin binding induced endothelial sprout clumping in vitro and that
blood vessel formed in vivo were leaky66. In agreement with the above results, another study
showed that β3-null mice had enhanced angiogenesis in response hypoxia due to higher
VEGFR2 expression67. One possible explanation for this is that β3 causes VEGF expression
which in turn downregulates VEGFR268.
These examples demonstrate that it is not only the presence or absence of growth factor that
matters but also its interaction with the ECM that has a profound impact on VEGFR expressingcells response and ultimately blood vessel morphogenesis.
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ECM regulation of growth factor signalling
The ECM is a heterogeneous network of polymers that include collagens, laminin, elastin,
glycoproteins, glycosaminoglycans and proteoglycans. While the ECM was once considered
to be an inert material that fills the space in between cells, it is now apparent that the ECM
plays a crucial role in sequestering growth factors and modulating their signalling. In this
regard, ECM is replete with cell adhesive sites as well as with growth factor binding sites,
making it possible for the ECM to serve as a reservoir for growth factors and direct synergistic
signalling 69. The growth factors frequently diffuse into the matrix from the source cells, which
leads to the formation of growth factor gradients to which the cells respond. Therefore, the
three-dimensional form of ECM serves as an essential layer of control over growth factor
signalling69. Different ECM components differ in their ability to sequester growth factors. For
example,

highly sulfated and negatively charged heparan sulfate proteoglycans have a

remarkable ability to concentrate growth factors both in the ECM and the pericellular space
(Figure 8). Some growth factors, such as FGF2 even need to be bound to this proteoglycan in
order to trigger intracellular signalling, and this interaction is a prerequisite for the growth
factor to promote proliferation70. An example of another ECM component that sequesters
growth factors is fibronectin, which contains three growth factor binding domains with high
affinity for PDGF-BB71. Other growth factors bind to fibronectin via the heparin-binding
domain on fibronectin (Figure 7a).
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Figure 8. Heparan sulphate proteoglycans provide an additional layer of control over growth factor signalling. The
growth factor is sequestered in the extracellular space from which it is released either slowly (high-affinity binding)
or more rapidly (low-affinity binding); the release from the extracellular space is increased upon enzymatic
degradation of the proteoglycan. Heparan sulphate proteoglycans also provide control over growth factor
presentation to the receptors in the pericellular space. Reprinted from ref 72 with the permission from Royal Society
Publishing.

2.2.4. Biological requirements on growth factor delivery vehicles
The previous sections introduced two growth factors, VEGF and PDGF, that had been
previously identified as promising therapeutics to promote wound healing. For example,
patients with chronic non-healing ulcers typically have abnormally low levels of the growth
factor VEGF, which might be one of the reasons why chronic ulcers also exhibit poor
vascularisation and subsequently delayed wound healing73. While both growth factors have
been explored as therapeutics in clinical trials, their bolus delivery led to either no or limited
therapeutic benefits17.
This has motivated researchers to deliver growth factor within synthetic carriers that protect
their bioactivity and provide control over the kinetics of their release. However, until recently,
most of the controlled-release growth factor delivery vehicles were primarily inspired by the
designs that had already been in clinical use for the delivery of small molecule drugs. As this
approach has only led to modest benefits, the design of growth factor delivery vehicles is
increasingly taking into consideration how the growth factors are delivered in nature. Due to
the critical importance of the ECM in regulating the growth factor signalling, many of such
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approaches are scaffold-based. The next chapters detail past and current approaches to growth
factor delivery from cell-instructive scaffolds.
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2.3.

Engineering cell-instructive scaffolds

A typical cell-instructive scaffold consists of a polymeric material, signalling molecules and in
some instances cells74,

75, 76

. The main purpose of such cell-instructive scaffolds is to recruit

cells by providing appropriate chemotactic signals and subsequently direct their proliferation
and differentiation (Figure 9b). This design of cell-instructive scaffolds is distinct from that of
hydrogel systems for either growth factor, hormone or small drug delivery that are designed to
serve as non-immunogenic depots and do not support cell infiltration and adhesion (Figure 9a).
The main requirements on the cell-instructive scaffolds are that they should (i) promote cell
adhesion, (ii) be biodegradable, (iii) have suitable mechanical properties, (iv) be porous, (v) be
possible to manufacture in a sterile and cost-effective manner (vi) contain bioactive
molecules21. Cell-instructive scaffolds fulfilling such criteria can be fabricated both from
natural and synthetic polymers or, increasingly, a combination thereof77.

a

b

Figure 9. Each type of protein requires a different type of controlled release system. A. A hydrogel for sustained
release of growth factors is suitable for the delivery of hormones. Growth factor delivery systems inspired by
controlled-release strategies for small drugs also frequently have this design. B. Cell instructive scaffold recruits
cells and subsequently directs their phenotype and morphogenesis.

For cells to invade and adhere to a scaffold, the material needs to contain cell binding sites to
which the cells attach via integrins (Figure 10)78. Native ECM is replete with cell adhesive
peptide motifs. Examples of such motifs are RGD sequence of fibronectin, IKVAV on laminin,
and GFOGER on collagen79. For this reason, scaffolds fabricated from ECM components have
traditionally been more potent at promoting cell survival than scaffold fabricated from synthetic
polymers. A landmark study by Hubbell and colleagues demonstrated that these motifs retain
their functionality when attached to synthetic materials 80. This innovation paved the way for
the development of highly chemically defined materials (e.g. PEG76, PLGA81) functionalized
with various bioactive peptides, sometimes termed the artificial extracellular matrix (aECM)82.
The advantage of this approach is that it eliminates the material heterogeneity associated with
ECM-derived polymers and with the cryptic nature of some cell adhesive domains.
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The scaffold should degrade at a rate that corresponds to the rate at which the new tissue forms.
This means that while the carrier should provide structural support long enough to prevent the
newly growing tissue from collapsing, it should not compromise the functionality of the newly
formed tissue. Natural polymers are typically readily degraded by matrix metalloproteinases
(MMPs), the enzymes that cleave the protease-cleavable sequences on the ECM. Therefore, to
prevent rapid degradation of materials derived from native ECM, they are frequently further
chemically modified to prolong their stability83. While materials fabricated from synthetic
polymers are generally more stable, they might not degrade at physiologically relevant rates
and the monomers might not be readily cleared from the tissue. For example, synthetic
materials such as Poly Lactic-co-Glycolic Acid (PLGA) or Polycaprolactone (PCL) degrade
by hydrolysis of the ester bonds84. One concern with using synthetic materials, such as PLGA,
is that the degradation products are acidic, negatively affecting cellular viability84. To match
the degradation rate to the biochemical environment of the wound, MMP cleavable sequences
derived from the native ECM have been employed to crosslink synthetic scaffolds. Lutolf and
colleagues were the first to incorporate ECM-mimetic, MMP-sensitive sequences into an
otherwise covalently linked synthetic hydrogel network 85. Adding these peptide sequences
made it possible for human cells to proteolytically invade otherwise fully synthetic matrices
both in vitro and in vivo.

Figure 10. Basic properties of a cell-instructive scaffold. The material should support cell adhesion, be
biodegradable, have suitable mechanical properties and be porous enough to allow for cell invasion and nutrient
exchange.

Another requirement is that the scaffold should have mechanical properties that match those of
the target tissue. As the requirements on mechanical properties of the scaffold change as tissue
repair progresses, there has been an interest in the field in fabricating the dynamically stiffening
scaffolds86,87. For example, dynamic stiffening in the presence of cells was achieved by letting
cells spread within hydrogels with low crosslinking density, and subsequently adding more
monomers that were photopolymerized with the already existing hydrogel in situ86.
Next, it is widely accepted that scaffolds should be highly porous so that cells can invade the
material88. The pores also allow for nutrient and waste diffusion in an and out of the scaffold.
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Such architecture can be achieved using an array of technologies, including freeze-drying89,
electrospinning90 and porogen leaching91 and the exact pore size and structure needs to be
tailored to specific applications92.
From a translational perspective, it needs to be possible to fabricate the scaffolds at large-scale
in a cost-effective manner21. While native tissues exhibit significant hierarchical complexity,
an ideal scaffold distils the essential biological information while still making it possible for
the scaffold to be quickly and cheaply manufactured and distributed. Importantly, the scaffolds
should have good shelf-life and be sterile. In this regard, the stability of the growth factors
themselves is frequently the ‘weak link’.
Finally, the scaffold needs to contain appropriate signalling molecules, including the growth
factors and cytokines to be genuinely cell-instructive. While there are several strategies to
passively concentrate growth factors within scaffolds, there is a relatively low number of
approaches that would make it possible for the growth factors to be released sequentially and
on-demand. The following chapter reviews the currently available approaches to growth factor
delivery that are used in conjunction with scaffolds.

2.4.

Approaches to growth factor delivery

2.4.1. Main approaches to growth factor delivery
Currently, there is a host of strategies to incorporate growth factors within polymeric materials,
the major of which are: physical entrapment, covalent coupling and non-covalent, affinity,
interactions7, 23 (Figure 11). An alternative to this approach is the delivery of genes encoding
growth factors93. For example, plasmids have been successfully incorporated into scaffolds and
employed to transiently upregulate growth factor expression directly in the body94. However,
gene delivery is beyond the scope of this thesis will not be discussed in detail.
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Figure 11. Three main approaches to growth factor delivery. The release profile can be modulated using either
physical barriers or chemical interactions. The chemical interactions can either be covalent or affinity-based

2.4.2. Physical entrapment
Physical encapsulation is among the most widespread approaches to protein delivery. In this
mode of delivery, therapeutic proteins are entrapped within micro-particles, hydrogels or
scaffolds95. The release is subsequently controlled by diffusion, degradation or swelling of the
carrier96.
The rate of growth factor release can be tuned by optimising the properties of the carrier. As
diffusion through solids is restrained by the lattice properties of the carrier, parameters such as
matrix density, porosity, polymer molecular weight and crosslinking density can be tuned to
match the desired application16.

The rate of growth factor release can be further tuned by

controlling the degradation rate of the carrier. Typically, materials are degraded either via
surface erosion, through bulk degradation via hydrolysis or through specific stimuli, such as
light cleavage and enzymatic degradation.
Typically, growth factors are encapsulated within microparticles that are subsequently
incorporated within scaffolds, because high crosslinking that is required to slow down the
release of growth factors efficiently reduces cytocompatibility97 and the scaffold degradation
rate should match that of new tissue growth.
There are several types of micro-particulate systems, such as microcapsules, microspheres,
polymer-drug conjugates, micelles, liposomes and microgels98. Among the most commonly
used materials for growth factor delivery are poly(glycoside) (PGA), poly(L-lactide) (PLGA)
(microspheres), alginate, chitosan, liposomes, PEG and dextran.
While widely used, there are several drawbacks associated with using micro-particulate
systems as growth factor delivery vehicles. The chief concern are the frequently harsh
conditions and solvents used to encapsulate growth factors within the carrier, which may affect
their bioactivity99. Examples of techniques commonly used to encapsulate growth factors
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include particulate leaching, freeze-drying, spray-drying, phase separation, melt moulding,
phase emulsion, and gas foaming 16. While small molecules are frequently able to withstand
such treatments, they might cause the proteins to denature. Secondly, physical entrapmentbased systems offer only limited control over encapsulation efficiency. Finally, as the
microsphere systems have been traditionally hydrolytically degradable, the growth factor
release occurs at a pre-determined rate that might not match the in vivo requirements. For
example, PLGA copolymer degrades by hydrolysis and biodegradation of its backbone ester
linkages

100

. The degradation typically occurs as bulk degradation, where the degradation is

slow compared to the rate at which liquid penetrates the carrier. The drug release profile from
this polymer is biphasic with initial burst release followed by gradual release. While the
degradation rate can be tuned by changing the lactic to glycolic acid ratio, tuning the release
from burst like into a gradual occurring for up to 120 days, such release profiles are preprogrammed and might not reflect the profiles necessary to promote regeneration.
An increasingly popular class of microparticles in tissue engineering that addresses the
limitations mentioned above are microgels. Microgels are crosslinked polymeric particles,
ranging in size from nanometre to micrometres 101. The advantage of microgels is that they are
highly tuneable and can be readily functionalized with a variety of reactive groups and
bioactive fragments. Microgels are fabricated using a range of techniques, including
photolithography, micro moulding and microfluidics. One example of such a system are
microparticles fabricated from crosslinked, methacrylated gelatine102. In this system, the drug
release profile is tuned through the degree of crosslinking which in turn influences the mesh
size, diffusion rates and degradation rate of the particles102. Microgels can be further fabricated
using sophisticated biocompatible and stimuli-responsive chemistries. When such design is
used, an external trigger, such as light can be used to activate rapid, on-demand release by
decreasing the level of crosslinking103.
A major advantage of microparticles is that they can be used to create growth factor gradients
within scaffolds. For example, the Kaplan group incorporated rhBMP-2 and rhIGF-1 into
PLGA and silk microspheres into alginate gel scaffolds using a commercially available
gradient maker containing two connected chambers, each of which was filled with different
microparticles104. The gradient-containing mixture was then eluted into a tube containing 25
mM CaCl2, triggering gelation. The group also incorporated microparticle gradients into porous
silk scaffolds by letting the microsphere-gradient containing mixture dry at room temperature.
The evaporation resulted in beta-sheet formation and subsequent leaching of the NaCl particles
leaving behind a porous scaffold. While the gradients that formed within alginate gels were
shallow and the gradient-like incorporation did not bring any benefit, the gradients within silk
scaffolds were deep and linear. In vitro, this scaffold led to the chondrogenic and osteogenic
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differentiation of human mesenchymal stem cells (hMSCs), demonstrating that the scaffold
characteristics are essential.

2.4.3. Covalent conjugation
Covalent conjugation of cell adhesive peptides, such as the RGD fragment derived from
fibronectin, to polymers has opened new avenues in biomaterial design, making it possible to
imbue otherwise inert materials with bioactivity105. Motivated by the need to prolong the
retention time of growth factors within the site of an injury, several groups explored covalent
conjugation as a promising growth factor delivery strategy106, 107, 108. For example, the Radisic
group conjugated the growth factor VEGF directly to collagen matrices and demonstrated that
such scaffolds significantly improve endothelial cell viability and vascularisation106. In another
example, FGF2 was first modified with maleimide using NHS-maleimide linker and then
conjugated to sulfhydryl-terminated decellularised bladder extracellular matrix. Such
incorporation of FGF2 improved tissue regeneration in the rat bladder model107. Another study
has shown that covalent incorporation of TGF-β into chitosan-type II collagen scaffolds – in
contrast to ionic incorporation – significantly increases GAG production by adipose-derived
stem cells, indicating their differentiation. The system was also more effective in promoting
repair of cartilage defects108.
While these studies are highly promising, there is a difference between covalently conjugating
ECM motifs and growth factors especially regarding obtaining a well-defined, bioactive and
homogeneous final product. Proteins are typically modified via the side-chains of the
constituent amino acids and the protein end termini. A particularly popular amino acid to target
is lysine, as a typical protein contains 20 or more of such sites109. Alternatively, N-terminal
amino acid groups can be targeted by conducting the reaction at neutral pH when these become
deprotonated due to their lower basicity109. Other frequently targeted amino acids are cysteines,
tyrosines and tryptophans. While these reaction schemes are highly efficient, each modification
can affect protein folding and its bioactivity109. Additionally, individual protein isoforms might
be tedious to separate. Despite concerted efforts from several disciplines, achieving sitespecific modification using currently available chemistries is still challenging109.
Some approaches to improve site-selectivity of growth factor coupling include replacing parts
of the native protein with orthogonal chemical analogues, such as azides and alkynes, during
their biosynthesis 110. An alternative approach to introduce various moieties onto growth factors
is recombinant technology. Such an approach was used by the Hubbell group to modify fibrin
hydrogels with VEGF121 covalently. Specifically, the authors were inspired by the covalent
crosslinking that occurs during the early stages of clotting and developed a recombinant α2PI18-VEGF121

with XIIIa substrate sequence NQEQVSPL derived from α2-plasmin inhibitor at its
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N-terminus111. The substrate sequence was then covalently attached to fibrin in the presence of
the factor XIIIa, as naturally occurs as part of the coagulation cascade (Chapter 2.1.1)111.
While several studies report that the covalent incorporation of growth factors within macroscale
carriers showed better outcomes than the macroscale carriers alone, the effect of
immobilisation on growth factor activity is still incompletely understood. Only a few studies
have been conducted to systematically evaluate the effect of covalent growth factor
immobilisation onto the signalling. For example, the Segura group compared the effect of
covalently and non-covalently incorporated VEGF165 on the phosphorylation of VEGFR-2. The
study indicated that covalent incorporation increased the half-life of VEGF three-times and
while its internalisation was minimal, it was capable of inducing repeated phosphorylation
events112. The study additionally showed that VEGR-2 but not VEGF internalisation is
required to induce VEGFR-2 (Y1175, Y1214) phosphorylation and that dynasore decreases
Y1175 but increases Y1214 phosphorylation. The study further confirmed that under
physiological affinity-based interactions, VEGF has a higher affinity for VEGFR-2 than for the
matrix, which is not the case when VEGF remains covalently bound. Covalently attached
VEGF led to reduced receptor availability due to its reduced recycling compared with
electrostatically bound and soluble VEGF. Another study by the same group indicated that
while the phosphorylation levels for both of these groups do not reach the levels of soluble
VEGF after 5 minutes, the phosphorylation is more sustained and does not decrease after 30
minutes113. However, a further functional characterisation would be needed to see the effects
on morphogenesis.
With the objective to disentangle the effect of VEGF internalisation from VEGF-VEGFR-2
surface interactions, Gourlaouen and colleagues employed inhibited endocytosis using the
small molecules pitstop and dynasore114. While such treatment still led to VEGFR-2 and CRaf activation, it prevented the activation of extracellular signal-regulated protein kinases 1
and 2 (ERK1/2) which mediate cell proliferation and apoptosis. The study further suggested
that inhibition of endocytosis had the same effect upon stimulation with other growth factors,
such as FGF-2 and HGF. While these small molecules prevented angiogenesis both in vivo and
in vitro in healthy cells, this trend was not observed for cancer cells. One difference between
immobilising growth factors to the surface and using endocytosis inhibitors is that VEGF itself
contains a protease-cleavable site encoded by exon 5 and localised next to the heparin-binding
domain112.
Using another growth factor, EGF, Platt and colleagues demonstrated that the presence of
covalently tethered EGF increases the levels of phosphorylated EGFR and ERK compared to
unfunctionalized surfaces, even though it is substantially lower compared to soluble EGF115.
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The covalently tether EGF was functional, as demonstrated by increased osteogenic
differentiation of marrow stromal cells.
From a biological perspective, ECM motifs are typically part of large molecules that
collectively stimulate and engage with cells for prolonged periods of time. In contrast, growth
factor synthesis is upregulated for only limited periods during development and tissue repair.
Therefore, while this mode of delivery might be biomimetic for ECM motifs, it might not
necessarily be the case for growth factors. In line with this argument, while the studies
discussed in this chapter are not directly comparable due to different methodologies used, they
suggest that covalent incorporation is suitable for only some growth factors and to achieve
some pre-defined therapeutic outcomes. As discussed in Chapter 2.2.3, some growth factors,
such as VEGF164, naturally contain MMP cleavable sites61, enabling the release of an active
growth factor fragment despite its covalent conjugation. This is, however, not the case for
other VEGF isoforms, such as VEGF13361. Intriguingly, EGF-like domains are part of ECM
proteins, including laminin, tenascin and thrombospondin116, suggesting that covalent
conjugation might be a particularly suitable approach for the delivery of this specific growth
factor.
In summary, it appears that while covalently conjugated growth factors lead to phosphorylation
of growth factor receptors, the fact that the growth factors are in a conjugated form influences
the ensuing downstream signalling cascades. The effect such modifications have on tissue
repair needs to be further investigated. Despite these unknowns, this approach is becoming
increasingly popular because it can be additionally combined with several stimuli responsive
chemistries. Some stimuli responsive chemistries will be discussed in Chapter 2.5.

2.4.4. Affinity interactions
An increasingly popular approach to growth factor delivery relies on incorporating growth
factors within polymeric matrices through affinity interactions. Affinity interactions are
transient, reversible binding events between two reaction partners, ligands and growth factors
(GF), that result in the formation of complexes (Eq 1). All affinity interactions proceed at
specific rates described by the association (kon) and dissociation rate constants (koff).
𝐿𝑖𝑔𝑎𝑛𝑑 + 𝐺𝐹 ↔
𝑘

𝑜𝑛

𝐶𝑜𝑚𝑝𝑙𝑒𝑥

(Eq. 1)

𝑘𝑜𝑓𝑓

The affinity between ligands and growth factors is governed by noncovalent, intermolecular
interactions that are electrostatic (ionic, hydrogen-bonding), hydrophobic or mediated or
stabilized by van der Waals interactions99. The strength of affinity interactions is additionally
influenced by environmental conditions, such as other macromolecules and pH.
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Affinity interactions are most frequently quantitatively described using the equilibrium
dissociation constant KD. KD expresses the ligand concentration (CLigand) at which half of the
growth factors have formed complexes (CGF equals Complex). The value of KD depends on the
ratio between koff and kon, where slow unbinding and fast rebinding lead to interactions that are
typically described as high-affinity interactions or low KD interactions (Eq.2).
𝐾𝐷 =

𝐶𝐿𝑖𝑔𝑎𝑛𝑑 ∙ 𝐶𝐺𝐹 𝑘𝑜𝑓𝑓
=
𝐶𝑐𝑜𝑚𝑝𝑙𝑒𝑥
𝑘𝑜𝑛

(Eq. 2)

Affinity interactions have been mainly employed to slow down growth factor diffusion within
a material. As such, affinity-based delivery allows for a sustained and tunable release of growth
factors99. Recent theoretical studies identified that the overall drug release profile from a carrier
could be modelled as a function of the concentration gradient, diffusivity of the growth factor
within a given material (DGF), concentration of the ligand (CLigand), KD, koff and kon (Eq. 3).
𝜕𝐶𝐺𝐹
𝜕𝐶𝐺𝐹
= 𝑓(
, 𝐷𝐺𝐹 , 𝐶𝐿𝑖𝑔𝑎𝑛𝑑 , 𝐾𝐷 , 𝑘𝑜𝑓𝑓 , 𝑘𝑜𝑛 )
𝜕𝑡
𝜕𝑥

(Eq. 3)

.
In general, the lower the KD, the slower the overall release rate. Interestingly, previous studies
concluded that in contrast to CLigand, CGF does not affect the overall growth factor release rate
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.

ECM fragments as binding partners
Native biomolecules are highly modular (Chapter 2.2). A typical ECM consists of multiple
domains, some of which facilitate binding to other ECM components and others have a high
affinity for growth factors65. In turn, growth factors consist of not only receptor binding
domains but also ECM binding domains36.
Therefore, one effective bioinspired approach to increase the bioactivity of scaffolds is through
the incorporation of ECM-derived growth factor binding domains into scaffolds fabricated
from various materials. Among the most frequently scaffold-incorporated ECM components is
heparin, a type of a ubiquitously present glycosaminoglycan (GAG) heparan sulphate. Heparin,
unlike other heparan sulphates, is produced only by mast cells and has high anticoagulation
activity118.
Heparin was first used in the early 1990s for delivery of FGF2 within a heparin-Sepharose
alginate microparticle construct. While the primary role of heparin within this construct was to
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protect the stability and bioactivity of the growth factor 119, it also slowed down the release of
FGF2 from the construct.
Since the initial study, heparin has been combined with a range of matrices to improve their
growth factor retention capacity, including fibrin120, collagen121 and PEG122. For example, Cai
and colleagues demonstrated that the higher the concentration of heparin, the slower the release
from poly(ethylene glycol) diacrylate – heparin hydrogels123. Additionally, the heparin
fragments were essential for the FGF2 loaded hydrogels to become vascularized in vivo. The
fact that heparin has been FDA approved makes it a popular choice in tissue engineering
applications.
One limitation of heparin is its anticoagulation affinity. This unwanted side-effect can be
mitigated, for example, by heparin N-deacetylation, upon which heparin retains only 23% of
its anticoagulation activity, or prevented by desulphation of the heparin124. Heparin can be
desulphated on its 2-O-Sulfate, 6-O-Sulfate and N-Sulfate positions and Freudenberg and
colleagues recently showed that selective desulphation at any of these positions reduces
heparin’s anticoagulation activity to below 1%. The N-DSH and 6-O-DSH modifications lead
to a slightly higher release of VEGF from scaffolds, 2-O-DSH modification led to similar drug
release profile to unmodified heparin. The study further showed that both immobilisation
efficiency and the rate of release were significantly affected by the degree of sulphate group
removal and thus demonstrated that varying the degree of substitution can be used to tune
VEGF release125 .
Alternatively, affinity interactions can be achieved using compounds that are not derived from
mammals. Schmidt and colleagues developed an approach to increase the affinity of alginate
gels for VEGF by more than a 10-fold by substituting the polysaccharide groups on alginate
by sulphates126. VEGF presented in this form increased the number of sprouts from a HUVEC
spheroid, providing further evidence that the appropriate spatial presentation of growth factors
is essential.
Engineering affinity using high-affinity binding domains
Alternatively, instead of exploiting the ECM-derived fragments, researchers can use genetic
engineering and modify directly the growth factors to increase their affinity23. Upon screening
the affinity of a large number of naturally occurring GFs for the heparin-binding domain on
fibrin(ogen), Martino and colleagues identified that placental growth factor (PIGF-2) as an
exceptionally strong-binder127 (Figure 12). These insights were then used to fabricate
recombinant VEGF-A and PDGF-BB with super-affinity for the matrix, thus prolonging their
retention time within scaffolds. These super-affinity interactions promoted the growth of more
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functional blood vessels, marked by lower vascular permeability than is commonly observed
upon VEGF delivery127.

Figure 12. Growth factors bind to various ECM components via affinity interactions. The data were obtained by
Martino and colleagues using ELISA and identify PIGF-2 as an exceptionally strong binder towards several ECM
components. Reprinted from 127 with the permission of the publisher AAAS.

Growth factor fragments as binding partners
In another approach, the Anseth group exploited the fact that growth factors typically form
dimers. Specifically, they incorporated the peptide FGF2(119–126)-derived binding sequence
KRTGQYKL which retains its ability to bind to native FGF2 into a matrix128. While this
strategy could theoretically be applied to other growth factors, it remains to be determined
whether it would affect their ability to engage with receptors and trigger downstream signalling.
In vitro evolution methods for the selection of binding partners
The affinity-based growth factor delivery systems discussed so far were either based on
electrostatic interactions and were mostly non-specific (e.g. sulphated alginate) or created using
either native growth factor- or ECM- derived domains. Consequently, there has been an effort
to improve selectivity, specificity and to strengthen the affinity between growth factors and the
carriers. One approach to achieve this is by selecting new affinity partners for the growth
factors99.
Aptamers are short oligonucleotides that bind specific small molecules and proteins, including
growth factors, with high affinity and specificity rivalling antibodies 129. Aptamers are selected
via a directed evolution method named systematic evolution of ligands by exponential
enrichment (SELEX)130.
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SELEX (Figure 13) is based on incubating the target growth factors with a library of up to 1 x
1015 different single-stranded oligonucleotide sequences (e.g. ssDNA). The sequences that do
not bind the growth factors are washed away, while the growth factor-bound sequences are
recovered and amplified using PCR. This process is then repeated 5-16 times until tens of
promising sequences have been identified. The resulting aptamers are then further analysed
and characterised131. Each selected aptamer has a specific secondary and tertiary structure
responsible for its specific binding to the desired growth factor.

Figure 13. SELEX is an in vitro evolution method commonly employed to select suitable aptamers that bind the
target growth factors with high affinity. Figure based on 132

Among the many advantages of aptamers is that they can be fabricated in large quantities, are
stable and can be modified with a range of chemical moieties. Traditionally, aptamers have
been used as sensors both in vivo133 and in vitro134 and as VEGF inhibitors in vivo135. Due to
their high affinity, aptamers have been used as targeting moieties for in vivo delivery of
chemotherapeutics136. The first study of this kind was done in 2006 by the Langer group and
involved targeting of the drug docetaxel to the extracellular domain of the prostate-specific
membrane antigen136.
The Wang group pioneered the use of aptamers for growth factor delivery. The first proof of
concept experiment was conducted using anti-PDGF-BB aptamers co-polymerized with
acrylamide via an acrydite moiety137. The authors demonstrated that an aptamer with the KD of
25 nM led to significantly lower cumulative release (~16%) compared with 220 nM aptamer
(~60%) over the course of 6 days137 (Figure 14a). To demonstrate the benefit of aptamers as
growth factor carriers within biocompatible scaffolds, the group incorporated anti-VEGF
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aptamers into highly porous, RGD-functionalized, PEG hydrogels138. This system supported
survival and growth of HUVECs and after seven days demonstrated significant benefit
compared with plain hydrogels loaded with soluble VEGF138. In agreement with other affinitybased growth factor delivery methods139, the studies from the Wang group collectively
demonstrate that the release profiles could be modulated by the KD and by the aptamer to
growth factor ratios (Figure 14bc).

A

Figure 14. A. The KD and concentration of aptamer dictate the overall growth factor release rate. A. The release
of PDGF-BB from aptamer functionalized hydrogels is influenced by the KD. The higher the KD, the more rapid
the release (black). Taken from 137. B. The molar ratio of the aptamer to VEGF impacts VEGF retention. C. The
link between the molar ratio of aptamer: VEGF and the rate of VEGF release (f2.5 and f5 signify 2.5:1 and 5:1
ratios of an aptamer to VEGF, respectively) 138. The higher the ratio, the slower is the release. Figures reprinted
with the permission of the publisher Wiley Online Library.

The Bellamkonda group brought the concept one step further and used aptamers to sequester
and enrich endogenous cytokines at the injury site140. To locally increase the concentration of
the chemoattractant fractalkine, the authors modified poly (ethylene glycol) diacrylate
hydrogels with aptamers against fractalkine. Following implantation, the aptamers sequestered
and concentrated native fractalkine at the injury site. This intervention led to a significant
localised increase in Ly6CloCX3CR1hi non-classical monocytes and CD206+ M2-like
macrophages, which had been previously shown to positively modulate tissue repair. One
potential limitation of this study is that, to ensure that there will be enough cytokine available
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to stimulate cells, the authors had to use aptamers with relatively low affinity making the
sequestration process less efficient.
Engineering spatial distribution
The natural affinity of native growth factors for ECM components means that growth factors
do not diffuse very far from where they were applied. Cooper and colleagues used inkjet-based
bioprinting to incorporate BMP-2 within half of a DermaMatrixTM human allograft scaffold141.
Only the half of the scaffold modified with BMP-2 promoted bone formation when transplanted
in vivo.
In another example, Hettiaratchi and colleagues suggested that heparin microparticles could
sequester BMP-2, and this sponge-like behaviour would create natural sinks and thus gradients
within scaffolds. While this concept was proved in vitro, competitive protein binding prevented
gradient formation in vivo142.
Discussion of affinity release
Affinity interactions between the growth factors and ECM are ubiquitous. This has inspired
scientists to incorporate ECM fragments within otherwise synthetic scaffolds. To improve the
specificity of growth factor-ligand interactions, advanced techniques such as protein
engineering and SELEX have been employed. One significant advantage of this mode of
delivery is that it makes it possible to separate scaffold fabrication step from the growth factor
loading step and does not require any harsh solvents nor coupling reactions that could
compromise the bioactivity of growth factors. In addition, this approach provides a high level
of control over the amount of incorporated growth factor within a scaffold and yield predictable
growth factor release profile, as it is possible to predict the release rate based on the KD.

52

2.5.

Engineering sequential and on-demand presentation of growth factors

2.5.1. Motivation
Previous sections described the main approaches to achieve a sustained release and presentation
of growth factors at pre-programmed rates. While these approaches make it possible to protect
and concentrate growth factors at the site of injury, there has been a push to develop materials
that take into consideration the dynamic nature of tissue repair. As described in Chapter 2.1,
wound healing is an inherently sequential processes that is orchestrated by multiple growth
factors. Figure 15 depicts an example of another growth factor-regulated process, the
angiogenesis. Angiogenesis is induced by pro-angiogenic stimuli (VEGF, Ang2) released from
the ischemic tissue and the sprouts are then stabilized by pro-maturation signals: PDGF-BB
and Ang1. A study by Brudno and colleagues indicated that when both types of stimuli are
administered simultaneously, the early stages of VEGF and Ang2 regulated angiogenesis are
inhibited143.

However, when added sequentially, reflecting the physiological in vivo

angiogenesis process, the pro-maturation signals promote blood vessel maturation and
remodelling 143. This study therefore demonstrates that the growth factor delivery system must
provide a high level of control over the timing of growth factor presentation.
Other studies show that while an early administration of the growth factors from the bone
morphogenetic family has an osteoinductive effect during early stages of bone repair, they
inhibit the proliferation of osteoblasts as the healing progresses 144. It is therefore likely that in
many instances, sequential release of multiple growth factors might yield better therapeutic
outcomes than a prolonged, sustained release of a single therapeutic.

Figure 15. Angiogenesis is sequentially regulated by pro-angiogenic (VEGF, Ang2) and pro-maturation signals
(PDGF, Ang1). Their sequential administration is critical and simultaneous stimulation of cells with all these
signals abrogates angiogenesis. Reprinted with the permission of the publisher143

There are currently two main approaches to engineering sequential delivery of multiple growth
factors. The first involves pre-programming the growth factor delivery system such that at least
one of the growth factors is released with a delay. Such pre-programmed release can be, for
example, achieved by encapsulating the growth factor in an additional layer of material that
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degrades only after several days. This approach was used in a landmark study by Richardson
and colleagues to promote the formation of a more mature vasculature by sequentially
delivering VEGF and PDGF-BB in vivo 145 (Figure 16).

Figure 16. Sequential delivery of two growth factors at pre-programmed rate was achieved using polymeric
scaffolds. 145 Reprinted with the permission of Springer Nature.

The second approach is frequently referred to as the on-demand delivery and relies on using
either native or externally applied stimuli that trigger growth factor release. These stimuli can
either deform the whole scaffold or can act individually on the growth factor delivery units.
The main approaches to engineering on-demand release are discussed below.

2.5.2. Physical deformation of a carrier
One approach to trigger a rapid release of growth factors is by physically deforming the entire
hydrogel or scaffold. The most straightforward approach to deform a scaffold is by directly
compressing the scaffold using physical force. The first team to use this approach were Lee
and colleagues, who developed an alginate-based system that responds to compressive
stimulation by releasing VEGF146. The authors first demonstrated in vitro that the higher the
strain amplitude, the higher the rate of release (Figure 17). The hydrogels were then implanted
in vivo, and while VEGF loaded controls that were not mechanically stimulated also promoted
angiogenesis, this effect was significantly lower compared with mechanically stimulated
hydrogels146.
As scaffolds implanted deep within the body cannot be easily stimulated using mechanical
forces, alternative sources of energy were identified to deform the scaffolds. For example, when
iron oxide particles incorporated within a macroscale material (i.e. ferrogels) are stimulated
with the magnetic field, the nanoparticles aggregate and shrink the matrix. This approach was
used to achieve an on-demand release therapeutics as well as cells from RGD-modified alginate
macroporous scaffolds 147.
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Such mechanically induced deformation of a carrier represents a convenient approach to
control the rate of release of various therapeutics in vitro. However, it is not possible to tightly
control the magnitude and frequency of applied strain in vivo. For example, scaffolds placed
within the cartilage and other highly loaded parts of the body, such as feet, might be compressed
differently in each patient depending on their physical activity. This could make it challenging
to standardise the dosing of released growth factor between patients and should be taken into
consideration when designing scaffolds for these applications. Another concern with using
physical deformation of a scaffold as a stimulus is that this stimulus might also affect the
signalling of cells that have already invaded the scaffolds. Approaches that would only induce
deformation within the growth factor delivery compartments of the scaffold but would not
affect the overall mechanical properties of the scaffold would therefore substantially increase
the utility of these scaffolds.

Figure 17. In vitro mechanical stimulation of alginate hydrogels induces VEGF release. Figure a. depicts the
loading regimen. Figure b shows that alginate hydrogels stimulated with a strain of 10% (open circle) release the
growth factor less rapidly than cells strained with an amplitude of 25% (open squares). Non-compressed
hydrogels (filled circles) result only in a minimal VEGF release. Reprinted with the permission of Springer
Nature 146.

2.5.3. Photochemistry in biomaterials design
Photochemistry is a branch of chemistry that exploits the chemical effects of light,
corresponding to the ultra violet (UV), visible and infra-red (IR) rays, on molecules. Upon
absorption of a photon of light, the photoactive molecule changes its electronic structure, which
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in turn affects how it reacts and interacts with other molecules. Examples of such reactions are
photoaddition, photorearrangement and photocleavage148. These reactions are highly specific,
and the outcome depends on the reaction wavelength, conversion efficiency and chemical
response.
Photochemistry has been employed to modulate hydrogel properties such as stiffness 149 and
ligand presentation in time and space that is independent of modulating the properties of the
bulk hydrogel 150. Despite the apparent benefits of using photochemistry and a large number of
publications using this technique to pattern hydrogels with cell adhesive ligands and
fluorescently-tagged molecules151, there are very few publications that employ this technique
to pattern growth factors.
The study published by the Lutolf group in 2013 was motivated by the assumption that
photochemistry might be more challenging to use with proteins, as opposed with small
molecules because proteins are delicate and it is challenging to modify proteins with
photoreactive groups152. To overcome these limitations while harnessing benefits of
photochemistry, the Lutolf group incorporated photolabile cage group-flanked activated
transglutaminase factor XIII (FXIIIa) within PEG hydrogels (Figure 18a). Upon
photoactivation, the hydrogels were incubated with fluorescently tagged ligands and
recombinant VEGF121 containing Q-peptide domain at its N-terminus, demonstrating that this
approach can be used to pattern growth factors152. Local photoactivation and RGD patterning
were subsequently used to promote in situ invasions by MSCs 152. In the future, this innovation
might make it possible to incorporate various other growth factor binding ligands within
scaffolds in a highly spatiotemporally defined manner.
In 2015, DeForest developed a synthetic scheme that makes it possible to directly control both
protein conjugation and release in time and space while demonstrating that doing so preserves
proteins’ bioactivity (Figure 18b) 153. The patterning is enabled by photo-deprotection-oximeligation. Following deprotection NPPOC-caged alkoxyamines on the hydrogel surfaces
become reactive towards aldehyde-terminated proteins, forming stable oximes. The release of
proteins can be achieved by ortho-nitrobenzyl ester photoscission. In another study, Alsop and
colleagues demonstrated that photopatterning of VEGF within collagen-glycosaminoglycan
scaffolds does not affect its bioactivity154.
Currently, the low penetration depth and toxicity of high-frequency waves limit the use of
photochemistry in vivo. To address these limitations, many research groups are aiming to shift
the absorbance of photocleavable moieties to red light, which is more biocompatible. One
approach to achieve this is to couple these photocleavable moieties with quantum dots or
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upconverting nanoparticles155. The second limitation inherent to this approach is that even the
most elaborate designs still rely on external interventions.
In principle, this approach allows multiplexing based on different wavelengths, fabrication of
micropatterns, presentation of ligands and on-demand release of ligands, which could all be
incorporated into one carrier to modulate tissue repair dynamically [113].

a

b

Figure 18. Two different approaches to photopatterning hydrogels with growth factors. A. The Lutolf group
employed light to site-specifically photoactivate FXIIIa factor. The hydrogels were subsequently incubated with a
growth factor that recognises and binds to FXIIIa 152. B. DeForest and colleagues used photochemistry to both
catalyse the site-specific conjugation of growth factors to a hydrogel via oxime ligation and to photorelease the
proteins using photocleavable linkers with aldehydes 153. Figures reprinted with the permission of Springer Nature.

2.5.4. Degradation: MMP-cleavable sequences
Matrix metalloproteinases (MMPs) and Plasmins (Pla) are enzymes that degrade the ECM both
during physiological tissue remodelling and inflammation healing156. There are at least 28
known types of MMP that collectively cleave a range of ECM molecules157. The collagenases,
for example, degrade triple-helices in collagen while other classes of MMPs cleave fibronectin,
laminin and aggrecan. The MMP sensitive peptide sequences are typically synthesised using
solid phase synthesis and are used as linkers to either crosslink a hydrogel or to attach a growth
factor to a matrix as a pendant moiety. In both cases, MMPs degrade the linkers.
MMP-degradable linkers have been first employed by the Hubbell group to create celldegradable synthetic scaffolds. In the same study, the group demonstrated that such hydrogels
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could be loaded (non-covalently) with rhBMP-2, which is then gradually released as the
scaffold degrades in vivo 85.
In another study, a plasmin-cleavable sequence was used to covalently link a growth factor to
the matrix. When the enzyme concentration locally increases, the linker degrades, and the
growth factor is released. This strategy was used to functionalize an MMP-crosslinked PEGbased hydrogel with a VEGF121-cystein growth factor that naturally contains a plasmin
cleavable site158. Importantly, the authors employed a synthetic scheme that preserved the
plasmin cleavable sites. The in vivo validation revealed that these matrices promote
significantly more vascularisation compared with soluble VEGF. Unfortunately, it is unclear
whether the vascularisation occurred due to MMP or plasmin cleavage. Interestingly, another,
more recent study demonstrated the growth factor VEGF linked to a four-arm PEG monomer
retains its bioactivity when cleaved from a PEG-hydrogels by MMP. Such hydrogels were also
effective in vivo159.
With the aim to elucidate the role plasmin sensitive sequence has on VEGF signalling, Ehrbar
and colleagues incorporated VEGF121 recombinant α2PI1-8-VEGF121 and α2PI1-8-Pla-VEGF121
additionally containing the plasmin-sensitive sequence (Pla) into fibrin matrices160, where the
α2PI1-8 domain facilitates covalent attachment to fibrin during coagulation. After confirming
that addition of plasmin expedites the release of Pla-containing growth factor variant, the study
demonstrated that the matrix-attached growth factors were more efficient in inducing
proliferation of endothelial cells on fibrin substrates. However, there was no statistical
difference between the α2PI1-8-VEGF121 and α2PI1-8-Pla-VEGF121 variants. The authors then
cultured endothelial pluripotent stem cells on fibrin substrates and analysed CD133, CD31 and
VE-cadherin as markers of their differentiation. While the stem cell marker CD133 was most
markedly expressed in the covalently attached VEGF, The Pla cleavable and free VEGF had
the strongest VE-cadherin signal, suggesting the highest level of differentiation (Figure 19).
Taken together, this study demonstrated that proteolytic release has a distinct effect on cellular
behaviour compared with other modes of VEGF delivery160.
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Figure 19. Enzymatic, on-demand release of growth factors. A. Three different types of VEGF were incorporated
into a fibrin network and were engineered to achieve varying release profile through controlling their enzymatic
cleavage. B. The effect of different VEGF cleavage was tested by evaluating their effect on the maturation of human
endothelial pluripotent cells (green stem cell antigen CD133, red DAPI). The amount of CD133 was the highest in
the α2PI1-8-VEGF121 and the lowest in the VEGF121, suggesting that the burst release promoted rapid differentiation.
Reprinted from 160 with the permission from Elsevier.

The main benefit of using MMPs cleavable sequences is that MMPs are endogenously present
stimuli and do not need to be administered externally. Also, because some sequences can be
cleaved only be specific MMPs, this approach might make it possible for the growth factors to
be delivered sequentially provided the different cell types arriving at the injury site were
expressing distinct proteases. For example, while the sequence GGPQG↓IWGQ85 can be
cleaved via a number of MMPs, MMP-2 cleaves GDGIPVS↓LRSGGK, MMP-14 cleaves the
sequence GDIPES↓LRAGGK, and collagenase degrades the sequence GGL↓GPAGGK161.
Despite the many beneficial properties of MMPs, recent reports highlight the need for careful
design of MMP-interfacing growth factor delivery vehicles. First, the design needs to ensure
there is minimal cross-reactivity between MMPs and the bulk material. For example, cysteine
residues have been shown to reduce protease activity by engaging in disulphide formation with
the protease157. Also, it is frequently challenging to decouple the degradation of the hydrogel
from enzymatic cleavage of pendant functionalities because there is a significant overlap
between MMP expression by different cell types162. Finally, MMP release and the upregulation of the delivered growth factor might not occur at the same time during physiological
tissue repair163. The specific cleavable sequence and the growth factor of interest might,
therefore, need to be carefully matched.
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This chapter introduced separately light- and MMP-triggered degradation of biomaterials.
However, multiple elements can be combined to create more sophisticated materials. For
example, the DeForest group recently engineered linkers that do not fully degrade in the
presence of just one stimulus, such as light or MMP, but degrade fully only when multiple
conditions are satisfied. The authors subsequently employed these linkers to crosslink hydrogel
and thus engineered hydrogels that are degradable under tightly defined conditions164. Inspired
by electronic circuits, the key to this approach was spatially organizing chemical moieties into
distinct molecular architectures at a specific order thus forming molecular logic gates. While
the main environmental stimuli the authors explored and combined were light, proteases
(MMP8) and reducing agents (TCEP), this general approach is highly versatile and future
studies should identify the set of stimuli that would make it possible to engineer a diseasespecific release.

2.5.5. Molecular displacement/ conformational changes
An alternative approach to inducing an on-demand release of growth factors from scaffolds
that is orthogonal to the scaffold chemistry and mechanical stability has recently emerged from
the Wang group. The group demonstrated that aptamer-bound growth factors could be
displaced by an appropriate anti-sense sequence165 (Figure 20a). As the molecular weight of a
growth factor is usually large compared to that of an aptamer, the group also provided a set of
design criteria regarding the length of a toehold (overhang) required for the anti-sense strand
to bind to the aptamer and displace the growth factor
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. This approach is also suitable for

sequential delivery of multiple growth factors. For example, Battig and colleagues engineered
a polymeric delivery system containing two distinct aptamers that allows for sequential, ondemand delivery of PDGF-BB and VEGF via the displacement mechanism166 (Figure 20b).
Despite the high specificity of hybridization reactions, one inherent limitation of this approach
is the need to deliver the antisense sequences in vivo. To address this limitation, anti-sense
strands were incorporated into a hydrogel via a photo-cleavable group (Figure 20)

167

. Upon

using light, the free sequences displaced the aptamer-bound growth factors. In another
approach, the group used a small metabolite molecule adenosine to displace the anti-sense
strand from a double helix which subsequently hybridised the growth factor-binding
aptamer168. However, this strategy requires careful selection of anti-sense strands and
alterations to the original aptamer structure. Future studies should determine whether this
approach would work in the presence of cells.

60

a

b

Figure 20. The sequential on-demand release of growth factors from aptamers using hybridisation. A. An aptamer
(ON2) attached to a hydrogel binds a growth factor with high affinity. When a complementary oligonucleotide
(ON1) is photo-released, it hybridises the aptamers (ON2) and triggers the release of the growth factor Pr. The
figure is taken from 167. B. Sequential release of VEGF(green) and PDGF-BB (red) triggered by sequential
hybridization of two distinct aptamer-growth factor complexes 166. Figures reprinted with the permission from ACS
Publications.

2.5.6. Conclusions growth factor delivery approaches
Currently, there are three main approaches to concentrating growth factors at the site of injury
and protecting their bioactivity: physical encapsulation, affinity interactions and covalent
binding. Each of these approaches has distinct advantages and disadvantages. The basic
characteristics of each approach are summarised in Table 1. Until recently, physical
encapsulation has been the preferred mode of delivery, as it provides a high level of control
over the macroscale growth factor release profile and even enables sequential delivery of
multiple growth factors145. However, this approach is limited by the potential damage to the
growth factors during encapsulation, heterogeneity in the amount of encapsulated growth factor
and lack of synergistic signalling with integrins. In recent years, affinity-based growth factor
delivery has gained momentum99. In native tissues, growth factors are frequently bound to
native ECM motifs via affinity interactions. The different affinity of each growth factor
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isoforms for the ECM makes it possible to create growth factor gradients within the matrix
along which the cells can migrate169.
Additionally, this mode of delivery makes it possible to present growth factors within the
proximity of other ligands, thus creating synergies170. Finally, covalent incorporation of growth
factors provides a high level of control over their spatial distribution within a scaffold.
However, this approach might over- or under- stimulate the growth factor receptors.
Table 1. Comparison of the main approaches to growth factor delivery.

Protein stability

Physical encapsulation

Covalent binding

Affinity
interaction

Might be damaging

Prolongation of bioactivity

Protection

Side-effects
Integration with a
scaffold

Within microparticles

Orthogonality with
scaffold mechanical
properties

Good for microparticles

Control over release
profile

Porosity

Low if scaffold itself
encapsulates proteins

Pendant moieties

Pendant moieties

Non-specific chemistries

Scaffold material

Challenging purification

Easy purification

Might lead to either over- or
under-stimulation.

Good as pendant
functionality

Linked to scaffold
degradation
Constant

Degradation

KD
Concentration

Density
Sequential release

Controlled by degradation

Photocleavage
Enzymatic cleavage

Molecular
displacement

Spatial presentation

Good

Excellent

Good

Synergy with binding
sites

Not possible to spatially
engineer at the nano level

Excellent

Good

Possible limitations

Harsh solvents

Alterations of the protein

Limited encapsulation
efficiency

Affects signalling cascades

Lack of on-demand
release stimuli

Figure 21 shows how each of these approaches can be combined only with specific active
release elements, deformation, degradation induced by light or enzymatically, and by
molecular displacement (conformational change) (Figure 21). The stimuli can either cause
macroscale changes to the scaffolds, thus affecting diffusion and/or convection through the
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matrix, or they can be applied more locally, acting on the links that tie individual growth factors
to the matrix.

Figure 21. On-demand growth factor delivery. Most stimuli (deformation, light, displacement-ligands) need to be
applied externally. Enzymatic digestion via MMP is an example of a cell-derived stimulus.

The design of scaffolds for growth factor delivery typically involves a detailed characterisation
of the growth factor release profiles at the macroscale level

166, 145, 146, 139, 117

. The favourable

release of growth factors from the scaffold to the environment is indeed essential when the
primary purpose of a scaffold is to attract cells to invade the scaffold or to deliver specific
growth factors systemically at low doses.
However, while the availability of the binding site is critical in affecting cellular function, it
does not necessarily require macroscale release and a mere exposure of the growth factor
receptor binding site on a growth factor within a narrow space might be enough to trigger
cellular signalling. Indeed, native tissues are full of cryptic sites that reveal under particular
conditions. A 2005 review by Stevens and colleagues171 (Figure 22) identified that effective
stimuli to induce exposure of active sites on proteins include surface adsorption, interaction
with other proteins, mechanical activation, and degradation by proteases.
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Figure 22. Exposing cryptic motifs. a. A cryptic binding site. Mechanisms via which it can be exposed include b.
Surface adsorption, c. Interaction with other molecules, d. Mechanically-induced deformation E. proteolysis that
results in the unmasking of the cryptic site, and f. Proteolysis that releases the binding site to the environment.
Reprinted from 171.

Despite the significant appeal of the concept of sequential activation rather than macroscale
release, this approach has received only limited attention so far. As shown in this chapter,
protease-cleavable sites and light have been employed to degrade the links between the growth
factor and the ECM. However, even a matrix bound growth factor can trigger cellular
signalling. This means that without the presence of an additional layer of material that would
prevent this signalling, the external signal only changes the mode of delivery from surfacebound to soluble growth factor.
The masking of active sites has been explored for peptides. The Garcia lab used photolabile
chemistries to study the effect of temporal presentation of RGD on adhesion, inflammation
and vascularisation of biomaterials in vivo172. In this study, the scaffolds were modified with
RGD peptides with the UV-photolabile caging group a 3-(4,5-dimethoxy-2-nitrophenyl)-2butyl ester (DMNPB). This landmark study has shown that delayed activation or RGD peptides
after 7 or 14 days prevents foreign body response and fibrotic encapsulation of PEGDA-RGD
materials. While bioactivation has been demonstrated for short bioactive peptides, light-based
activation has not yet been explored in growth factor activation.
One of the few engineering approaches that temporarily deactivates growth factors was
pioneered by the Wang group. As discussed previously (Chapter 2.5.5), the group has
engineered an active release of growth factors from aptamer-growth factor complexes using
anti-sense oligonucleotides166. Using this approach, the group achieved a sequential release of
two distinct growth factors166. However, similarly to using light, this approach relies on an
externally applied stimulus and cannot directly respond to changes in the regenerating tissue.
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In conclusion, there is currently a lack of enabling technologies that would make it possible to
on-demand activate growth factors within cell instructive scaffolds. While MMP-cleavage
makes it possible to engineer cell-responsive growth factor delivery vehicles, this approach is
typically not orthogonal to the degradation of the scaffold. Other stimuli, such as light and
ssDNA mediated displacement require the stimuli to be applied externally.
To address this gap, this thesis explores novel methods for on-demand activation of growth
factors that don’t rely on external stimuli (Figure 23). More specifically, this thesis uses
nanoscale engineering to explore traction forces as a novel bioinspired stimulus to trigger
growth factor activation within cell-instructive scaffolds.

a

b

Figure 23. Sequential activation of growth factors within scaffolds. a. Extracellular matrix (ECM) either
concentrates growth factors in their active form (green growth factor, red – active receptor binding site, left) or
their inactive form (grey growth factor, grey circle – inactive binding site right). The receptor binding sites on
growth factors are exposed (red circle) when stimuli, such as force or enzymatic cleavage of the substrate are
applied. B. Some growth factors, shown in green, have exposed growth factor receptor binding sites (red circle)
when attached to a matrix. Other growth factors, shown in grey, cannot bind their receptors when attached to the
ECM (grey circle). For the growth factor to be recognised by cells, its receptor binding site needs to be activated
(red circle), using a stimulus.
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2.6.

Biological inspiration: Large latent complex and mechanically activated
growth factor delivery

Large Latent Complex
In addition to using chemistry-based stimuli to facilitate the on-demand release of growth
factors, cells in native tissues also employ traction forces to release ECM-bound growth factors.
Specifically, cells use traction forces to activate and release the growth factor TGF-β1. In
wound healing, TGF-β becomes upregulated during early stages of tissue repair and towards
the end of the proliferation stage of wound healing starts to direct the differentiation of
fibroblasts into proto-myofibroblasts and subsequently into myofibroblasts, α–smooth muscle
actin (α-SMA) expressing cells (Figure 24b). Myofibroblasts then contract the wound edges
together173. Concomitantly, myofibroblasts also secrete and align collagen fibres (Figure 24c).
Once the wound has been sealed, the fibroblasts undergo apoptosis, leaving behind a
collagenous scar that seals the wound (Figure 24d).

Figure 24. The growth factor TGF-β1 triggers differentiation of fibroblasts into myofibroblasts that subsequently
contract the wound and produce temporary scar tissue. A. The growth factor TGF-β1 is present in the wound during
early stages of tissue repair where it is released from activated platelets and by immune cells. B. TGF-β1 directs
fibroblasts to differentiate first into proto-myofibroblasts and subsequently into myofibroblasts, highly contractile
myosin-rich cells C. Myofibroblasts contract the wound in a highly spatiotemporally coordinated manner while
depositing collagen fibrils that repair and seal the defect. D. Once the wound is repaired, the myofibroblasts
undergo apoptosis and the scar is slowly remodelled. Reprinted from 173 with the permission of Springer Nature.
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Until ten years ago, the latent nature of TGF-β1 and the temporal delay between the growth
factor secretion remained unclear, with the leading hypothesis for the possible triggers being
proteolytic, thrombospondin-1, integrin, reactive oxygen species and pH activation174. In a
landmark study, Wippf and colleagues uncovered that myofibroblasts directly activate TGFβ1 via traction forces (Figure 25)175. Using elegant experiments, the authors showed that
fibroblasts are capable of releasing TGF-β1 from the complex and that the release occurs at
higher rates when the cells are treated with the contraction-inducing drug thrombin. To make
sure the release was not caused by proteolytic cleavage, the experiments were conducted in the
presence of protease inhibitors. Selective blocking of parts of the contractile apparatus using
antibodies, on the other hand, reduced or abolished the effect of contraction.

Finally,

fibroblasts secreting only latency associated protein TGF β1 (LAP-TGF β1) without the ECM
targeting moiety latent-transforming growth factor beta-binding protein 1 (LTBP-1) were not
able to induce fibrosis when transplanted in mice. Based on these experiments, the authors
concluded that the mechanical release was possible due to three contributing elements. First,
highly contractile α-SMA-positive fibroblasts are needed. Second, it needs to be possible to
transmit stress to LAP-TGF- TGF-β1 via integrins and last, the LLC needs to be incorporated
within mechano-resistant ECM.
It is currently known that TGF-β1 is secreted in its inactive form, encapsulated in a molecular
complex resembling a straitjacket called the large latent complex (LLC) 176. LLC consists of
LAP and LTBP-1 (Figure 25). LTBP-1 is covalently attached to the provisional fibrillin-1 and
fibronectin rich ECM175. Importantly, LAP contains RGD peptide sequence to which cells bind
via integrins and through which they transmit traction forces that eventually release the growth
factor.
Structural studies of the LAP complex have revealed that the complex has a straitjacket-like
shape177, enabling tight encapsulation of TGF-β1177. The complex is additionally highly
symmetric with the RGD peptide positioned directly opposite to the LTBP-1 binding site. The
structure has evolved so that the pulling leads to an all-or-nothing release178.
This traction force-based growth factor release mechanism gives rise to unique emergent
behaviour within the healing wounds, temporally separating TGF-β deposition from when the
growth factor is activated. The primary function of TGF-β1 during wound repair is to promote
the differentiation of fibroblasts into highly contractile myofibroblasts that contract the wound
173

. However, for fibroblasts to be able to release the growth factor, they need to be able to exert

high enough force, and the ECM matrix needs to provide sufficient resistance for the
straitjacket-like complex to open176. This is possible both due to their differentiation into protomyofibroblasts and stiffening of the ECM. First, the relatively stiff fibrin clot primes fibroblasts
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to differentiate into proto-myofibroblasts173. Proto-myofibroblasts express αvβ6 integrins and
produce higher contractile forces than fibroblasts, allowing them to pull on the LLC and release
TGF-β. The activated TGF-β then stimulates the remaining proto-myofibroblasts to
differentiate into myofibroblasts in a ‘domino effect’. The beauty of this process is that its feedforward nature179 ensures that all the potent TGF-β gets depleted, making it possible for the
wound healing process to move from an acute process to a slow, remodelling stage.
Because the LLC makes it possible to tie growth factor release with the environmental signals
it has been described “a cellular switch, whose true function is to provide a mechanism for
coupling a cell to its environment”180. It is intriguing that nature evolved mechanical activation
for most signals that direct wound healing to be deposited within the wound environment early
during the wound healing process, especially in the context of tissue engineering, a field aiming
to incorporate cell-instructive signals into a scaffold to direct tissue regeneration.

Figure 25. Transforming growth factor beta (TGF-β) is released from a Large Latent Complex (LLC) directly by
cells. Integrins attach to RGD cell-binding sequence on the straitjacket-like complex LLC, open it using traction
force, thus releasing TGF-β (Right: Detail of TGF-β release from LLC by traction forces Reprinted from 175 with
the permission of Rockefeller University Press).

Cellular traction forces
In intact tissues, cells use traction forces to maintain their cellular integrity and to adhere to the
surrounding ECM 181. The ability of cells to exert forces becomes essential during tissue repair
when cells migrate over and contract the wound. For example, cells use traction forces to reveal
cryptic peptides on fibronectin182 and to propel themselves during migration183.
Cells contain a specialised force sensing and exerting machinery (Figure 26). Specialized
transmembrane receptors called integrins recognise specific peptide sequences on the ECM to
which they attach. Integrins subsequently organise into focal complexes that subsequently
mature into focal adhesions. Focal adhesions are multi-protein complexes that serve as the main
point of interaction between cells and the ECM. These complexes are far from static and enable
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cells to both sense the mechanical properties of the ECM and pull on the ECM, processes
collectively known as mechanotransduction184.
There are several mechanisms by which cells generate force. The first relies on the actomyosin
and microtubules within the cytoskeleton. More specifically, the contractile force arises from
actin fibres being elongated by myosin motors185. Actin polymerisation then mediates the
forward protrusion at the leading edge of cells during migration

186

. The forces are further

regulated by intracellular proteins, including alpha-smooth muscle actin (α-SMA) that are
incorporated into the stress fibres, which enables cells to exert larger forces186.

Figure 26. Cell adhere to the ECM via integrins. Integrins organise into focal adhesions via which they apply and
sense forces in the process termed mechanotransduction. Reprinted from 187 with the permission from Wiley Online
Library.

The magnitude of traction forces both in 2D and in 3D is an active area of investigation.
Researchers are also interested in how growth factors modulate the ability of cells to apply
forces during tissue repair188,

189

. Answering such questions is critically dependent on the

availability of suitable technologies. Traditionally, traction forces have been studied using cell
traction force microscopy (CTFM). In this approach, polyacrylamide gels containing
fluorescent beads are coated with cell adhesive peptides and seeded with cells. Traction stresses
are then determined computationally by measuring bead displacement186. More recently, it has
become possible to analyse the traction forces exerted by individual integrins using molecular
tension force microscopy (MTFM)190. This technique makes use of tension probes that are
constructed from a surface-bound spring element flanked by a fluorophore and a quencher and
terminated with a cell adhesive molecule (Figure 27A)190. The switch element are fabricated
from PEG191, proteins (e.g. titin)192 or DNA193. A rise in fluorescence readout in a given area
indicates that the force cells are exerting is equal or higher to that needed to unfold the spring
element190. In this regard, DNA has proved to be a very suitable switch material, as there is a
direct link between the length and composition of the double-stranded (stem) region and the
opening forces that are necessary to unfold this structure194. Additionally, single molecule
studies determined that DNA hairpins behave as molecular switches, with rapid unfolding once
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a threshold force has been reached194. The threshold opening force increases with increasing
GC content based on Watson-Crick base pairing195. MTFMs make it for example possible to
study the spatial distribution of applied forces. Figure 27B shows images obtained using two
types of force probes calibrated so that the F1/2 of 22% GC probe is 4.7 pN and that F1/2 of
100% GC probe is 13.1 pN predominantly localized to cell edges, where the focal adhesions
195

are

.

A

B

Figure 27. Measuring forces applied by individual integrins using MTFMs. A. Depicts a general design of an
MTFM probe. Reprinted with permission from 190. Copyright (2017) American Chemical Society B. Forces are the
highest at cell edges. Measurements using DNA-based traction force probe make it possible to measure traction
forces with high spatial distribution. Reprinted from 195 with the permission from Springer Nature.

Since force is a vector, DNA nanotechnology provides a high level of control over the
orientation of the double-stranded region in relation to the applied force, as it can be precisely
controlled where and to what other molecules is the DNA attached. For example, less force is
needed to disassociate two strands via unzipping (12 pN) than via shearing (54 pN) in
otherwise identical sequence (Figure 28)

196

. Collectively, these experiments show that the

forces exerted by individual integrins exceed 30pN192.
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Figure 28. Force probes to evaluate traction forces. Only probes designed to withstand forces of Ttol 43pN and
higher resisted unzipping caused by cellular traction forces and supported cell adhesion. Reprinted from196 with the
permission of the publisher Springer Nature.
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2.7.

Hypothesis: force as a growth factor release stimulus

Previous chapters highlighted the need for growth factor delivery vehicles to not only passively
concentrate growth factors at the site of injury, but also to enable their on-demand release.
However, identification of appropriate stimuli that do not need to be applied externally to
trigger growth factor release has been challenging. Inspired by the traction force mediated
TGF-β release from LLC, we identified traction forces as a highly relevant stimulus that could
locally trigger growth factor release. Towards this goal, this thesis explores traction forces as
a growth factor release stimulus and defines some of the fundamental design principles
necessary for the fabrication of synthetic mechanoresponsive molecules.
The primary goal of this thesis is to design and fabricate a functional mimic of the LLC that
can be used to deliver a range of growth factors. We termed this synthetic mimic the TractionActivated Payloads (TrAPs). We hypothesized that for TrAPs to serve as force-responsive
switches, they need to, similarly to LLC, (1) contain an element that both binds growth factors
with high affinity and can be deformed by pN forces; (2) contain a cell-adhesive peptide to
which cells can bind via integrins and; (3) TrAPs need to be attached to a matrix that will
provide sufficient mechanical resistance (Figure 29).

Figure 29. Design concept. (a) Large latent complex binds TGF-β. (b) TGF-β is released from LLC using traction
forces. (c) TrAPs bind growth factors (blue). (d) The growth factor is released using traction forces. Image was
reprinted from197under permission of a creative commons license
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2.8.

Organisation of results chapters

The results section is divided into the following chapters:
Chapter 3 describes the rationale behind the design and fabrication of TrAPs. The chapter
further details the synthesis scheme that we developed to fabricate TrAP along with detailed
characterisation of individual steps of the scheme.
Chapter 4 tests the hypothesis that while TrAPs containing both cell adhesive and scrambled
non-cell adhesive peptide, can sequester growth factors, only cell-adhesive peptide-containing
TrAPs facilitate the release of growth factor. The proof of concept experiments are conducted
using glass slides, anti-PDGF-BB aptamers and primary fibroblasts.
Chapter 5 explores traction force mediated release from anti-VEGF TrAPs. This chapter also
presents a novel synthetic scheme that makes it possible to functionalize polyacrylamide
hydrogels with various biomolecules.
Chapter 6 describes a synthetic scheme that we employed to functionalize therapeutically
relevant collagen sponges with TrAPs and presents cellular data on traction force mediated
release within these matrices.

73

3. DESIGN AND FABRICATION OF TRAPS
3.1.

TrAP design

The primary goal of this thesis is to explore traction forces as a stimulus to trigger the ondemand release of growth factors in the context of wound-healing materials. The first step
towards achieving this goal was to design and synthesise the appropriate force-responsive
growth factor carrier using LLC as an inspiration. The Rifkin group proposed that LLC can be
viewed as an ECM sensor, where the RGD-containing lasso-like protein complex acts as the
detector, the Latent TGF-β Binding Protein (LTBP; ECM binding protein) acts as the localizer
and TGF-β as the effector198. Viewing the LLC from the functional angle, we reasoned that a
synthetic mimic of the LLC should consist of three main functional domains: the growth factor
binding domain, cell-adhesive peptide and a substrate conjugation site (Figure 30). The
following sections describe the building blocks we chose to assemble TrAPs.

Figure 30. Main functional components of TrAPs. Aptamer (red) both binds growth factors and undergoes
conformational changes in response to forces. The cell adhesive peptide is recognised by integrins and the substrate
conjugation site enables binding of the complex to a material of interest. Flexible PEG spacers are added to ensure
aptamer binding to the material does not interfere with its folding and three-dimensional structure.

3.1.1. Oligonucleotide aptamers: Growth factor binding and mechanoresponsive
domain
For TrAPs to mimic the LLC, they need to contain a domain that both binds growth factors
with high affinity and can be easily deformed by traction forces applied by cells. Additionally,
this domain must be combined with a cell adhesive peptide and a substrate conjugation site
(Figure 30). The nanotechnology that satisfies these requirements is oligonucleotide-based
aptamers.
As discussed in the Literature Review (Chapter 2.4.4), aptamers are single-stranded (ss) DNA
or RNA oligonucleotides that have been selected through an in vitro evolution process termed
SELEX to bind proteins of interest with high affinity and selectivity. Due to the ability of
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aptamers to bind molecules with high affinity and specificity, they have been used in the clinics
as inhibitors of VEGF

199

, as in vitro and in vivo sensors200 and importantly, as growth factor

delivery vehicles in pre-clinical studies165.
In addition to binding growth factors with high affinity, DNA has unique physical and chemical
properties. While its phosphate backbone is exceptionally stable, the non-covalent bonds
between base-pairs 201 and between the aptamers and their ligands can be disrupted using forces
in the pN range

202

. The exact opening force is sequence and ligand-specific and is typically

determined using either atomic force microscopy or optical tweezers203. The reported opening
forces required to promote dissociation of aptamer-growth factor complexes have been
between 4 and 150 pN202, 204.
Finally, oligonucleotide-based aptamers are entirely synthetic and can be easily modified with
a range of chemical groups205. This high control of oligonucleotide chemical properties makes
aptamers highly attractive and versatile nanotechnology to be incorporated as a pendant moiety
within scaffolds.
Aptamers can be categorised based on whether they are made from DNA or RNA, whether
they contain any unnatural nucleotides, based on their KD, specificity, selectivity and whether
they act as molecular inhibitors. In this thesis, we opted for DNA-based aptamers as they have
higher serum stability compared with RNA-based aptamers206. We selected aptamers with a
KD in the pM-nM range as lower the KD leads to lower spontaneous release rate from a
hydrogel117 (Figure 31a). This requirement is essential, as minimising any background leakage
makes it possible for the traction force mediated release to have any meaningful biological
effect 117. Finally, the aptamer must not only bind the growth factors with high affinity but also
inhibit their biological activity by preventing the growth factor from binding to their cognate
receptors to be successfully used in TrAPs.
Having defined the requirements, the first aptamer we selected is a well-characterised DNAbased anti-PDGF-BB aptamer with a 0.1 nM KD207 (Table 2). When incubated with PDGF-BB,
this aptamer adopts a stem and a loop structure with two stem processes208 (Figure 31b).
Without this ligand, the aptamer has a loose structure with two stem processes208. As this
aptamer undergoes such profound conformational changes, it is frequently used as a sensor for
PDGF-BB. Importantly, this aptamer retains its ability to bind PDGF-BB when attached to a
surface via either of its ends133, 137. Finally, this anti-PDGF-BB aptamer binds the receptor
recognition site on PDGF-BB with high affinity, preventing the PDGF-BB from binding to its
cognate receptor, thus inhibiting downstream cellular signalling209.
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a

b

Figure 31. Selection of suitable aptamers. a. Low KD in the nM range ensures the growth factor will only be
released slowly without the presence of an active stimulus. Graph reprinted from a modelling study done by 210 b.
The anti PDGF-BB aptamer used in this study can be modified on both of its ends without affecting its ability to
bind PDGF-BB. Binding of PDGF-BB stabilises the stem region. Reprinted from 208 with the permission of
Springer Nature.

Motivated by employing TrAPs in clinically relevant applications, the second aptamer we
selected is an anti-VEGF aptamer. There are several anti-VEGF aptamers in the literature211,
212, 135

. Most notable of these is the 28-nucleotide long RNA aptamer marketed as Pegaptanib

(Macugen; Eytech Pharmaceuticals/Pfizer)135. Clinical studies have already demonstrated its
safety199, and a phase 3 prospective, randomised, double-blind clinical trial showed that
intravenously

administrated

pegaptanib

efficiently

inhibits

pathological

ocular

213

neovascularisation , which eventually led to its FDA approval. As RNA aptamers are unstable
in serum (1.4 hours half-life in urine135), Pegaptanib’s backbone has been modified with 2’fluoropyrimidines, 2’-O-methyl substitution and 3’-3’-deoxythymidine terminal moiety. To
prolong the aptamer’s serum stability, it has been additionally modified with a 40 kDa PEG on
its 5’end199. This aptamer has a high affinity for VEGF (KD=0.14nM) 135. Because Pegaptanib
is an RNA based aptamer and requires the use of special base-modification, we opted for a
slightly less characterised DNA aptamer with a favourable KD of 0.2 nM214 (Table 2). Similarly
to Pegaptanib, short PEG linkers were incorporated both on the anti-PDGF-BB and anti-VEGF
aptamers to improve their serum stability and ensure their appropriate folding.
Table 2. Aptamer sequences against PDGF-BB and VEGF
Growth factor

Oligo (5’->3’)

KD

N

Ref.

PDGF-BB

C AGG CTA CGG CAC GTA GAG CAT CAC CAT GAT CCT G

0.1 nM

35

207 215

VEGF

A GGG CCA CGT CTA TTT AGA CTA GAG TGC AGT GGT TC

0.2 nM

36

214

,

3.1.2. Cell-adhesion peptides
If cells are to release growth factors from aptamers through unfolding via traction forces, the
aptamers need to contain a cell-adhesion peptide to which the cells can attach via integrins.
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The native ECM is replete with integrin recognition sequences. Some of these can be
recognised by a wide-array of integrins (e.g. RGD peptide) while other sequences can only be
recognised by specific cell types (e.g. IKVAV peptide). Importantly, synthetic cell-adhesive
peptides retain their ability to facilitate cellular adhesion when covalently coupled to otherwise
inert materials80.
The specific cell adhesive peptide we chose is the fibronectin and vitronectin-derived sequence
RGD216. RGD can be recognised by over 20 types of integrins

217

and is the most widely

218

incorporated peptide onto synthetic materials . While a scaffold facilitating sequential ondemand activation will eventually require TrAPs to contain peptides to which only specific
subpopulations of cells can bind, we reasoned that using the well-studied RGD will help us
minimise any confounding factors during the testing of the first generation of TrAPs.

3.1.3. Attachment to a material
The Hinz lab has previously demonstrated that the elastic modulus of the substrate dictates the
threshold forces that are necessary to induce opening of LLC, with higher elastic moduli
lowering the activation threshold force178. Therefore, we reasoned that for aptamers to undergo
conformational changes in response to an applied force, the aptamers need to be covalently
attached to a surface that provides enough mechanical resistance. As the relationship between
the mechanical properties of the material and ability of cells to activate growth factor release
from TrAPs can be expected to be complex (e.g. the surface stiffness affects the magnitude of
cellular traction forces219), we selected surfaces with relatively high elastic moduli within their
class of materials. Specifically, we selected glass (E~1 GPa220), polyacrylamide hydrogel
coatings (E~40 kPa221) and crosslinked collagen sponges (bulk E~1.5 kPa222).

3.1.4. Assembly of TrAPs
TrAPs are relatively complex biomolecules, consisting of an oligonucleotide and a peptide
attached to a biomaterial. While creating such complex nanotechnologies would have in the
past been possible only in highly specialised chemistry laboratories, the advancements in
bioconjugate chemistries and solid-phase synthesis are made it possible to create such
macromolecules almost in a ‘plug and play’ manner 223. In particular, a class of highly specific
chemical reactions termed the click reactions, enable the assembly of different biomolecules
into complex conjugates223. Click chemistries were first defined by Sharpless in 2001 as
modular reaction with high yield and harmless by-products224. The main inspiration behind
developing these reactions was to replace the frequently cytotoxic reaction schemes by
mimicking and expanding on what is already happening in vivo during synthesis of
macromolecules.

The first click reaction developed is the azide-alkyne Huisgen

cycloaddition225. Since 2001, the use of click chemistries has increased exponentially across
77

biological disciplines including drug discovery, pharmaceuticals and polymer science

226

.

Currently, there is an extensive library of bioconjugate reactions to choose from 223.
However, while the individual click chemistries are frequently orthogonal to biological
molecules, it does not mean that they are orthogonal to each other. The selection of appropriate
chemical moieties to assemble TrAPs thus requires careful consideration of the feasibility of
the manufacturing process. Also, the properties of the bond need to be considered.
The primary requirements we considered were:
1. The chemistries can withstand forces.
2. The reactions proceed at high reaction efficiency and with high yield.
3. The reactions preserve bioactivity of the peptide and DNA.
4. The reactions are site-specific.
5. The end-products can be readily purified.
6. Easy incorporation onto the oligonucleotide during/after solid-phase synthesis.
7. Easy incorporation onto a peptide during/after solid-phase synthesis.
8. Easy TrAP conjugation to a wide range of materials.
Among these, the requirement on the chemistries to withstand forces is critical, as previous
studies demonstrated that the cellular traction forces dissociate even the strongest non-covalent
bond between streptavidin and biotin227.

3.2.

Chapter objectives

The overall objective of this chapter is to develop a synthesis scheme that makes it possible to
reliably and efficiently fabricate TrAPs that would take into consideration the above-outlined
design criteria. In line with this objective, the specific aims of this chapter were as follow.
•

Aim 1: Select suitable chemistries that can be incorporated both on aptamers and
peptides.

•

Aim 2: Establish protocols for solid-phase synthesis of modified oligonucleotides and
establish aptamer characterisation techniques within the Almquist lab.

•

Aim 3: Establish the workflow for peptide modification.

•

Aim 4: Establish protocols for purification and analysis of TrAPs.
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3.3.

Materials and methods

3.3.1. Materials
Phosphoramidites compatible with UltraFAST deprotection (Bz-dA-CE, Ac-dC-CE, dmf-dGCE, and dT-CE, LINK), 3’-Thiol-Modifier C3 S-S CPG (LINK, 2361), 5’-Bromohexyl
Phosphoramidite (Glen Research, 10-1946-xx), spacer-CE Phosphoramidite 18 (HEG, LINK,
2129-F100X1), sodium azide (Sigma, S2002), of N,N-Dimethylformamide (DMF, Sigma,
D4551), ammonium hydroxide (Sigma, 16748-250ML-F), methylamine (Sigma, 426466),
Illustra NAP-25 columns (GE-Healthcare, 17-0852-01), NovexTM TBE-Urea denaturing Gels
(15%, 10 wells, EC6885BOX, Thermo Fisher), 10/60 ssDNA ladder (IDT, 51-05-15-01), 1X
SYBR® Gold Nucleic Acid Gel Stain (S11494, ThermoFisher), Dibenzocyclooctynemaleimide (Sigma, 760668, MW= 427.45), Dimethyl sulfoxide (DMSO, Sigma, D8418),
Novex® TBE Running Buffer (Thermo Fisher, LC6675), NovexTM TBE-Urea Sample Buffer
(Thermo Fisher, LC6876), SYBRTM Gold Nucleic Acid Gel Stain (S11494, ThermoFisher),
DBCO-amine linker (761540, Sigma)

3.3.2. DNA Aptamer Synthesis
Aptamer synthesis was done either in-house using a MerMade 6 Oligonucleotide synthesiser
or purchased from commercial DNA synthesis providers (Integrated DNA Technologies,
ATDBio).
For aptamers synthesised in-house, azide and thiol terminated oligos with PEG spacers were
synthesised using solid-phase Phosphoramidite chemistry and on-column chemical
conversions. The synthesis scale was 1µmol, and all unmodified DNA phosphoramidites
compatible with UltraFAST deprotection (Bz-dA-CE, Ac-dC-CE, dmf-dG-CE, and dT-CE)
were purchased from LINK technologies. The 3’ end was modified with thiol using the 3’Thiol-Modifier C3 S-S CPG solid support, and the 5’ end was functionalized with bromine
using a 5’-Bromohexyl Phosphoramidite. The spacer-CE Phosphoramidite 18 was introduced
as a penultimate modification on both ends. During the synthesis, standard manufacturerrecommended coupling times and dilutions were employed (Table 3). The DMT-On setting
was used to prevent the cleavage of bromine.
Table 3. Settings used during solid phase DNA synthesis
Letter

Bottle
number

Concentration

Amount

Solvent

ml

Coupling time
(wait time)

Bz-dA

A

13

0.07 M

1g

MeCN

11.2 mL

60s

Ac-dC

C

14

0.07 M

1g

MeCN

11.6 mL

60s

Dmf-dG

G

15

0.07 M

1g

MeCN

11.6 mL

60s

dT-CE

T

16

0.07 M

1g

MeCN

13.2 mL

60s

Item
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5’-Bromohexyl
Phosphoramidite

Y

2

0.07 M

100 µmol

MeCN

1.5 mL

180 s

PEG

F

6

0.07 M

250 mg

MeCN

1.75 mL

60s

Thiol Support

N

1 µmol

Following synthesis, the columns were rinsed with acetonitrile and the 5’-bromohexyl
converted to 5’-azidohexyl using a mixture of 13mg of sodium azide and 30mg of sodium
iodide in 2 mL of N, N-Dimethylformamide (DMF). The mixture was left to react for 1 hour
at 65°C. Once cooled, the oligonucleotides were rinsed twice with DMF and acetonitrile.
Subsequently, oligos were cleaved from the solid support and the protecting groups removed
using aqueous ammonium hydroxide and methylamine (1:1) at RT for 2 hours. Finally, the
deprotected oligos were purified using size-exclusion chromatography Illustra NAP-25
columns equilibrated with DI water. Table 4 lists all the purchased or synthesized aptamers
used in this thesis.
Table 4. Oligonucleotides employed in this study. Isp18 signifies an internal 18-atom hexa-ethylene glycol spacer
ID

Sequence 5’-> 3’

Source

MW

(2) Apt_PDGFBB_1

/5thiol-thiol//isp18/C AGG CTA CGG CAC GTA GAG
CAT CAC CAT GAT CCT G/isp18//3azide/

IDT

12093.3

(4) Apt_VEGF_2

/5aizde//isp18/A GGG CCA CGT CTA TTT AGA CTA
GAG TGC AGT GGT TC/isp18/ /3thiol-thiol/

Synthesized

12269.3

(6) Apt_VEGF_1

Z-A GGG CCA CGT CTA TTT AGA CTA GAG TGC
AGT GGT TC-X

Atd Bio

12307.0

Z = amino peg4+azido hexanoic acid and X = amino
C7+peg8 maleimide
Apt_VEGF_control

A GGG CCA CGT CTA TTT AGA CTA GAG TGC
AGT GGT TC

IDT

11131.2

Anti_Sense_VEGF

/5IRD700/GA ACC ACT GCA CTC TAG TCT AAA T

IDT

8034.7

3.3.3. Modification of Peptides
GRGDSPC and scrambled GRDGSPC peptide sequences containing cysteine (GRGDSPC and
GRDGSPC, 98% purity, guaranteed TFA removal) were purchased from GenScript.
Dibenzocyclooctyne (DBCO) was introduced onto the cysteine-containing peptides using a
Dibenzocyclooctyne-maleimide heterobifunctional linker. The hydrophobic maleimideDBCO-maleimide linker was resuspended in dimethyl sulfoxide at 20 mM. The as-received
peptides were stored in their freeze-dried form at -80°C until needed, when they were
resuspended in either deionised water or coupling buffer at 20mM. Before conjugation,
peptides were reduced using a PierceTM Immobilized tris(2-chloroethyl) phosphate (TCEP)
disulphide reducing Gel. As the TCEP-reducing slurry gel is acidic, the pH was increased by
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incubating the slurry gel with coupling buffer (50 mM sodium phosphate pH 7.2 at 4 °C, 50
mM NaCl, 10 mM EDTA) for 10 minutes. The slurry gel with buffer was centrifuged, the
buffer carefully removed, and peptides were added to the TCEP-slurry gel for 30 minutes, upon
which the mixture was centrifuged, and the peptides recovered. Once the peptides had been
reduced, the coupling reaction was left to proceed at 1:1.5 molar ratio of the 20mM maleimideDBCO to peptide-thiol, with the peptide in excess in the coupling buffer at room temperature
for at least three 2.5 hours. The products (1a, 1b) were subsequently analysed using an
analytical LC-MS and purified by preparative reverse phase high-performance liquid
chromatography (HPLC, Shimadzu Phenomenex) on a C18 Gemini NX column (150 mm x
21.2 mm, 5 µM particle size, 110 Å pore size). A water-acetonitrile gradient was used (95% to
5% H2O) with 0.1% trifluoroacetic acid added to the mobile phase. The TFA was removed
using a rotary evaporator. The product was subsequently freeze-dried and stored at -80°C until
needed. The identity of the products was confirmed using matrix-assisted laser
desorption/ionisation in a positive mode (micromass MALDI-TOF). 1 µL of α-cyano-4hydroxycinnamic acid (CHCA) was used as a matrix followed by 1 µL of sample dissolved in
DI water was deposited onto 1 µL of α-cyano-4-hydroxycinnamic acid (CHCA) matrix.

3.3.4. DNA aptamer characterisation
The concentration of oligos was measured spectroscopically using a NanoDrop. The quality of
synthesis was analysed using denaturing gel electrophoresis on a Novex TM TBE-Urea
denaturing gels and judged against a 10/60 ssDNA ladder. 1X SYBR® Gold Nucleic Acid Gel
Stain in TBE buffer was used to stain nucleic acids based on manufacturer’s instructions (20minute incubation under agitation, protected from light) and the bands were visualised using a
BioSpectrum® Imaging System (UVP). Images were captured at several exposure times.
Analysis of the bands was performed using FIJI.

3.3.5. Fabrication of TrAPs for 2D and 3D experiments
100µM azide-terminated oligonucleotides 2 and 4 (Table 4) were reacted with DBCOfunctionalized peptides (1a-b) at 1:2 molar ratio for 24 hours at RT in DI water to yield the
products 3a-b and 5a-b, where the concentration of peptides was determined from the area
under the RGD-DBCO peak at 220nm from a previously generated HPLC chromatogram
calibration curve. The product was subsequently purified using ethanol precipitation (sodium
acetate with 95% ultra-pure ethanol followed by 80% ethanol with 30-minute freeze cycles at
-20°C and centrifugation at maximal speed for 30 minutes at 4°C). The reaction was quantified
using NovexTM TBE-Urea denaturing Gels run on the SureLock TM Mini-Cell System in
Novex® TBE Running Buffer. To disrupt secondary structures, the oligos were heated to 90°C
for three minutes using a heating block, snap-cooled on the ice and loaded into a gel in NovexTM
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TBE-Urea Sample Buffer. The samples were run for 90 minutes and were stained using
SYBRTM Gold Nucleic Acid Gel Stain suitable for visualisation of single-stranded DNA. The
gels were visualised using a BioSpectrum Imaging System (UVP) using exposure times from
1 to 8 seconds. The 10/60 ssDNA ladder was used as a control

3.4.

Main methods used

3.4.1. DNA synthesis
Oligonucleotides are most frequently fabricated using solid-phase synthesis. This approach
makes it possible to incorporate a variety of chemical groups and moieties into the sequence.
Some of the typical modifications of oligonucleotides include 3’ and 5’ end-group
modifications such as thiol, amine and fluorophore as well as backbone modifications with
unnatural nucleotides and PEG linkers. While DNA synthesis in vivo proceeds from the 5’ to
the 3’end, the direction of synthesis proceeds in the opposite direction, from the 3’-to the 5’end. The first nucleoside modified with 5’-DMT protecting group is typically conjugated to
solid-phase support (Figure 32). At the beginning of the synthesis, the 5’-DMT group is
removed in a process known as detritylation, making the 5’ -moiety reactive towards free
nucleoside phosphoramidites. Next, nucleoside monomers are mixed with an activator, which
protonates the diisopropylamino group on the phosphoramidites. This creates a suitable leaving
group on the monomer which attacks the 5’-hydroxyl group on the oligo, forming a
phosphorus-oxygen bond. As the efficiency of the reaction is around 99.5%, the unreacted
support-bound oligos need to be capped to prevent deletion mutations in the final sequences.
Because the phosphite-triester (PIII) group in newly formed oligos is unstable, it must be
transformed into 2-cyanoethyl (PV) group. This reaction is carried out using iodine oxidation
in an aqueous and pyridine rich environment. Once the oligonucleotide has been synthesised,
it needs to be cleaved from the solid support, deprotected and purified.

82

Figure 32. Solid-phase DNA synthesis consists of six main steps. Reprinted from 228 with the permission of
Springer Nature.

Deprotection involves both phosphate and base deprotection, where phosphate deprotection
removes the cyanoethyl protecting group from the phosphate backbone and base deprotection
removes the protecting groups on the bases and modifiers. The selection of appropriate
deprotection chemistries is one of the most critical parts of oligonucleotide synthesis. In
general, the deprotection scheme can be regular (ammonium hydroxide), UltraFAST
(ammonium hydroxide with aqueous Methylamine) or UltraMILD (potassium carbonate in
methanol).
Finally, the oligonucleotides need to be analysed and purified after synthesis. Purification
techniques such as size exclusion and ethanol precipitation can only remove the protecting
groups and organic solvents. Ion exchange chromatography and gel purification can be
additionally employed to purify-out the full sequences. The techniques we used are size
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exclusion chromatography and reverse-phase high-performance liquid chromatography, which
is particularly useful for the purification of peptides.

3.4.2. Size Exclusion chromatography
Size-exclusion chromatography, also known as gel filtration, is frequently employed to purify
both proteins and DNA. The molecules are separated based on the molecular size they adopt
in a solution, where larger molecules flow rapidly through the column through the void volume
while small molecules are retained in the column. The sample is eluted isocratically, without a
gradient. When applied to DNA synthesis, this method makes it possible to remove unreacted
nucleotides, protecting groups and exchange the buffer for deionised water.

3.4.3. Ethanol precipitation
The markedly different properties of oligonucleotides from peptides make it easy to remove
residual unreacted peptides from the reaction mixture using ethanol precipitation. In this
method, sodium acetate salt is employed to neutralise the charges on the sugar-phosphate
backbone, rendering it hydrophobic. Using ethanol as a solvent with low dielectric constant
further promotes the interactions of sodium acetate with DNA. These interactions cause the
oligonucleotide to precipitate out of solution. The precipitated DNA can be separated from the
rest of the reaction mixture by centrifugation at 4°C at high speed. This process typically needs
to be repeated two to three times. This method of DNA purification is inexpensive and
effective.

3.4.4. Reversed-phase High-Performance Liquid Chromatography (RT-HPLC)
RT-HPLC is a technique that enables separation of compounds based on the physiochemical
properties. RT-HPLC consists of a polar mobile and a non-polar stationary phase. The analytes
flow through the column, and the polar mobile phase repels hydrophobic analytes, increasing
their retention time on the column. In general, the polar compounds will get eluted rapidly and
the higher the hydrophobicity of the compound, the longer it will be retained on the column.
The mobile phase can either be homogeneous or be administered in a gradient form. In the
latter case, the mobile phase is pre-programmed to change linearly from the aqueous to the
organic modifier-containing solution. The primary purpose of the organic modifier is to
decrease the polarity of the mobile phase (polarity: water>methanol>acetonitrile>THF) and
thus make it easier for non-polar analytes to be eluted from the column.
The mobile phase is frequently buffered to ensure reproducibility. Peptides, in general, contain
residues that are charged more between the pH 6-8 than at the pH 4-6. Trifluoroacetic acid
(TFA) has the pKa of 0.3 and is thus a strong acid yielding a pH below 2.5.
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RT-HPLC is especially useful for analytes with a molecular weight below 2kDa. It is therefore
particularly suitable for the purification of peptides. However, purification of large molecules
using RT-HPLC remains challenging. While RT-HPLC can be used to purify DNA containing
a DMT 5’ group, it is not particularly useful for separating oligonucleotides with small
modified end groups. This technique is therefore of limited suitability in separating azide
terminated oligos (synthesised in this thesis).

3.4.5. Mass Spectrometry (MALDI-TOF)
Mass spectrometry (MS) is a robust analytical method that ionises chemical species and
subsequently detects their mass-to-charge ratio. Matrix-Assisted Laser Desorption/IonisationTime Of Flight (MALDI-TOF) is a specific subtype of MS where an analyte is mixed with a
matrix and left to co-crystallize on a MALDI-plate. Once on the device, the dry mixture is
evaporated using laser pulsing. Ideally, a matrix should have low molecular weight to vaporise
upon irradiation and have strong optical absorption in the UV or IR range to absorb laser
irradiation. One of the most challenging steps in MALDI analysis is sample preparation, with
each type of compound requiring a different matrix. For example, a matrix commonly used to
analyse peptides and proteins is α-cyano-4-hydroxycinnamic acid (CHCA). Oligonucleotides,
on the other hand, are analysed using either the 3-Hydroxypicolinic acid (HPA). Di-ammonium
citrate or the 2,4,6-Trihydroxyacetophenone (THAP) with DAC. MALDI-TOF usually gives
rise to only singly charged ions. Therefore the mass to charge ratio (m/z) can be considered
indicative of the molecular weight. The mass spectrum provides information about the masses
(m/z ratio) and the abundance of a specific ion [A+n]+.

3.4.6. Gel electrophoresis
Gel electrophoresis is an analytical technique that relies on negatively charged molecules
passing through the polyacrylamide matrix when an electric field is applied; whereby the
smaller fragments move faster than, the larger ones. The migration speed depends on the
relative mobility of each species (𝑅𝑓 ), expressed as 𝑅𝑓 =

𝑍𝐸
,
𝑓

where Z is the charge of the

molecule, E applied voltage and f frictional resistance 229. Frictional resistance is the ease with
which the molecules pass through pores and depends both on the porosity of the gel and size
of individual fragments. In this study, we used Tris/Borate/EDTA (TBE)-Urea denaturing gels,
where the urea denatures secondary DNA structures and minimizes the effect of charge and tris
maintains deprotonation of the oligonucleotides. To ensure that the secondary structure of
aptamers is disrupted during the analysis, the oligonucleotides need to be additionally heated
and snap cooled prior to being loaded onto the gel.
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3.5. Results and Discussion
3.5.1. Overall Design strategy
The primary goal of this chapter was to develop a suitable TrAP fabrication strategy. The two
specific reactions we selected to fabricate TrAPs are the thiol-maleimide reaction and strain
promoted azide-DBCO reactions.
The thiol-maleimide reaction belongs to the class of Michael addition reactions. It is marked
by rapid reaction kinetics, high selectivity and product stability230. This reaction is the most
efficient between pH 6.5-7.5231. While maleimides are highly stable and under neutral
conditions react preferentially with thiols, they can also react with primary amines at higher
pH (>8.5) 231.
The azide-Dibenzocyclooctyne (DBCO)232 reaction is another type of click reaction, known
as a strain-promoted cycloaddition233. This reaction is an improved version of the azide-alkyne
reaction that proceeds with slightly slower kinetics234 but does not require the cytotoxic copper
as a catalyst. This Staudinger ligation is biorthogonal and does not create any by-products 232.
A significant concern with an azide is that it can be reduced to an amine235. This, for example,
means that azide-containing compounds cannot be purified using reducing gels. While the
azide-DBCO reaction is orthogonal to thiol-maleimide, the reducing compound TCEP
employed to disrupt disulphide bonds (Figure 33, step a), can also reduce an azide to an amine
group 235.
The reaction scheme we designed consists of three main steps (Figure 33). First, a cysteinecontaining peptide of interest is modified with maleimide-DBCO to yield the product 1. In this
thesis, the product 1a represents the cell adhesive peptide GRDSPC-DBCO and 1b the
scrambled peptide GRDGSPC-DBCO. Second, the DBCO-modified peptides 1a-b are attached
to an azide terminated oligonucleotide 2 to obtain TrAPs 3a-b. Finally, the thiol-terminated
TrAPs are conjugated to maleimide-containing surfaces (Chapters 4 & 5) or scaffolds (Chapter
6) through maleimide-thiol Michaele addition reaction.

86

Figure 33. Schematic of the reactions used to prepare TrAPs. (a) GRGDSPC and GRGDSPC were reacted with
thiol-DBCO to introduce DBCO onto the peptides. (b) PDGF-BB aptamer 2 was reacted with the peptides to create
TrAPs 3a-b (c) Dithiols were reduced using TCEP and the TrAPs conjugated to the desired material using a
maleimide-thiol coupling. Red ribbon represents the aptamer and blue ribbon a PEG linker.

3.5.2. Aptamer synthesis
The realisation of the above-described fabrication scheme is critically dependent on being able
to fabricate aptamers with suitable end-moieties, the thiol and azide.
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Currently, oligonucleotides can be ordered from several companies (e.g. IDT, ADT
Technologies). However, since the use of DNA as a material is a relatively niche application
compared with the use of DNA in biology, the manufacturing time of end-modified
oligonucleotides frequently exceeds several weeks. Also, the use of oligonucleotides as a
material in tissue engineering frequently requires large quantities of the material. For these
reasons, one of the aims of this PhD was to establish a protocol for the in-house synthesis of
end-modified oligonucleotides on a MerMade 6 oligonucleotide synthesiser. The MerMade
synthesiser makes it possible to simultaneously synthesise up to 6 oligonucleotides (Figure
34a,b) by flowing amidites (A,T,G,C) in the desired order through solid supports where they
atach to the growing oligonucleotides. After each reaction step, the column is washed and
emptied using vacuum. The synthesizer monitors the quality of the synthesis by measuring the
concentrations of the cleaved trityl groups after each coupling cycle (Figure 32, Figure 34c).

b

a
PC

c

Figure 34. MerMade 6 solid-phase DNA synthesizer used for DNA oligo synthesis. A. Schematic of the DNA
synthesizer. Computer operates the fluidics and moves the metallic chuck to ensure the oligonucleotide of the desired
sequence is synthesized in each of the plastic solid supports. Up to 6 independent oligonucleotides can be synthesized
during one run. Addition of each new amidite onto a growing oligo is monitored using the trityl monitor after each
drain step B. Figure shows a metallic chuck with columns containing oligos to which individual phosphoramidites
and wash solutions are administered in a step-wise manner using fluidics. The MerMade 6 synthesiser can
synthesise up to 6 oligonucleotides during one synthesis cycle. The plastic columns (blue, red, yellow) are preloaded with the first amide prior to the start of the synthesis. C. The machine automatically monitors the level of
detritylation following the conjugation of each amidite and modifiers (e.g. PEG modifier) which makes it possible
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to detect a problem during the synthesis. The figure shows a typical trityl log for a 40-mer oligonucleotide with an
end-bromine that does not undergo tritylation.

There are several approaches to synthesising azide and thiol end-modified aptamers. In this
study, we first incorporated a thiol-moiety on the 3’ end and bromohexyl modifier onto the 5’
end during the solid-phase synthesis (Figure 35). Also, short PEG linkers were introduced
between the aptamer and the end-groups on both ends directly during the solid phase synthesis
to promote the correct folding of surface-bound TrAPs236. The bromine was then converted to
an azide using sodium azide and sodium iodide in DMF, yielding the product 4. Finally, the
product 4 was purified using size-exclusion chromatography and concentrated using SpeedVac.

Figure 35. The synthesis scheme used to fabricate 3’ thiol and 5’ azide terminated VEGF aptamers 4. Red ribbon
represents the oligonucleotide, blue ribbons represent PEG spacers and yellow rectangle represents the plastic
column to which the oligo is attached during the synthesis. Product 4 was synthesised in-house using a MerMade 6
synthesiser with thiol-modified solid-support and bromine as an end functionality. Bromine was subsequently
converted to azide using sodium azide and sodium iodide in DMF during an hour- long incubation at 70°C. The
deprotection scheme using AMA was employed for 2 hours at RT and cleaved the oligo from the solid support at the
same time.

The quality of the synthesis was analysed using the TBE-Urea denaturing gel electrophoresis.
We selected 15% acrylamide gels as this concentration is optimal for separating 30-60
nucleotide-long ssDNA fragments. The voltage of 180V was applied for 75 minutes. As this is
a relatively high voltage value, first attempts at characterising the sequences led to an uneven
heat distribution within the gel which is manifested as the so-called “smile effect” where bands
at the edges migrated more slowly compared to the ones in the centre of the gel237. To mitigate
this, we tried equalising the temperature both running the gel on the ice and pre-running the gel
for 30 minutes before loading. While running the gel on the ice did not provide any benefits,
pre-heating the gels significantly improved the outcomes.
Figure 36 shows a typical outcome of one synthesis round of the end-functionalized anti-VEGF
aptamer 4. The synthesis efficiency of exactly the same sequence (Columns 1-3) differed
among the oligos synthesized in different solid supports (Figure 34a, b,) during one synthesis
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run. More specifically, the double bands of the product synthesized on the columns 1 and 2
suggest n-1 deletions while the oligo synthesized on column 3 is of higher purity. Additionally,
NanoDrop measurements suggested that the overall yield from these columns (Columns1-2)
was lower compared with Column3 (Figure 36, b). The double bands in Column1 and Column2
might be due to a number of reasons, including insufficient detritylation is manifested as a
series of n-1, n-2, n-3... failures

Figure 36. Analysis of solid-phase DNA synthesis using the denaturing TBE-Urea gels. TBE-Urea gels and
NanoDrop were used to quantify the quality and yield of synthesis following each synthesis round A. A representative
image of one synthesis round, during which the PEG-modified-VEGF-aptamer oligo was synthesized on the first
three plastic solid supports (columns) placed in the synthesizer (Column 1-3) and an oligo modified-VEGF-without
PEG linkers was synthesized on column 4. While the synthesis yield can be affected by several factors, including the
storage time of the reagents our results, unexpectedly, show that the quality of the synthesis also varies between the
columns even for the same sequence synthesised during the same synthesis-run (Column 1-3) which further indicates
that it is necessary to characterize each product even for established protocols. B. The yield of the synthesis was
analysed using NanoDrop and is the highest for the column 3.

While it is currently possible to synthesise modified oligonucleotides with high efficiency, the
procedure is still not perfect. In general, the typical range in the field for synthesis efficiency
using solid-phase synthesis is 98.5-99.9%, which means that 58.037-96.42% of 36-mer
oligonucleotides should reach full length. Therefore, the efficiency of the synthesis (Figure
36) is in agreement with the status quo.
The sequence synthesised on column 3 was considered to be of enough quality for most
experiments, and all the further experiments are referring to an in-house synthesised product 4
refer to this sequence. Due to limited access to suitable purification devices and the stringent
requirement on purity in some of the experiments, we additionally purchased aptamers from
the IDT (Figure 37, 2). The main difference between the products 2 and 4 is that the locations
of azide and thiol groups are swapped (Figure 37).
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Figure 37. General sequence of modified-aptamers used in this study. Aptamers were synthesised to contain PEG
flexible linkers and two orthogonal click groups, an azide and a thiol (shown in the form of a disulphide). Aptamers
used in this thesis were either purchased (product 2) or synthesised in house (product 4).

3.5.3. Peptide modification
To fabricate TrAPs, the aptamers need to be tethered with cell adhesive peptides. The reaction
employed to assemble TrAPs is the DBCO-azide reaction (Figure 33b). As DBCO cannot
currently be incorporated onto peptides directly during their solid-phase synthesis, this moiety
needs to be attached to the desired peptide in solution. In this thesis, the synthesis of the DBCOmodified cell adhesive peptides 1a and 1b was achieved in two steps (Figure 33a). As cysteinecontaining peptides are prone to dimerisation (Figure 38), the disulphides were first reduced
by a reducing agent tris(2-carboxyethyl) phosphine (TCEP) to obtain free thiols. The reduced
peptides were then immediately reacted with freshly dissolved DBCO-maleimide.

Figure 38. Mass spectrum of GRGDSPC before its reduction with TCEP. Peaks appear at 691.2935 and 1379.5725,
suggesting the presence of dimerized molecules (MWcalculated = 1379.44, m/z=1368.54, Exact mass=1378.54)

Following synthesis, the product 1 was analysed using MALDI-TOF. The MALDI-TOF
spectrum, shown in
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Figure 41, confirmed that the desired product 1a (MW=1118.4823, MWcalculated = 1118.19) has
indeed formed. The spectrum also contains a peak that corresponds to the molecular weight of
unreacted peptides (MW=691.3085, MWcalculated=690.73) as well as a peak corresponding to
the

MW

of

678.2603,

which

we

attributed

to

the

TCEP-DBCO

by-product

(MWcalculated=679.66).

Figure 39. Mass spectrum of the products of the peptide – maleimide-DBCO reaction. Left: MALDI of reaction
between TCEP reduced GRGDSPC and maleimide-DBCO, Right: Structure and calculated masses of TCEPDBCO (MWcalculated=679.66).

The products 1a and 1b were separated from the reaction mixture using preparative HPLC. We
used a hydrophobic C18 column that engages in nonspecific binding interactions with analytes,
resulting in polar fractions being eluted first and analytes with more substantial hydrophobic
parts being eluted later. Figure 40 shows a representative HPLC chromatogram where the
product 1a eluted after approximately 13 minutes. The eluted products were lyophilised to
produce a white powder.

Figure 40.A representative HPLC purification trace of GRGDSPC-DBCO (1a). HPLC purification was performed
following each synthesis round. The elution time for each peak was the same for each synthesis round.
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Finally, the molecular identity of the purified products 1a and 1b was confirmed using MALDI.
The MALDI spectra, shown in
Figure 41, of the products 1a (MWmeasured =1119.2 [M+H] +) and 1b (MWmeasured =1119.7
[M+H]+), correspond to the calculated molecular weight of the peptides MW calculated=1118.19.
Compared to the MALDI spectrum obtained before purification (Figure 39), the spectra after
purification contain only the desired products. These data show that the functionalization and
purification procedure was successful.

Figure 41. Mass spectra of peptides 1a and 1b following HPLC purificaiton confirm successful synthesis. (Left)
MALDI-TOF spectrum of GRGDSPC-DBCO, MWcalculated = 1118.19, MWmeasured =1119.2 [M+H]+ (1a)
(Right) MALDI-TOF spectrum of GRDGSPC-DBCO after HPLC purification (1b), MWcalculated = 1118.19,
MWmeasured =1119.7 [M+H]+

As TrAPs are expected to be a versatile and modular platform, one of the specific aims of this
chapter was to design a reaction scheme that can be employed to create TrAPs functionalized
with a range of cell-adhesive peptides. In this regard, one possible limitation of this reaction
scheme is the formation of TCEP-DBCO by-products (Figure 42), because these by-products
have a similar retention time on HPLC to some peptide-DBCOs (1). Early studies suggested
that TCEP is orthogonal to the maleimide-thiol coupling and does not need to be removed
before this reaction238. These findings are currently reflected in protocols provided by major
commercial suppliers239. However, as can be seen from the mass spectrum (Figure 39) a
proportion of the maleimides reacts with TCEP. These results are in agreement with other,
more recent studies that characterise the interaction between maleimide and TCEP in detail240.
While it was straightforward to purify the TCEP-DBCO by-product from GRGDSPC-DBCO
(Figure 42, black trace), this by-product is challenging to remove when the peptide-DBCO
retention time closely resembles that of TCEP-DBCO. Figure 42 shows that this is, for
example, the case for a cyclic peptide c(RADfC)-DBCO (grey line).
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Figure 42. Reversed-phase HPLC elution profile (UV absorbance 220nm.) The TCEP-DBCO by-product is marked
with a grey rectangle. The chromatogram suggests that the retention time for TCEP-DBCO is close to that of
peptide-DBCO products.

To confirm that this peak arises due to maleimide TCEP coupling, we varied the concentrations
of the peptide GRGDSPC, TCEP and DBCO-mal and analysed the products using LC-MS. The
data revealed that the higher the concentration of TCEP used, the more pronounced the peak
corresponding to the TCEP-DBCO by-product (Figure 43).
a
1a

TCEP-DBCO DBCO-mal

1a

TCEP-DBCO DBCO-mal

1a

TCEP-DBCO DBCO-mal

b

c

Figure 43. TCEP reacts with maleimide. GRGDSPC: TCEP: DBCO-mal were reacted at the ratios a. 1:1:3, b.
1:2:5, c. 1:4:5. The mass spectra determined for each peak using ESI were: 1a: MWmeasured=1119.2, TCEPDBCO: MWmeasured=679.1, DBCO-mal: MW below the detection limit of the settings used. The experiment was
conducted once.

One strategy to separate the peaks would be for example to optimise the HPLC purification
conditions. For example, as can be seen from the figures above (Figure 42, Figure 43),
replacing the organic phase acetonitrile (used in HPLC) with methanol (used in LC-MS) could
be used to separate the peaks, as methanol is more polar than acetonitrile and is thus more
efficient at burying the hydrophobic analytes into the hydrophobic stationary phase and thus
slowing down their release. Another strategy, which is the one we recommend and use for the
majority of experiments in this thesis, is that soluble TCEP is replaced with a commercially
available PierceTM Immobilized TCEP Disulphide reducing gel (Catalogue Number 77712).
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With this approach, the peptides are reducing using a TCEP immobilised onto 4% cross-linked
beaded agarose, making it possible to retrieve only the reduced peptides without TCEP that can
be subsequently reacted with maleimide-functionalized peptides. While one potential
disadvantage of this method is that some peptide might be lost during the reduction step, this
loss has been previously reported to be negligible241. Notably, based on our data, it is
recommended that surface-functionalization strategies using the thiol-maleimide reaction
include a TCEP removal step to ensure that the surface has been functionalized only with the
biomolecules of interest and does not contain traces of TCEP.
LC-MS (
Figure 44) analysis of the products 1a and 1b that were prepared using the TCEP-reducing gel
shows that the peaks corresponding to the TCEP-DBCO by-product (Figure 43, 9.5-10
minutes) disappeared from the spectra.

Figure 44. LC-MS purification of DBCO-modified peptides prepared using the TCEP reducing gel. There is no peak
at 9.5-10 that was previously determined as the elution time of the TCEP-DBCO by-product was detected. (a)
GRGDSPC-DBCO (1a) prior to purification (top) and after purification (bottom). (b) GRDGSPCC-DBCO (1b)
prior to purification (top) and after purification (bottom). The curves are representative of all prepared and purified
peptides.

3.5.4. Synthesis of TrAPs
The final step in TrAP synthesis is conjugating the azide-terminated aptamers 2 and 4 to the
DBCO-peptides (1a-b) using the highly efficient azide-DBCO click reaction. While this
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reaction should occur at almost one to one ratio, at least a three-fold excess of the DBCOpeptide was used as an unconjugated peptide can be easily removed using ethanol precipitation.
The concentrations of the HPLC-purified peptides 1a-b were determined using LC-MS by
comparing their area under the peak to a previously generated calibration curve (Figure 45).
The concentration of azide-terminated aptamers (purchased 2 and synthesised 4) was assessed
using a Nanodrop Spectrophotometer.

GRGDSPC-DBCO 1a

GRGDSPC-DBCO 1a’

GRDGSPC-DBCO 1b

GRDGSPC-DBCO 1b’

Figure 45. Peptide concentration is proportional to the extent of its absorbance at 220 nm and thus to the area
under the peak of an HPLC chromatogram. Quantification of the concentration of the purified peptide-DBCO
peptides following HPLC was done using LC-MS by comparing the area under the peak of each purified product
(red squares) to a standard curve (black dots). Concentrations of the products: 1a: 15.476mM, 1a’:4.745mM,
1b:13.639mM, 1b’:3.812mM, the apostrophes denote a product that corresponds to the same product but was eluted
to separate tubes during HPLC purification. Calibration curve was generated using 5 different standards (The
calibration curve was generated once, using an n=3 of independently prepared samples) and linear regression was
used to fit the data (Y = 1675*X + 867.1; R2=0.9898). The interpolated curve represents the best-fit values ±SE.

Figure 46 shows that TrAPs (3ab, 5ab) were successfully fabricated using both the purchased
(2) and in-house synthesised aptamers (4), as new bands corresponding to higher molecular
weight products appeared in both cases. While almost all Apt_VEGF_3 reacted with peptides
to form TrAPs, the efficiency of the reaction was lower in the case of the Apt-PDGFBB_1
aptamer. This can be because insufficient peptide concentrations were used. Alternatively,
some of the azides on the sequence might have degraded. The Figure 46 b shows that while the
in-house synthesised aptamers 4 reacted with peptides to form TrAPs (5a) and scrambled
TrAPs (5b), the final product mixture contains several n-1 deletions. As the ability of TrAPs
to bind growth factors is critically dependent on their exact sequence, the mixed population of
aptamers might affect the overall KD. It is therefore recommended that following a solid-phase
synthesis, the aptamers are additionally purified using either ion-exchange HPLC or gel
electrophoresis. Importantly, the purification using gel electrophoresis has to be conducted on
TrAPs and not on azide-terminated oligonucleotides to prevent azide reduction to amines.
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Figure 46. Confirmation of TrAP synthesis using TBE-Urea gels. All samples were compared to a ladder generated
from single-stranded oligonucleotides (A) TBE-Urea gels confirmed successful fabrication of both scr.-TrAPs (3b)
and TrAPs (3a) as evidenced from the increase in the retention time of these products compared to the purchased
aptamer 2 alone. The reaction was successful both for the Apt_VEGF_3 and Apt_PDGFBB_1. Figure (b) confirms
the successful synthesis of scr.-TrAPs (5b) and functional TrAPs (5a) from the in-house synthesised anti-VEGF
aptamers (4).

3.6.

Conclusions

This chapter introduced the design of the synthetic mimics of the LLC, the TrAPs. More
specifically, this chapter proposes that the LLC can be functionally mimicked using an
aptamer-cell adhesive peptide conjugate.
This chapter described an easy to adopt, modular approach, to TrAP synthesis. More
specifically, we employed solid-phase synthesis together with click chemistries to fabricate
TrAPs. Importantly, we synthesised TrAPs using covalent chemistries between maleimidethiol and DBCO-azide to ensure the bonds will not dissociate under mechanical forces. We
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have also identified suitable purification and characterisation techniques that will make it
possible to streamline the development of TrAPs consisting of various oligo and peptide
sequences. Finally, in contrast to some reports239, our results show that the phosphine TCEP is
reactive toward maleimides and should be either removed following disulphide-reduction or
purified out as a by-product.
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4. ON-DEMAND

TRACTION

FORCE

MEDIATED

RELEASE
4.1.

Introduction

While the aptamer-based TrAPs have a different form than the LLC, they should mimic its
function. The primary goal of this chapter is to experimentally verify that cells can pull on the
TrAPs and by doing so activate the growth factor of interest.
In order for myofibroblasts to release TGF-β from the LLC, they not only need to express the
right integrins and be highly contractile but the ECM also needs to be stiff enough to ensure
that the weakest element that unfolds first is the LLC178. While these individual interactions
can be studied separately, the fine-tuned interplay of all these parameters determines whether
the traction force mediated release takes place. The traction force-mediated release of growth
factors is, therefore, an excellent example of an emergent behaviour, which is defined as
“behaviour of a system that does not depend on its individual parts, but on their relationship to
one another”242. We therefore reasoned that the most straightforward approach to testing the
functionality of TrAPs is using a cellular assay. More specifically, we hypothesised that while
both scr.-TrAPs (aptamer with scrambled RDG) and TrAPs (aptamer with RGD) can sequester
growth factors, an active release of a growth factor will only take place when the cells can bind
to the cell-adhesive peptide and pull on the complex using integrins(Figure 47).
The design of the proof-of-concept experiments in this chapter builds on several previously
published studies. First, we selected a well characterized and studied anti-PDGF-BB aptamer243
for the proof-of-concept experiments. The anti-PDGF-BB aptamer used in this study was
originally designed to serve as a PDGF-BB inhibitor and has been shown to not only bind
PDGF-BB with high affinity, but to also bind PDGF-BB via its receptor-recognition sites209.
Second, previous studies determined that the aptamer has retained its full activity even upon
being attached to a surface via either of its ends200,137. Collectively, these previous studies
suggest that a PDGF-BB aptamer functionalized surface should effectively sequester PDGFBB. We therefore hypothesized that any ensuing biological effect can be attributed to an active
release of the growth factor.
The growth factor release from aptamers can be quantified via several physical, chemical and
biological methods, each providing complementary information about the process. Enzymelinked immunosorbent assay (ELISA) can give a very sensitive readout of the amount of the
released growth factor. For this reason, we selected ELISA to quantify the amount of PDGFBB release from the PDGF-BB loaded, surface-conjugated aptamers without cells. Such
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experiments are essential to establish what excess of an aptamer to growth factor is needed to
minimize the amount of free PDGF-BB in the solution. Unfortunately, the ELISA readouts
might not be fully representative of the amount of active PDGF-BB release by traction forces
in the presence of fibroblasts as in this case PDGF-BB is not only being released into the media,
it is also being rapidly sequestered by the surrounding aptamers and internalized by the
fibroblasts. For these reasons we used biological readouts to quantify the active release.
Biological characterization used in this study builds on the previous observations that PDGFBB is one of the main mediators of wound healing and has significant biological effects on
PDGFR expressing papillary and reticular fibroblasts244 (Chapter 2.2.2). The effect of PDGFBB can be quantified on several levels from PDGFR phosphorylation245, through the
downstream signalling245 to proliferation rate246, and migration44. These readouts vary in their
specificity, number of cells required for the analysis, sensitivity to PDGF-BB concentration
(e.g. biphasic increase and subsequent decrease of migration rate44) and are also relevant at
different time-scales (minutes for phosphorylation to days for proliferation245). While the
receptor phosphorylation provides the most specific readout, this assay also typically requires
a large number of cells and needs to be destructively conducted on several time points.
Seeking a suitable trade-off between being able to rapidly prototype different TrAP designs ,
preferably in a 96-well format, and an assay that is sufficiently sensitive and reproducible, we
selected analysing cell numbers (based on metabolic activity) after 48 hours as previous studies
have established that PDGF-BB acts as a potent mitogen over this time-range247, 248. In addition,
functional assays such as proliferation249 are commonly used to evaluate biomaterials as they
make it possible to estimate not only whether the growth factor has phosphorylated to a
receptor, but also whether the ensuing signalling led to an outcome relevant for promoting a
growth of new tissue. The specific assay used to quantify cell numbers selected for this study
is the Presto Blue metabolic assay. This assay is based on the reduction of resazurin to a
fluorescent resorufin which takes place in mitochondria where NADPH and NADH act as the
reducing agents and the assay thus measures aerobic respiration. This assay is highly sensitive
(sensitivity 12 cells/well250), and the readout increases linearly with increasing cell count and
similarly to other metabolic assays, such as MTT, can be used as a proxy for the cell number.
An advantage of this assay is that it is non-destructive and can be performed on live cells.
However, it needs to be noted that a major limitation of the Presto Blue assay is that the slope
and fluorescent intensity are strongly dependent on the incubation time and are also affected
by other factors, such as cell type, which means that results obtained on different days are not
directly comparable and each experiment should therefore include both positive and negative
controls.
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Figure 47. Main hypothesis behind the proof of concept experiment designed to evaluate whether traction force
mediated release takes place. It was hypothesized that while both TrAPs and scr.-TrAPs can bind growth factor
PDGF-BB, PDGF-BB can only be activated in TrAPs where the cells recognize the RGD peptide via integrins,
exert force and cause conformational changes to TrAPs, eventually exposing the growth factor receptor binding
site on PDGF-BB which, in turn, triggers downstream signalling that can be quantified.

On the materials side, the experimental system employed in this study consists of well-defined,
TrAP-functionalized glass slides. Planar surfaces as an experimental system offer several
advantages. First, using highly homogeneous glass slides makes it possible to ensure the
surface stiffness is the same across all experimental conditions and to eliminate most of the
batch-to-batch variability and surface inhomogeneities common in planar and 3D hydrogels251.
This is critical because surface stiffness markedly affects the magnitude of the force the cells
exert on the material219. For example, Califano and colleagues demonstrated that the magnitude
of traction forces significantly increases with increasing surface stiffness from 1kPa to
10kPa219. As the elastic modulus of glass slides is in the range of ~GPa, the forces exerted by
the cells should be in their upper range. Secondly, while several growth factors, including
PDGF-BB, induce a dose-dependent increase in proliferation in 2D, this relationship might be
different on 2D hydrogels and in 3D252. Conducting the proof-of-concept experiments using
glass slides thus ensures that the system is compatible with the cellular assay.
Using planar surfaces also has specific challenges. Figure 48 shows that oligonucleotides on
planar surfaces adopt either an adsorbed conformation (i), mushroom-like conformation (ii) or
a brush-like conformation (iii

253

. The adsorbed conformation occurs when the oligo binds to

the surface via electrostatic interactions and can be mitigated by selecting appropriate surface
chemistries

254

. The brush-like conformation arises due to lateral electrostatic repulsion and

typically occurs when the contour length of the oligonucleotide is less than the inter-strand
distance. Therefore, the surface density of aptamers should be low enough to ensure that TrAPs
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can assume their typical three-dimensional structure. Indeed, previous reports suggest that
aptamers that form stems upon binding their target require sufficient space to do so 255, 256. In
conclusion, an ideal surface-functionalization approach would provide a high level of control
over the amount of conjugated aptamer while preventing any non-specific adhesion and
adsorption.

Figure 48. Possible conformations of oligonucleotides on planar surfaces. (i) Adsorbed (ii) ‘mushroom-like’ (iii)
high-density brush. Based on 253

4.2.

Chapter objectives

The overall objective of this chapter is to test whether cells can pull on TrAPs and whether this
mechanical stimulus triggers an on-demand release of growth factors. The specific aims of this
chapter are:
•

Aim 1: To attach TrAPs to surfaces and evaluate how an initial aptamer concentration
affects the density of conjugated monolayers.

•

Aim 2: To conduct a study evaluating whether cells bind to RGD-containing TrAPs.

•

Aim 3: To conduct a study assessing whether TrAPs (i.e. surface attached aptamers)
retain their ability to bind growth factors.

•

Aim 4: Optimize cell culture conditions for primary fibroblasts and evaluate whether
PDGF-BB induces an increase in proliferation in this cell type.

•

Aim 5: Design a study evaluating whether traction force mediated release is taking
place.

102

4.3.

Materials and methods

4.3.1. Materials
Sulfuric acid (Fisher Scientific, S/9240/PB17), hydrogen peroxide (Fisher Scientific,
H/1750/17), 3-Aminopropyl(diethoxy)methyl silane (Sigma, 371890), borate buffer (Thermo
Fisher, 28384, BupHTM Borate Buffer Packs, pH 8.5), maleimide-PEG2- succinimidyl ester
(Sigma, 746223), 3-(Trimethoxysilyl)propyl methacrylate (Sigma-Aldrich, 440159-100ML,
98%), PDGF-BB DuoSet ELISA (DY220) and DuoSet ELISA Ancillary Reagent Kit 2
(DY008) were purchased from R&D system, Dulbecco’s Modified Eagle Medium (DMEM,
low glucose, Sigma, D5546), PDGF-BB (Biolegend, 577304, carrier-free), formaldehyde
(Thermo Fisher, 28908), Triton X-100, Alexa FluorTM 633 Phalloidin (ThermoFisher,
A22284), Hoechst 33342 (ThermoFisher, H3570), VECTASHIELD antifade mounting
medium

(VECTOR

laboratories,

H-1000),

CellTrackerTM

Green

CMFDA

(5-

Chloromethylfluorescein diacetate) Dye (Thermo Fisher, C2925), µCLEAR® bottom were
used in all experiments (Greiner, 655986), O.C.T. compound, mounting media for cryotomy
(VWR, 361603E), IncuCyte® NucLight Red Lentivirus Reagent (EF-1 Alpha Promoter,
Puromycin selection) - 0.6 mL, Puromycin (Sigma, P8833)

4.3.2. Functionalization of 2D coverslips
A Michael addition reaction was employed to graft thiol-terminated biomolecules (GRGDSPC
and thiol-TrAPs) onto maleimide functionalized coverslips. The coverslips were functionalized
based on a protocol described previously (Figure 49)241. Briefly, the coverslips were first
cleaned using piranha etch (70% sulfuric acid, 30% hydrogen peroxide) at 80°C, rinsed in
deionised

water

and

dried.

Next,

amino-groups

were

introduced

using

3-

Aminopropyl(diethoxy)methylsilane for 30 minutes, washed with isopropanol, ultrapure water,
dried and cured at 80°C for 1 hour. The coverslips were incubated in borate buffer for one hour
to deprotonate the amino groups and subsequently dried under nitrogen. One side of the
coverslips was then marked using a permanent marker, and the other functionalized with
maleimide by sandwiching 50 mM maleimide-PEG2-succinimidyl ester solution in borate
buffer in between coverslips. Following an hour-long incubation under humidified conditions,
the coverslips were cleaned using ultrapure water and dried.
The dithiol groups on the TrAPs or aptamers were cleaved using soluble 50mM TCEP; the byproduct was removed using ethanol precipitation and the samples dried using vacuum
centrifugation at 40°C (miVac, SP Scientific). The peptides were reduced using TCEP reducing
gels. In the conjugation efficiency experiment, aptamers 4 at concentrations ranging from 0100 µM were sandwiched in between two maleimide functionalized surfaces, and the reaction
was left to proceed for 1 hour.
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peptide

aptamer

Figure 49. Schematic of glass slide functionalization procedure adapted from Zimmerman and colleagues 241 Red
ribbon represents an aptamer and the blue shape represents a peptide terminated with cysteine.

Surface adhesion experiments using VEGF aptamer used coverslips incubated either with
15µM VEGF TrAPs (5a) or 15µM scr. VEGF TrAPs (5b).
The TrAP (3a-b): peptide molar ratio used for experiments PDGF-BB release, proof-ofconcept and fibroblast adhesion experiments was 1:5. The exact concentrations used for cell
adhesion and proof of concept experiments are listed in Table 5 and Table 6, respectively. The
reaction was carried out in a humidified chamber to prevent the solution from drying out. Care
was taken to avoid TCEP traces in the final mixture, as tertiary phosphines react with
maleimides with kinetics comparable to thiols240. The pH was buffered using the coupling
buffer, as the reaction proceeds approximately 1000 times faster with thiols than amines at
neutral pH, but this equilibrium shifts at higher pH values257.
The concentrations were chosen based on the surface saturation curve for maleimide-thiol
reaction after one hour (Figure 51). It was hypothesized that using concentrations in at the
plateau range (20-30µM all ligands combined) will ensure that 5/6 of the surface ligands will
contain the RGD domain and 1/6 the non-bioactive peptide RDG.
Table 5. PDGF-BB TrAP, GRGDSPC and GRDGSPC concentrations used in the cell adhesion 2D studies.

PDGF-BB TrAPs (3a)

TrAPs

Scr-TrAPs

TrAPs
RGD+RDG

20 µM

-

5µM

+

Scr-TrAPs + RGD
-
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Scr. PDGF-BB TrAPs (3b)

-

20 µM

-

5µM

GRGDSPC

-

-

20 µM

25 µM

GRDGSPC

-

-

5µM

-

Table 6. PDGF-BB TrAP, GRGDSPC and GRDGSPC concentrations used in the 2D proof of concept studies. Note
that the RGD concentrations across groups are matched, and the TrAPs groups contain additional GRGDSPC and
GRDGSPC peptides

PDGF-BB TrAPs (3a)
Scr. PDGF-BB TrAPs (3b)
GRGDSPC
GRDGSPC

TrAPs+RGD+RDG
5µM
20 µM
5µM

Scr-TrAPs group
5µM
25 µM
-

Control Groups
25µM
5 µM

4.3.3. DNA quantification
To quantify the amount of conjugated oligos, the SybrGold assay was used. Upon conjugation,
the surfaces were incubated with SybrGold for 20 minutes, dried under the flow of nitrogen,
and subsequently imaged using the UVP illuminator. The intensity of each sample was
analysed using FIJI.

4.3.4. ELISA
In order to quantify the non-specific release of PDGF-BB from TrAPs, along with how many
washes are needed to reduce non-specific binding, PDGF-BB in bovine serum albumin (BSA)
was incubated with PDGF-BB-TrAP-modified coverslips overnight. The supernatant was
subsequently removed and stored at -20°C. To quantify release, incubation media (1% BSA in
PBS) was added and collected at regular intervals and stored in a freezer at -20°C until
analysed. The Human PDGF-BB DuoSet ELISA (DY220) and DuoSet ELISA Ancillary
Reagent Kit 2 (DY008) were purchased from R&D system. The ELISA was conducted based
on manufacturer’s instructions, with the results read using a microplate reader (SpectraMax
M5; Molecular Devices). Before the analysis, the absorbance readout at 540nm was subtracted
from the absorbance readout at 450nm. Four parameter logistic regression was used to fit the
calibration curve data. Subsequently, the obtained concentrations were multiplied by the
original dilution factors (either 7.5 or 4). Duplicate technical replicates were averaged.

4.3.5. Quantification of cell proliferation based on metabolic activity
The PrestoBlueTM Cell Viability Reagent was used to quantify the metabolic activity of cells
as a measure of proliferation. This assay is based on the reduction of resazurin to a fluorescent
resorufin, and the fluorescence signal increases linearly with increasing cell count over a wide
range of cells. The assay was read 2 to 4 hours after addition at 1 to 9 volumetric ratios to
media, as specified by the manufacturer, on a FLUOstar microplate reader (BMG LabTech) at
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544exc/590em nm. Black cell culture microplates with µCLEAR® bottom were used in all
experiments to minimise background fluorescence and crosstalk. Prior to analysis, all data
were blank corrected. We note that the slope of the signal changes slightly at 5000 cells, so
while the data presented here are indicative of differences in cell count, these values are not
absolute.

4.3.6. HMEC-1 cell culture
The cell line human dermal microvascular endothelial cells 1 (HMEC-1 )258 was a gift from
Prof Rob Krams in the Department of Bioengineering at Imperial and were tested for
mycoplasma infection. HMEC-1 is a cell line that retains functional characteristics of primary
cells that was first created in 1992 by transfecting human dermal microvascular endothelial
cells with a PBR-322-based plasmid with the simian virus 40 A gene product. The cells were
transfected with mKate2 red fluorescent protein using the IncucyteTM NuclightTM Lentivirus
Reagent according to the manufacturer’s instructions. Briefly, at ~35% confluency, the cells
were incubated with the HIV-based lentivirus containing reagent for 24 hours. The reagent was
subsequently removed, and the cells were left to proliferate. The RFP-expressing HMEC-1
cells were selected using the antibiotic Puromycin at 0.5µL/mL and expanded.
The cells were grown in MCDB 131 medium, supplemented with 10 % foetal bovine serum
(FBS), 10 mM L-Glutamine, 10 ng/ml Epidermal Growth Factor, 1 µg/mL hydrocortisone and
100 U/ml Penicillin-Streptomycin. The cells were serum starved for 6 hours prior to cell
adhesion experiments and were seeded at 5000cells/96 well. Prior to seeding, the cells were
incubated for 30 minutes in 5µM Cell Tracker green and washed 2 times with PBS. During the
experiment the cells were maintained either in 0.1% or 5% FBS.

4.3.7. Fibroblast cell culture
Primary dermal papillary fibroblasts derived from the scalp of a healthy individual were a gift
from Dr Claire Higgins in the Department of Bioengineering at Imperial. The cells were
maintained in Dulbecco’s Modified Eagle Medium, supplemented with 10% FBS, 10 mM LGlutamine and 100 U/ml Pen/Strep.
In all experiments, the cells were used in between passages 3 and 5. Before stimulating the
cells with recombinant human PDGF-BB, the cells were serum starved for at least 24 hours
using minimal media (DMEM low glucose, 0.1% FBS, 10 mM L-Glutamine, 100 U/ml
Pen/Strep). Cell viability was analysed using PrestoBlueTM Cell Viability Reagent.
For TrAP experiments, the functionalized glass slides were left to incubate with 100 µL of
15ng/ml PDGF-BB overnight. The incubation media were aspirated, and the glass slides
washed two times with PBS, each wash lasting 15 minutes at 37°C. The cells were subsequently
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seeded at 4000 cells per well in a 96-well plate. On day 2, the proliferation was analysed on a
microplate reader upon 2-hour incubation with PrestoBlueTM assay.

4.3.8. Staining
The cells were fixed using 4% formaldehyde solution in PBS for 10 minutes, washed with PBS,
permeabilised using 0.1% Triton X-100. The actin cytoskeleton was then stained by incubating
cells in Alexa FluorTM 633 Phalloidin in 1% BSA in PBS for 30 minutes. Subsequently, the
coverslips were washed twice in PBS, and the nuclei were stained using Hoechst 33342
according to the protocol specified by the manufacturer. The incubation step was conducted in
humidified chambers to avoid evaporation. Following the staining, the coverslips were washed
twice in PBS and once in DI water. Finally, coverslips were mounted on glass slides using
VECTASHIELD antifade mounting medium gently cleaned using KimWipes, sealed using nail
varnish and stored at 4°C until imaged.

4.3.9. Imaging
The surfaces and cells were imaged using the Zeiss Axio Observer inverted microscope with a
fully motorised stage controlled by Zen acquisition software. The microscope is equipped with
LED light sources from UV to far-red and Hamamatsu Flash 4 camera. Bright field images
were taken with Leica DMIL LED microscope equipped with Leica DFC295 digital colour
camera and LAS V4.9 software. Images from different channels were merged in ImageJ using
a Macro developed by the FILM facility at Imperial College London.

4.3.10. Data Analysis
The statistical analysis was conducted using the software GraphPad Prism 7. One-way
Analysis of variance (ANOVA) and two-way ANOVA with a Tukey’s multiple comparisons
test or t-test, where appropriate, were used to analyse the data. Statistical significance was set
at p< 0.05. Data are summarised as means ± SD.
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4.4.

Results

4.4.1. Functionalization of coverslips with TrAPs
The first step in testing the traction force mediated release from TrAPs was to fabricate a
reliable planar platform functionalized with TrAPs. Towards this goal, we functionalized glass
slides using a protocol previously developed by Zimmermann and colleagues241 which consists
of four main steps: (Figure 49) (i) thoroughly cleaning of glass slides to expose the terminal
OH groups, (ii) reacting amino-silanes with the OH groups on glass slides, and (iii) reacting
the amines are subsequently with NHS-PEG-maleimide heterobifunctional linkers. Finally, (iv)
these maleimide-terminated glass slides are incubated with thiol-terminated TrAPs or cell
adhesive peptides. We chose this protocol because it had been designed and optimised for
single-molecule AFM force experiments241, an application that shares several design criteria
that with the design of TrAPs. To verify that this functionalization strategy, we deposited an
equal number of TrAP-thiol spots on glass slides modified with either dinoalkoxy amino silane
only or with NHS-PEG-maleimide. To visualise the TrAPs following the functionalization, the
coverslips were incubated in SybrGold, a dye we previously verified binds to ssDNA

259

.

Imaging revealed that even after thorough washing, there was a significant amount of nonspecific binding between the aptamers and amine functionalized surfaces, as evidenced by the
grey hue spread homogeneously on the surface (Figure 50). In contrast, aptamers deposited
onto maleimide-functionalized coverslips only appeared in locations where they had been
deposited initially; indicating that the DNA attached due to thiol-maleimide coupling. The data
therefore also suggest that the PEG passivation layer helps to minimise the non-specific
interactions between DNA and the surface. These results are consistent with the results
obtained by Zimmermann and colleagues241 and demonstrate that we were able to adopt this
protocol in our laboratory successfully.

Figure 50. Aptamer coupling to glass slides. Thiol-functionalized aptamers only conjugated to maleimidecontaining glass slides. Aptamers deposited onto amine-functionalized glass slides (Left) exhibited non-specific
binding, as evident from the light background. Aptamers that coupled via the thiol-maleimide reaction (Right) are
only located where they were initially deposited with an only minimal non-specific background. Sybr gold staining
was used to evaluate whether the aptamers were covalently attached to the surfaces in this experiment.

The density of oligos, aptamers and cell adhesive peptides can affect the ability of aptamers to
sequester growth factors 255, 256 as well as cellular mechanotransduction260, 193. For this reason,
we investigated how the starting concentration of aptamers in solution (0-100 μM) affects the
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final surface density of surface-bound aptamers. Our results (Figure 51) show that the ligand
density increases as the concentration of incubation solution increases from 0 and 20μM, upon
which the surface becomes saturated. This means that when the total ligand concentrations
exceed ~20μM the total amount of ligands that are conjugated remains constant and depends
mostly on the composition of the incubation mixture and maleimide-thiol reaction kinetics
rather than on the incubation time.

a

b

c

Drop with incubation solution

Coverslip

Conjugation rate limited

Figure 51. Functionalization of glass slides with TrAPs. (a) 2μl droplets of aptamer-solution of varying
concentrations were reacted with maleimide-functionalized glass slides for 1 hour, washed, incubated with
SybrGold and imaged under a UVP visualizer using a 5s exposure. (b)Surface coverage with aptamers stops
increasing with increasing concentration of the incubation (original) solution of around 20μM. The experiment was
conducted once with an n=3 of spots per group. Data represent mean ± SD (red), black line represents hyperbolic
least square curve fitting and the black dotted line standard error (± SE) of the fit, (R2= 0.9031, Degrees of
freedom=19). Background intensity was subtracted from all values before fitting. The surface coverage with
aptamers reaches half maximal value when the concentration of the incubation solution is 1.666µM. c. At low
concentrations, the functionalization efficiency is limited by the rate of adsorption as well as the reaction kinetics.
At higher ligand concentrations, the effect of adsorption rate becomes negligible and as the reaction between
maleimides and thiols proceeds rapidly, the number of conjugated ligands will depend on their relative amount (e.g.
peptide to aptamer ratio) in the incubation solution and will be less affected by slight variations in the incubation
time.
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4.4.2. Cell adhesion to TrAPs
Having optimised the surface functionalization protocol, we evaluated whether the surfacebound, RGD-functionalized TrAPs can be recognised by integrins and support cell adhesion.
This was particularly important because while the TBE-Urea gels that we employed to analyse
TrAPs suggested that a product of higher molecular weight has formed, these experiments did
not provide any information regarding whether the end-product is functional and whether the
RGD-peptide indeed remained bioactive and the scrambled RDG peptide has no biological
activity. To test the synthesis end products, we functionalized glass slides either with TrAPs or
scr.-TrAPs. The surfaces were then seeded with cells in either 0.1% FBS, a serum concentration
typically used in growth factor stimulation experiments to slow down cellular metabolism, or
5% FBS, a serum concentration that more closely resembles standard cell culture conditions
that are used to maintain and expand HMEC-1 and fibroblast cells. Figure 52 shows that while
HMEC-1 in 0.1% FBS seeded on TrAP functionalized surfaces have an elongated morphology
typical for endothelial cells in culture, the HMEC-1 cells on scrambled-TrAPs surfaces are
mostly rounded. Notably, Cell Tracker Green dye staining the cytoplasm can be barely detected
implying minimal spreading of cells. To further quantify the difference between TrAPs and
scr. TrAPs, we used PrestoBlueTM metabolic assay 24-hours after seeding. The data were
normalised to wells seeded with HMEC-1 cells in endothelial cell medium supplemented with
0.1% FBS. The results (Figure 52) confirmed our hypothesis, indicating that HMEC-1 cell
numbers are significantly higher on TrAP compared with scr.-TrAP functionalized surfaces
when cultured in 0.1% FBS (****p<0.0001) and thus that only TrAPs support cell adhesion.
As expected, the cell numbers were higher when the cells were cultured in 5% FBS compared
to 0.1% FBS in TrAP-functionalized glass coverslips (****p<0.0001, Figure 52). Interestingly,
the high serum content completely suppressed the effect of the cell-adhesive peptide on TrAPs
seen with 0.1% FBS as apparent from the fact that the HMEC-1 phenotype on both scr.-TrAP
and TrAP-functionalized surfaces (Figure 52) and their metabolic activity after 24 hours in
culture was not statistically different (p>0.05, Figure 52).
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a

b

Figure 52. Confirmation that cells adhere to TrAPs via integrins. a. Red fluorescent protein (RFP) expressing
HMEC-1 cells stained with Cell Tracker Green adhere to TrAP functionalized surfaces but not to Scr.TrAP
functionalized surfaces under low serum (0.1% conditions). HMEC-1 cells cultured in 5% FBS adhere and spread
on both scr.-TrAP and TrAP-functionalized glass slides. Images were taken 24 hours after seeding using a 10x
magnification. b. Quantification of the number of adhered HMEC-1 cells to VEGF TrAP and scr.-TrAPfunctionalized surfaces using PrestoBlueTM metabolic assay. (The experiment was conducted once with an n=7
independent coverlips,, Two-Way ANOVA, Tukey Post-hoc), **** p<0.0001 (Interaction ***p=0.0005, serum
concentration ****p<0.0001, scr.-TrAPs x TrAPs ****p<0.0001)

To verify experimentally that matching the overall RGD density on glass slides leads to
comparable adhesion regardless of whether the peptides are on TrAPs or directly conjugated
to the surface, we performed a cell-adhesion experiment using PDGF-BB TrAPs and
fibroblasts (Figure 53). The titration ratio used in this experiment was 5 RGD: 1 RDG and the
specific concentrations used are listed in Table 5.
The results in Figure 53 confirm that the overall amount of the RGD peptide dictates the total
number of adherent cells, rather than whether the RGD is present on TrAPs or conjugated
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directly to the surface, as titrating TrAPs with RGD and RDG molecules completely reversed
the effect of using just scr.-TrAPs or maleimide.

a

b

TrAPs + RGD +RDG

c

TrAPs

Scr. TrAPs

Scr. TrAPs + RGD

TrAPs+RGD +RDG

maleimide

Figure 53. Fibroblasts adhere to RGD containing TrAPs but not to scr.-TrAPs. a. Surface modifications that were
assessed in the fibroblast-adhesion experiment. The tested ligands included cell adhesive peptide RGD, non-cell
adhesive peptide RDG, TrAPs (anti-PDGF-BB aptamer with conjugated RGD peptide) and scr. TrAPs (anti PDGFBB aptamer with conjugated non-cell adhesive peptide RDG) b. Fibroblasts adhere to TrAP-functionalized
coverslips but not to scr-TrAP or maleimide-functionalized coverslips. Titrating scr-TrAPs with the RGD peptides
restores fibroblasts’ ability to bind to surfaces containing scr-TrAPs and adding RDG to TrAPs + RGD does not
significantly affect the number of cells that adhere to the coverslips compared to TrAPs alone (experiment was
conducted once with n=3 independently prepared coverslips, One-Way ANOVA, Tukey Post-hoc) ** p≤0.01. c.
Representative images of the data quantified in the figure a. Scale bar = 200 µm. The functionalization was
conducted by Ms Frances England and the images obtained by Ms Mara Pop.

Taken together, the cell-adhesion experiments suggest that the overall fabrication strategy of
TrAPs was successful and that cells can bind to TrAPs containing cell adhesive peptides via
integrins. The results further show that the presence or absence of RGD is critical in
determining whether cells adhere to pegylated glass coverslips. For this reason, care was taken
to ensure that the RGD concentrations were matched across experimental groups and that, the
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group containing scr.- TrAPs also contained RGD peptide to allow for enough cell adhesion.
This step was critical to ensure that any differences that arise between experimental conditions
in the proof-of-concept experiments can be attributed to growth factor stimulation rather than
to lack of RGD stimulation.

4.4.3. Confirmation of TrAP binding growth factors
To confirm that the TrAP-functionalized glass slides sequester PDGF-BB, we incubated both
the 0:6 TrAPs: RGD and 1:5 TrAPs: RGD functionalized circular coverslips with 15ng/ml
PDGF-BB and quantified the amount of the released growth factor using ELISA. More
specifically, the functionalized 5-mm diameter circular coverslips were placed in a 96-well
plate where they were loaded with 100µL of 15 ng/ml PDGF-BB. The media were then
collected at regular intervals and replaced with fresh PBS. The cumulative release data (Figure
54) show that the TrAP-containing surfaces significantly slow down the non-specific release
of PDGF-BB when compared with RGD-covered glass slides. These results further suggest
that the TrAPs conjugated to glass slides at 1:5 TrAP: RGD ratio retained their functionality
and that the surface density used does not significantly interfere with the ability of TrAPs to
interact with PDGF-BB. These results are supported by previous studies showing that the
PDGF-BB aptamer can bind growth factors when conjugated to a surface via either of its
ends133, 137.

Figure 54. TrAP-functionalized coverslips exhibit minimal growth factor release compared with RGDfunctionalized coverslips, indicating that TrAPs retained the ability to bind PDGF-BB. The experiment was
conducted once using three separate coverslips for an n=3.
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One potential limitation of this study is the high level of non-specific binding between the
growth factors and the 96-well plate in which the study was conducted. This observation is in
agreement with another recent study that used aptamers to sequester and slowly release antiinflammatory mediators140. The non-specific binding might be decreased by using lowadhesion plates and performing extensive washing to minimise the non-specific. Figure 54 also
indirectly suggests that the higher number of washes predominantly affects the amount of nonspecifically bound growth factors and affects less the overall TrAP-loading.

4.4.4. Optimization of cell culture conditions
This study uses a fibroblast-based cellular assay as the primary metric for traction forcemediated growth factor release. The specific cell type used in this study were primary papillary
fibroblasts derived from the uppermost part of dermis adjacent to epidermis known as papillary
dermis261, which were a kind gift from the Dr Claire Higgins lab. This cell type has been
previously shown to express the universal fibroblast receptor PDGFR-α262, and PDGF-BB has
been previously confirmed to induce proliferation in both papillary and reticular fibroblasts244.
To validate whether the primary papillary fibroblasts used in this study respond to PDGF-BB
stimulation, we first generated a dose-response proliferation curve (Figure 55, n=4). To
synchronise the cells and slow down their metabolic activity, we serum-starved the fibroblasts
either overnight or for four days. The fibroblasts were then seeded at 3000 cell per well in a
96-well plate and incubated with appropriate concentrations of the growth factor ranging from
0.001 ng/ml to 100 ng/ml for 48 hours. The cell proliferation metabolic assay Presto Blue
confirmed that fibroblast proliferation increases in a dose-responsive, sigmoidal manner. The
data further suggest that fibroblasts are an extremely robust cell type and prolonged serum
starvation has an only minimal effect on their ability to respond to growth factor stimulation
(Figure 55). The EC50 values were EC50h12=3.565 and EC50d4=5.032 for the fibroblasts
starved for twelve hours and four days, respectively. The end of the linear range of the assay is
around 10 ng/ml while the proliferation rate plateaus at concentrations ~50 ng/ml.
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Figure 55. Proliferation of fibroblasts increases in a dose-dependent manner (the experiment was conducted once
with n=4 independent wells per condition, R2h12=0.911, R2d4=0.8767), EC50h12=3.565, EC50d4=5.032). The data
were fitted using the least squares (ordinary) fit. There is no statistical difference between the 12-hour and 4-day
starvation groups (Extra sum-of-squares f test used to compare the curves, Two-way ANOVA was used to compare
values at individual concentrations, both tests did not show any statistical significance)

To further validate that the papillary fibroblasts respond to PDGF-BB, we assessed how the
morphology of fibroblasts changes in response to PDGF-BB. Figure 56 shows that upon
PDGF-BB stimulation, the fibroblasts assume an elongated shape with long protrusions and
form dendritic network extensions. These extensions have been previously linked to metabolic
coupling between cells263. It can be further seen that fibroblasts stimulated with 5 and 10 ng/ml
PDGF-BB start growing on top of each other. These observations are in agreement with
previous studies showing that this cell type does not undergo full contact inhibition264.
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Figure 56. Human dermal fibroblasts respond to PDGF-BB. The morphology of fibroblasts becomes elongated at
1ng/ml, with higher PDGF-BB further driving this phenotype imaged using the 10x objective. PDGF-BB also
induces cells to grow on top of each other, suggesting no contact inhibition is taking place.

Taken together, these results confirm that the primary papillary fibroblasts respond to PDGFBB. Critically, this cellular assay is sensitive to PDGF-BB concentrations as low as 0.1 ng/ml,
and the assay only plateaus at around 50 ng/ml.

4.4.5. Traction mediated growth factor release
Having optimised a simple and reliable in vitro system, we proceeded to test the functionality
of TrAPs. Specifically, we tested whether fibroblasts will be able to release the growth factor
from the PDGF-BB loaded, TrAP-modified surfaces, but traction force-mediated release will
not take place on scr.-TrAP surfaces. To test this hypothesis, three types of surfaces were
fabricated – RGD + RDG, TrAP + RGD + RDG and scr.-TrAPs + RGD (Figure 57). The ratio
of RDG/RGD was kept constant across samples to ensure differences in proliferation arise due
to differences in available growth factor concentrations and not due to variable RGD
concentrations (Table 6). All surfaces (except for TrAP + RGD + RDG and scr.-TrAP+ RGD
without growth factor) were then loaded with 15 ng/ml PDGF-BB. The incubation media were
then removed, and the samples washed three times before fibroblast seeding to ensure that the
increase in proliferation is not due to residual growth factor.
Because the metabolic activity is a readout that can be affected by several factors apart from
the PDGF-BB concentration itself, care was taken to include controls for many of these known
factors.
First, in order to evaluate whether the specific batch of fibroblasts responds to PDGF-BB and
did not undergo any changes in culture and to confirm that the serum starvation slowed down
the baseline metabolic activity, peptide RGD + RDG modified coverslips seeded with
fibroblasts were either cultured in serum low media (0.1% FBS) without any growth factor
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(negative control) or supplement with 15 ng/ml soluble PDGF-BB (positive control, Figure
57). This concentration was chosen because it lies in the upper end of the linear part of the
dose-response curve (Figure 55).
Second, as previous studies and our results suggested that RGD surface density can affect cell
viability and proliferation rates, we included TrAP + RGD + RDG and scr.-TrAP + RGD
surfaces that were not incubated at any stage of the preparation with growth factors. The
rationale behind these controls was to evaluate whether these two surfaces have an equivalent
effect on metabolic activity of fibroblasts.
Finally, we hypothesized that in order to assess whether the increase in metabolic activity is
due to an active rather than passive release from the aptamers and to exclude that the aptamerbound PDGF-BB still affects metabolic activity, it is necessary to include another negative
control, the PDGF-BB loaded scr.-TrAPs+RGD. The rationale behind this control was that
since the scr.-TrAP would exhibit the same amount of leakage and potentially the same level
of exposed growth factor receptor binding domains on the PDGF-BB-aptamer as TrAPs, any
increase in metabolic activity in the TrAP +RGD +RDG, PDGF-BB loaded group can be
attributed to an active release.

Figure 57. Experimental design for the proof-of-concept experiment. Fabrication and loading of TrAP planar
surfaces used in the proof of concept experiment in this chapter.
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The proliferation was quantified 48 hours after seeding using the Presto-Blue metabolic assay
(Figure 58). PDGF-BB-loaded TrAP + RGD + RDG surfaces led to significantly higher
proliferation compared to both PDGF-BB-loaded (**p<0.01) and unloaded (***p<0.001) scr.TrAP + RGD surfaces along with unloaded PDGF-BB TrAP + RGD +RDG surfaces
(***p<0.001). This proof-of-concept experiment strongly suggests that the release and
activation of PDGF-BB are indeed due to integrin binding to TrAPs. Interestingly, RGD+RDG
surfaces were not significantly different from any of the experimental groups except for the
RGD+RDG + soluble PDGF-BB group (****p<0.0001). One reason for this might be that even
the RGD+RDG group was initially incubated with 15ng/ml PDGF-BB (Figure 57). While the
RGD+RDG group was subsequently washed and not supplemented with any additional soluble
PDGF-BB, the high level of non-specific binding revealed by our PDGF-BB release study
(Figure 54) could have confounded the outcomes. It is recommended that future studies include
an additional negative control that was not exposed to PDGF-BB. In agreement with the
suggestions of previous studies
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, it might be beneficial to perform these experiments using

low-adhesion plates.

Figure 58. Proof of concept experiment. Fibroblasts on coverslips functionalized with PDGF-BB-loaded TrAPs
proliferate more than on coverslips with unloaded TrAPs, unloaded scr-TrAPs, and scr-TrAPs loaded with PDGFBB. The experiment was conducted once with an n=7 independently prepared coverslips. One-Way ANOVA, Tukey
Post-hoc). *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001. The data provide evidence that an active, RGD-integrin
interaction dependent release is taking place.
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4.5.

Discussion

Recently, there has been a push to develop strategies that would not only lead to a passive
release of growth factors but would also make it possible to activate growth factors on-demand.
To address this need, researchers used photochemistries153 and molecular displacement of
growth factors using hybridisation165. However, a major limitation of these approaches is that
they require external intervention. Given the dynamic nature of tissue repair, it might be
challenging to select the appropriate timing of such external interventions. Traction forces, on
the other hand, are a stimulus that cells almost constantly use to interact with the environment.
Cells use traction forces of different magnitudes when they adhere to the ECM, during ECM
remodelling, to expose cryptic signalling sites, during migration and to release growth factors
from the LLC. The previous chapter introduced the design of mechanoresponsive drug delivery
units, the TrAPs and the goal of this chapter was to validate the design.
In this study, we employed PDGF-BB responsive human dermal papillary fibroblasts as an
agent to apply traction forces. First, we validated that TrAPs can be reliably attached to glass
slides using a maleimide-thiol chemistry. Such functionalized slides were then used to confirm
that while cells attach to TrAPs, they do not attach to scr. TrAPs (Figure 52, Figure 53). As the
only difference between TrAPs and scr. TrAPs is the presence of a well-studied RGD
sequence265 on TrAPs, it can be concluded that cells can recognize and bind to TrAPs
specifically via integrins. The results in this chapter also suggest that it is necessary to limit the
amount of serum to 0.1% as this concentration does not interfere with PDGF-BB induced
proliferation nor with integrin-mediated binding to RGD (Figure 52, Figure 55). Next, we
confirmed that TrAPs retain their ability to sequester growth factors. When the TrAP + RGD
functionalized glass surfaces were incubated with 15 ng/ml, the cumulative release from this
system was below 1 ng/ml (Figure 54), which is below the EC50 of the human dermal papillary
fibroblasts (Figure 55). In contrast, surfaces without TrAPs exhibited significantly higher rates
of non-specific release. These optimisation experiments were performed to ensure that any
increase in the proliferation rates of fibroblasts is the result of an active, force-mediated release
and not of non-specific leakage or varying RGD ligand density. Our proof-of-concept
experiment revealed that, as hypothesised, there was a significant increase in proliferation on
the PDGF-BB loaded TrAP+RGD+RDG surfaces compared to the loaded scr.-TrAP+RGD
surfaces and unloaded TrAP +RGD and scr. RDG and scr.-TrAP+RGD surfaces (Figure
58).This suggests that the interactions between TrAPs and integrins led to an activation of the
growth factor and that PDGF-BB loaded scr. TrAPs inhibit PDGF-BB – mediated signalling.
Compared to RGD + RDG surfaces with soluble PDGF-BB, the PDGF-BB loaded
TrAP+RGD+RDG surfaces led to lower levels of proliferation. This outcome can be due to
several reasons. Firstly, the cells are not fully confluent, and therefore cells can access only a
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part of the total amount of loaded growth factor. Indeed, previous studies reported lower levels
of proliferation using surface-immobilised compared with soluble growth factors266. In
addition, previous reports demonstrated that DNA-based molecular tension probes
immobilised onto 2D surfaces could be opened only at the periphery of the cell coinciding with
focal adhesionsl193,195. More specifically, the opening efficiency for this probes is
approximately 5% at the edges of cells approaching 0% efficiency at the central part of the
cell195. However, the forces were recorded only over a short duration195. Finally, previous
studies using 2D surface-bound growth factors suggested lower overall levels of growth factor
signalling compared to soluble growth factor266. Collectively, this set of experiments therefore
suggests TrAPs functionally mimic the LLC and support active release of growth factors by
traction forces.
Despite the promising outcomes of this study, we note that the results in this chapter are largely
proof-of-concept in nature and should be further validated using additional assays before the
hypothesis tested in this chapter can be fully confirmed.
First, the results obtained in this chapter should be reproduced using alternative biological and
biochemical assays. While a metabolic assay is a convenient approach to quantify PDGF-BB
concentration-dependent proliferation of fibroblasts, this assay can be easily influenced by
other factors, such as uneven seeding density and different batches of serum. In addition, while
the Presto Blue assay is proportional to the number of cells in each well, the slope of the curve
changes slightly at 5000 cells250. To mitigate this, the proof of concept experiments were
conducted using equivalent incubation time and seeding densities to those used in doseresponse experiments (Figure 55) whose outcomes were in good agreement with previously
published studies248. Because the Presto Blue assay does not provide any information regarding
the exact number of cells in each well and the results thus cannot be directly compared between
experiments. Therefore, future experiments should include a calibration curve. Additionally,
future experiments should not only assess the metabolic activity, but also quantify the DNA
content using assay such as the Invitrogen™ CyQUANT™ Direct Cell Proliferation Assay. To
evaluate whether the effect observed in this chapter was due to the activation of PDGF-BB
receptors, future studies should evaluate the levels of PDGFR phosphorylation (e.g. Y857 and
Y1021245) on the TrAP and scr.-TrAP containing surfaces. Additional markers that could be
analysed include for example pAkt, as the downstream signalling of PDGF-BB includes the
phosphoinositide 3-kinase (PI3K)/Akt pathway267. Interestingly, a recent kinetic study revealed
that while phosphorylation of PDGFR Y857 is dose responsive with the biggest response
difference in the range tween 12.5 ng/ml and 25 ng/ml, phosphorylation of the p-Akt S473 is
the most detectable at the range between 0 ng/ml and 3.125 ng/ml after which the response
plateaus245. Conducting phosphorylation studies would therefore not only make it possible to
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validate the hypothesis, but would provide further information on how PDGF-BB in TrAP
formulation differs from soluble PDGF-BB and would be an essential step before any potential
in vivo validation. Some other suitable alternative readouts include fluorescent tracking of
intracellular calcium Ca2+ signalling168, migratory behaviour of cells and more complex
analysis of cell cycle including the percentage of cells in G1, S and M stages 247 using, for
example, flow cytometry.
Second, alternative experimental designs should be used to test the functionality of TrAPs. For
example, a cell type without PDGFR, such as PDGFR knockout fibroblasts created using
CRISPR/cas9 technology, knockdown fibroblasts created using siRNA transfection, or a
different cell line that naturally does not express PDGFR, could be seeded on PDGF-BB loaded
TrAPs and the supernatant regularly analysed with ELISA to quantify the amount of released
growth factor. Such studies should also evaluate whether increasing and decreasing the
contractility by chemical agents such as the contraction-promoting agent thrombin268 affects
the amount of released PDGF-BB.
Third, future experiments should further evaluate whether TrAP-bound PDGF-BB can trigger
cellular signalling. While our ELISA experiment indicates minimal spontaneous PDGF-BB
release from TrAPs when loaded with 15ng/ml PDGF-BB and the proof of concept experiment
included a PDGF-BB loaded scr-TrAP-group that also did not exhibit any detectable leakage,
the experiment should be repeated multiple times with varying PDGF-BB and aptamer
concentrations to evaluate this possibility further. This is important because even though
previous studies indicated that this anti-PDGF-BB aptamer inactivates the growth factors209,
these studies were conducted when both the aptamer and the growth factor were in solution
and attaching TrAPs/scr.-TrAPs to the surface could have affected the outcomes. In addition
to monitoring cell numbers, PDGFR phosphorylation at different time points247 should be
evaluated to ensure that the measured effect is indeed due to potential PDGF-BB leakage or
activity and is not influenced by other factors. These outcomes will be likely aptamer-specific
and should be evaluated for any new aptamer sequence used.
Fourth, TrAPs are a mechano-chemically regulated system, meaning that since aptamers bind
growth factors via affinity interactions, there will always be, apart from an active release, some
minimal background growth factor leakage. Based on previously published studies269, the
amount of released growth factor depends on the affinity of the growth factor for the aptamer
and the growth factor to aptamer ratio. While in this study we selected an aptamer with low
KD that we and other have confirmed to lead to minimal leakage269, our study did not assess the
effect of varying aptamer density and growth factor loading. It will therefore be necessary to
evaluate different aptamer densities for several different PDGF-BB concentrations. Further
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experiments could also have two anti-PDGF aptamers, one with high affinity and another with
low affinity and evaluate whether only the high-affinity aptamer will lead to a significant
difference between the TrAP and scr.-TrAP groups. These experiments should first involve the
evaluation of spontaneous PDGF-BB release using ELISA followed by testing with cells using
a specific biological readout (e.g. calcium signalling, phosphorylation). The results of this
study would make it possible to identify the working range and limits of this approach.
Based on the data, we further speculate that while TrAPs appear to mimic the functionality of
LLC, these two systems are not functionally identical. Figure 59 depicts a likely scenario of
traction force mediated release from TrAPs. Under a directional force, TrAPs undergo
conformational changes, which, in turn, affect the aptamer-protein interactions and the
unfolding eliminates the binding affinity270. This eventually results in the unbinding of the
growth factor. Given that an excess of TrAPs compared to the growth factor is used, the growth
factor can then either bind a receptor, triggering cellular signalling, rebind to the same aptamer
following the release of the directional force, or bind to another TrAP. It is, therefore, possible
that whether a growth factor binds the receptor also depends on the proximity of the growth
factor receptor to the TrAP-binding integrins and on whether enough aptamers have been
‘inactivated’ in each area, by traction forces to effectively prevent the growth factors from rapid
rebinding in that area. In this regard, it is possible that the inherent propensity of the cells to
apply forces locally through focal adhesions might have made it possible for this mode of
growth factor delivery to take place. It should also be noted that the possible rebinding of the
growth factor to another TrAP is potentially a main difference between TrAPs and native LLC,
where TGFβ is expressed together with LLC by cells, but it is unclear whether it can rebind.
As TrAPs are governed by both mechanical forces and affinity interactions, future studies
should determine the link between the aptamer-surface density, growth factor loading and the
amount of actively released growth factor.
a

b

Figure 59. A theoretical analysis of aptamer-based TrAPs a. Growth factor release from TrAPs depends both on
affinity interactions, and traction force meditated release. b. Cells typically exert the highest forces at their
periphery.
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While it can be expected that there is a link between the area and amount of applied force and
the overall amount of growth factor, this link is currently not straightforward to discern due to
the continuous nature of the stimulus. Recently, it became possible to visualise forces applied
by individual integrins using the DNA hairpin-based traction force probes that emit light when
unfolded193, 195. As these studies provide evidence that traction forces and the opening force
required to destabilise the secondary and tertiary structures of single-stranded DNA are in the
same range, it might be compelling to use a similar experimental setup to study traction force
mediated release from TrAPs. For example, the PDGF-BB aptamer employed in this study
forms a stem region upon ligand binding which has previously been modified with FRET-pairs.
However, the critical difference between DNA hairpins and aptamers is that while, in an
unperturbed state, most of the hairpins are folded and thus emit no signal, the typical ratio of
one growth factor to 5-100 aptamers means that the system would suffer from significant
background noise. Additionally, such readout does not provide any information regarding
whether the growth factor subsequently rapidly rebinds to neighbouring TrAPs or binds to
growth factor receptors and has a therapeutically relevant effect. However, since growth factors
affect the magnitude of traction forces188, it might be interesting to employ a mixed system
consisting of force-probes and aptamers to evaluate the distribution of traction forces during
traction-force mediate growth factor delivery. While it seems that cells exert the highest forces
at their distal ends the literature currently provides mixed evidence regarding the size of focal
adhesions and the magnitude of the force applied in a given location193.

4.6.

Conclusions

This chapter reports on the first demonstration of an on-demand, traction force mediated growth
factor release from an entirely synthetic system. While the Mooney lab previously exploited
forces to deform a whole scaffold on the macroscale level to achieve an on-demand growth
factor release146, such high forces are largely non-specific and might affect the signalling of
any cells in the scaffolds. By engineering mechanoresponsive molecules at the nanoscale level
and ensuring the force propagates through the molecules only under precisely defined
conditions, TrAPs make it possible to achieve a much more refined, highly-localised, celldemanded release that is orthogonal to the mechanical stability of the material. This chapter,
therefore, establishes traction force mediated release as a new and distinct approach to growth
factor delivery.
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5. EXPLORATION OF VEGF TRAPS ON HYDROGEL
SURFACES
5.1.

Introduction

Having demonstrated that cells release on-demand PDGF-BB from TrAPs on glass slides, we
sought to further validate the approach and explore how versatile TrAPs are as a platform.
Ideally, the TrAP technology could be extended for the delivery of a wide array of growth
factors. To explore the versatility of TrAPs, we use alternative anti-VEGF-165 aptamer with
KD of 0.2nM214 (Figure 60) in this chapter. While the therapeutic delivery of VEGF has
potentially wide-ranging applications from wound healing10 to inducing rapid revascularisation following myocardial infarction271, bolus delivery of VEGF showed no benefit
in clinical trials13. This is perhaps unsurprising because VEGF signalling is highly context
dependent and in order to promote physiological angiogenesis, VEGF needs to bind to a matrix
in a gradient form272. In this regard, we hypothesise that VEGF TrAPs could present a feasible
strategy to concentrate VEGF on the material at physiological doses.

Figure 60. VEGF aptamer 3D structure generated using NUPACK273 software

While the previous chapter explored TrAPs using well-defined glass slides, there is an
increasing appreciation in the field that surface stiffness has a marked impact on cellular
phenotype86, 274 and mechanotransduction275. Critically, surface stiffness alters the magnitude
of traction forces276. In general, most studies suggest that traction forces increase with
increasing surfaces stiffness over the stiffness range 1-10kPa upon which it plateaus

276277278

.

Nevertheless, a study measuring traction forces applied by neuronal filopodia revealed an
opposite trend279, suggesting the stiffness of the surrounding materials might have a cell typespecific effect. Therefore, evaluating TrAPs on glass slides that are super-physiologically stiff
(~GPa)280 might not indicate how TrAPs would perform in more complex, cell-instructive
porous polymeric scaffolds with moduli in the range of ~390 Pa to tens of kPa222, 281.
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While assessing the efficacy of a therapeutic approach directly in 3D is a valid approach,
quantitatively evaluating traction-force mediated release in 3D could present a significant
experimental hurdle. Also, given the vast number of strategies to fabricate 3D scaffolds 282,
findings obtained using one system are not straightforward to generalise. One approach to
address this gap is to use well-defined 2D hydrogel systems. Synthetic, chemically defined
hydrogels can present subsets of these cues, such as defined mechanical properties and ligand
concentration and be used to screen a large parameter space280. As 2D hydrogels mimic some
aspects of the 3D environment, they are an ideal platform to isolate the effect of surface
stiffness from that of matrix degradation. 2D hydrogel systems are becoming an indispensable
tool in biology282. Hydrogels insulate the cells from the non-physiologically stiff coverslips and
make it possible to study cellular responses under physiological stiffness. The hydrogels also
enable the use many of the standard biological techniques for cellular characterization as the
cells do not migrate into the gels.
As the TrAP platform is a mechanochemical system, an ideal approach to investigate TrAPs
would make it possible to independently tune the mechanical properties of the substrate as well
as TrAP and peptide densities. In this work, we employed polyacrylamide coatings that are
commonly used to create highly defined 2D hydrogel systems280.Polyacrylamide hydrogels are
fabricated by reacting acrylamide with bis-acrylamide in the presence of the free radical source
ammonium persulfate (APS) and the catalyst tetramethylethylenediamine (TEMED). The
advantage of polyacrylamide hydrogels is that they can be formed on top of glass slides as thin
films, making it easy to visualise cells. Most importantly, polyacrylamide coatings can be
fabricated with elastic moduli ranging from 0.2 to 40 kPa221. The bioinert hydrogels are
subsequently modified using a crosslinker such as sulfo-SANPAH with bioactive molecules.
Such an approach has made it possible to tune stiffness and ECM protein presentation
independently221.

5.2.

Chapter objectives

The primary aim of this chapter is to explore the versatility of the TrAP platform using
hydrogels. This is done in the context of angiogenesis using a VEGF aptamer and the specific
cell type we selected for this study are human dermal microvascular endothelial cells 1
(HMEC-1) 258.
The specific aims of this chapter:
•

Aim 1: The first aim of this chapter is to evaluate the versatility of TrAPs using a
VEGF aptamer.

•

Aim 2: The second aim of this chapter is to develop an approach that would make it
possible to attach TrAPs polyacrylamide hydrogels without relying on a
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functionalization scheme targeting either amines or carboxylic groups commonly
present on peptides.

5.3.

Materials and methods

5.3.1. Materials
3-(Trimethoxysilyl)propyl methacrylate (Sigma-Aldrich, 440159-100ML, 98%), Acrylamide
solution (40% w/v, A4058-100mL, Sigma Aldrich), N,N’-Methylenbisacrylamide solution
(2% in H20, M1533-25ML, Sigma Aldrich), N,N,N’,N’-Tetramethylethylenediamine
(TEMED, 99%, T981-100ML, Sigma-Aldrich), ammonium persulfate (APS, >98%, A367825G, Sigma-Aldrich, HEPES (Sigma,), (TFA, 302031, Sigma), Acrylate-PEG-Maleimide
(ACRL-PEG-MAL-3400-500mg, MW=3400, Creative PEG Works), QuantiFluor® ssDNA
system (Promega, E3190), BSA (OmniPur® BSA, Fraction V, ColdMerck, 2905),

5.3.2. Fabrication of TrAPs for 2D polyacrylamide hydrogel VEGF-aptamer experiments
An aptamer previously found to bind VEGF (KD=0.2 nM, US Patent 7153948 B2) with an
azide on its 5’ end and a maleimide on its 3’ end was ordered from ATDBio. The 5’ end of
1mM aptamer in DI water was modified with a 3.6-fold molar excess of the DBCO-amine
linker dissolved in DMSO. The reaction was left to proceed at 4°C overnight. Next, the 3’ end
was coupled to either a biologically active peptide or its scrambled counterpart that was added
in three-fold molar excess in PBS and was left to react for 3 hours. The peptide sequences we
used were c(RGDfC)) (002280V, Peptides International) and c(RADfC) (001456V, Peptides
International). The coupling between peptides and the aptamer was achieved through thiolmaleimide reaction following reduction of disulphide bonds between cysteines using TCEP
(Figure 61).
In particular, we first functionalized the purchased 5’-maleimide-VEGF aptamer-azide 3’
aptamers (6) with a DBCO-amine linker to obtain the product 7 (Figure 61). The maleimides
on the product 7 were then reacted with cysteine-containing cyclic peptides to obtain 3’-amine
terminated TrAPs 8c and scr.-TrAPs 8d. (Figure 61). In contrast to the linear peptides used as
part of TrAPs 3a-b and 5a-b, a cyclic version of the cell adhesive peptides was employed to
fabricate the TrAPs 8c-d. One reason for this choice is that the linear peptides contain an amino
group on their N-termini that would also become tethered to the polyacrylamide hydrogels.
While we did not characterise the products 8c-d in detail, the click chemistries employed to
assemble this product are exactly same as those used to assemble TrAPs 3a-b, and 5a-b and
the two steps are orthogonal to each other.
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Figure 61. Alternative TrAP fabrication scheme employed to fabricate amine-terminated TrAPs 8c-d reactive
towards Sulfo-SANPAH activated polyacrylamide hydrogel coatings. Cyclic peptides c (c(RGDfC) and d (c(RADfC)
are used in this formulation.

5.3.3. Fabrication and functionalization of polyacrylamide hydrogels
Polyacrylamide gels were fabricated following methods described by Tse and Engler221. First,
the circular coverslips (1.5 thickness, Agar scientific) were cleaned in subsequent baths in 2propanol, DI water, 1mM HCl and DI water, each lasting 5-minutes. The coverslips were
methacrylated by a 5-minute incubation in a solution of 50µL 3-(Trimethoxysilyl) propyl
methacrylate with 300µL of 0.1M acetic acid in 10 mL of ethanol to afford uniform adhesion
of the polyacrylamide gel to the coverslips, followed by rinsing with ethanol and drying. The
polyacrylamide coating was prepared by mixing acrylamide solution and N,N’Methylenbisacrylamide
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the
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N’-

Tetramethylethylenediamine and ammonium persulfate. The gels were then left to equilibrate
in PBS. The final formulation consisted of 8% acrylamide and 0.48% bis-acrylamide as our
initial experiments confirmed that maximal proliferation occurs on surfaces with this
composition.
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TrAPs and peptides were then coupled to polyacrylamide-functionalized coverslips through
their amino-modified 5’end. The polyacrylamide surface was activated using sulfo-SANPAH
exposed to 365-nm UV light for 10 minutes. TrAPs were subsequently added to the gels at 120
µM in 50mM HEPES and incubated overnight at 37°C. This mixture additionally contained a
primary amine containing GRGDSPC sequence at 290 µM as it has been previously established
that polyacrylamide gels without cell adhesive peptides do not promote cell adhesion and
survival. The next day, the hydrogels with TrAPs and RGD were rinsed thoroughly with PBS
to remove any unbound chemicals. Collagen instead of RGD was used as a coating in
experiments designed to determine the effect of different polyacrylamide formulations (~2 kPa
(4% acrylamide/0.1% Bis-Acrylamide), ~20 kPa (8% acrylamide/0.264% Bis-Acrylamide),
~40 kPa (8% acrylamide/0.48% Bis-Acrylamide)) on HMEC-1 phenotype.
In addition, we developed a second alternative approach to polyacrylamide functionalization
with TrAPs. This approach utilised the addition of acrylate-PEG-Maleimide into the
copolymerisation mixture, which enabled the introduction of thiol-reactive maleimide sites into
the gel. The polymerisation mixture was prepared using the following reagents: acrylate-PEGmaleimide (ACRL-PEG-MAL, acrylamide solution 40% w/v, N, N’-Methylenbisacrylamide
solution, 2% in DI water, TEMED, and ammonium persulfate. The ACRL-PEG-Mal solution
was dissolved in PBS immediately before use to 100mM concentration. The final composition
of polyacrylamide gels was 8 w/v % acrylamide, 0.48 w/v % bis-acrylamide and 0.17 % w/v
ACRL-PEG-Mal. These components were thoroughly mixed using vortex and crosslinked
using 1/100 volume of APS and 1/1000 volume of TEMED. Care was taken to keep the
thickness of the coatings constant, which was achieved by adjusting the volume of
polyacrylamide-maleimide gel precursors depending on coverslip size. For cell adhesion
experiments, functionalization of maleimide-polyacrylamide coverslips was achieved by
sandwiching 5 µM thiol-TrAP solution in coupling buffer using the same protocol as for
functionalization of maleimide-glass coverslips.

5.3.4. Quantification of surface modification
Two methods were used to quantify the amount of conjugated oligos. First, the QuantiFluor®
ssDNA system was used to quantify aptamer conjugation to polyacrylamide hydrogels via
sulfo-SANPAH and for the initial testing of maleimide-polyacrylamide based on
manufacturer’s instructions. The fluorescence was read at 492exc/528em nm using a plate reader.
Second, VEGF-TrAP-modified surfaces were incubated with anti-sense oligos tagged with
IRD700 in PBS purchased from IDT. The concentration of anti-sense oligos was 1.5 times
higher than the concentration of the original TrAP incubation solution, with the volume kept
equal. Upon an hour-long incubation, the surfaces were washed three times with PBS. The
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surfaces were imaged on the Widefield Microscope with LED illumination and Hamamatsu
Flash 4 camera (Zeiss Axio Observer inverted microscope) controlled by Zen acquisition
software. During acquisition, the settings were adjusted for the TrAP group and were kept
constant across groups. Images were subsequently handled in FIJI. Specifically, brightness and
contrast were adjusted using the same minimal and maximal brightness values for all images
to allow for optimal visualisation of data. In order to correct for uneven illumination, an image
of polyacrylamide gels in the red channel that has not been incubated with the antisense strand
has been subtracted from all other conditions.

5.3.5. HMEC-1 cell culture
The cell line human dermal microvascular endothelial cells 1 (HMEC-1 )258 were a gift from
Professor Rob Krams in the Department of Bioengineering at Imperial and were tested for
mycoplasma infection. The cells were grown in MCDB 131 medium, supplemented with 10 %
foetal bovine serum (FBS), 10 mM L-Glutamine, 10 ng/ml Epidermal Growth Factor, 1 µg/mL
hydrocortisone and 100 U/ml Penicillin-Streptomycin.
Prior to conducting control growth factor stimulation and aptamer inhibition experiments, the
cells were seeded at 10 000 cells per well and left to adhere overnight, upon which the cells
were serum starved for 24 hours in a minimal medium (MCDB 131, 0.1% FBS, 10 mM LGlutamine, 100 U/ml Pen/Strep). Appropriate amounts of recombinant human VEGF-165
(VEGF-165) and aptamers (6) or VEGF-TrAPs (8c) were added to wells in a fresh minimal
medium, and the proliferation was analysed using PrestoBlueTM.
For the proof of concept experiments, the TrAPs were loaded with VEGF-165 by incubating
individual TrAP-modified polyacrylamide hydrogels in a 10 ng/ml VEGF-165 PBS solution
for 2 hours. The same incubation regime was applied to control hydrogels without TrAPs. The
unbound VEGF-165 was then removed by aspiring the incubation medium and by rinsing the
hydrogels with PBS. Finally, the hydrogels were seeded with HMEC-1that had been validated
to proliferate in a VEGF-165 concentration-dependent manner. The assay was done in a 96well plate with a seeding density of 10 000 cells/well and seven repeats per condition. Cell
proliferation was quantified fluorometrically on a plate reader after 24 hours using the
PrestoBlueTM assay.

5.3.6. Cell staining
Live cells were stained using Cell Tracker green. To stain the cells, the cells in T-75 flasks
were washed with PBS and incubated with 2 ml of the dye diluted to 5µM in serum-free media
for 15 minutes before being trypsinised and used in individual experiments.
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The cells were fixed using 4% formaldehyde solution in PBS for 10 minutes, washed with PBS,
permeabilised using 0.1% Triton X-100. The actin cytoskeleton was then stained by incubating
cells in Alexa FluorTM 633 Phalloidin in 1% BSA in PBS for 30 minutes. Subsequently, the
coverslips were washed twice in PBS, and the nuclei were stained using Hoechst 33342
according to the protocol specified by the manufacturer. The incubation step was conducted in
humidified chambers to avoid evaporation. Following the staining, the coverslips were washed
twice in PBS and once in DI water. Finally, coverslips were mounted on glass slides using
VECTASHIELD antifade mounting medium gently cleaned using KimWipes, sealed using nail
varnish and stored at 4°C until imaged.

5.3.7. Imaging
The surfaces and cells were imaged using the Zeiss Axio Observer inverted microscope with a
fully motorised stage controlled by Zen acquisition software. The microscope is equipped with
LED light sources from UV to far-red and Hamamatsu Flash 4 camera. Bright field images
were taken with Leica DMIL LED microscope equipped with Leica DFC295 digital colour
camera and LAS V4.9 software. The tube formation was imaged using the Zeiss Axioplan
epifluorescence microscope equipped with a digital camera. Images from different channels
were merged in ImageJ using a Macro developed by the FILM facility at Imperial College
London. Figure panels were assembled in Illustrator.

5.3.8. Statistics and data analysis
The statistical analysis was conducted using the Software GraphPad Prism 7. One-way analysis
of variance (ANOVA) with a Tukey’s multiple comparisons test or t-test, where appropriate,
were used to analyse the data. Shapiro-Wilk normality test and D’Agostino-Pearson omnibus
normality tests were used to determine whether the data are normally distributed. The KruskalWallis test was used to determine significance in data that were not normally distributed. One
sample was excluded from the analysis of the polyacrylamide gel experiments because cells
were seeded on an unmodified side of the polyacrylamide-coated coverslip. Significance was
set at p< 0.05. Data are summarised as means ± SD or as a median where stated.
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5.4.

Results – 2 D Polyacrylamide Gels

5.4.1. Validation of the VEGF aptamer using a cellular assay
The main goals of this chapter were to explore traction-mediated release using an alternative
cell line and an aptamer with a different secondary structure from the anti-PDGF-BB aptamer
examined in the previous chapter in the context of a 2D system with a physiological stiffness.
The specific cell type we used in this study were HMEC-1 cells258. First, we validated that
HMEC-1 respond to varying doses of VEGF-165. The non-destructive, cell-permeable
PrestoBlueTM Cell Viability Reagent was used to quantify metabolic activity of cells as a
measure of proliferation (more details on the assay can be found in sections 4.1 and 4.3.5).
HMEC-1 cells were seeded into a 96 well plate in full serum and left to adhere overnight. They
were subsequently washed with PBS and incubated with media containing 0.1% FBS to slow
down their metabolic activity. Finally, this media was exchanged for media with 0.1% FBS
containing varying amounts of VEGF. The data shows a dose-responsive change in metabolic
activity in response to VEGF. In contrast to the response seen for PDGF-BB stimulation of
fibroblasts, the effect of VEGF-165 seems to be a mixture of an anti-apoptotic and mitogenic
effects of VEGF. However, this would need to be further determined by evaluating exact cell
numbers over multiple days.
Having determined that HMEC-1 cells respond to VEGF-165 in a dose-responsive manner
(Figure 62a,b) we set up a competitive inhibition assay consisting of HMEC-1 cells and varying
concentration of the aptamer and TrAPs (aptamers with peptide) in the presence of 0.518 nM
(20 ng/ml) VEGF-165. The study was conducted in a 96-well plate and was evaluated after 24
hours using Presto Blue. The results (Figure 62c) indicate that the selected anti-VEGF aptamer
indeed efficiently suppresses VEGF-165 induced metabolic activity. The results further
indicate that modified aptamers retained their ability to inhibit VEGF.
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Figure 62. Evaluation of anti-VEGF aptamer’s capacity to inhibit VEGF mediated proliferation. (a) HMEC-1
metabolic activity increases with increasing VEGF-165 concentration in a dose-response manner (n=7 wells), data
were fitted with a 4-parameter nonlinear regression. The experiment was conducted two independent times.(b)An
image taken of the 96-well plate analysed in figure a before plate reader-based quantification. Changes in colour
provide quick visual estimate of the progress of the experiment (c) Inhibition curves for a VEGF aptamer (grey
squares) and a peptide-modified VEGF aptamer (black circles) added at varying concentrations incubated with
20ng/ml VEGF-165 show that HMEC-1metabolic activity decreases with increasing anti-VEGF aptamer
concentration, which suggests that VEGF-aptamer inhibits VEGF-165 mediated effect. n=4 wells per condition.
The experiment was repeated three independent times. The data were fitted with three parameter nonlinear
regression.

5.4.2. Functionalization of polyacrylamide gels with TrAPs using sulfo-SANPAH
The specific platform to evaluate whether this aptamer is suitable for the use as part of TrAPs
is polyacrylamide hydrogel coating. Polyacrylamide hydrogels are generally bioinert and thus
provide a suitable experimental background. A reaction frequently used to functionalize
polyacrylamide hydrogels with biomolecules employs the heterobifunctional crosslinker sulfoSANPAH. UV light is employed to photoactivate nitrophenyl azide on sulfo-SANPAH that
reacts with polyacrylamide gel to create a crosslink, while the NHS ester spontaneously reacts
with amines283. As sulfo-SANPAH is reactive towards primary amines, we had to employ a
distinct TrAP fabrication approach to the one described in Chapter 3 to create anti VEGF,
amine-terminated TrAPs (8c) and scr. TrAPs (8d). Next, we coupled the products 8c-d to
polyacrylamide hydrogels using Sulfo-SANPAH. The concentration of conjugated oligos was
evaluated using a ssDNA-detection assay by Invitrogen assay, which exhibits a linear response
(R2=0.9673) even for low ssDNA concentrations when measured on circular 5-mm
polyacrylamide coated glass slides in a 96-well plate (Figure 63a). Figure 63b shows that this
reaction scheme indeed leads to successful incorporation of amine-terminated aptamers to
polyacrylamide gels.
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Figure 63. Aptamer coupling to 2D polyacrylamide hydrogels via amine-Sulfo-SANPAH reaction. (a) Calibration
curve for the ssDNA assay, Promega. Standard was added to the blank polyacrylamide-functionalized circular
5mm-coverslips. The interpolated curve represents best-fit values of linear regression, n=1, (Y=262.8X + 2026,
R2=0.9673) (b) Confirmation of successful conjugation of amine-aptamers to polyacrylamide hydrogels via UVmediated, sulfo-SANPAH reaction. The amount of conjugated oligonucleotide increases with increasing
concentration of incubation solution. N=3 independently prepared and functionalized hydrogels, the experiment
was conducted once., only two coverslips were preserved for the 10000 ng/ml incubation group. Individual data
points are plotted. Interpolated curve represents best-fit values of linear regression (Y=0.006452X-4.374,
R2=0.9888)

Finally, in order to ensure that while the moduli employed are in a physiological range and the
hydrogel formulation employed in our study does not interfere with HMEC-1’ proliferative
ability, we screened the effect of three different elastic moduli (~2 kPa, ~20 kPa and ~40
kPa221) on HMEC-1. Results in
Figure 64 suggest that while the lowest elastic modulus, ~2 kPa, visibly affects both HMEC-1
morphology and cell numbers, the morphology and numbers of HMEC-1 cells on the two other
formulations ~20kPa and ~40kPa are similar to those typically observed in culture. We chose
the 8% acrylamide/0.48% Bis-Acrylamide formulation, corresponding to E~40 kPa to be taken
forward for the experiments aiming to validate the functionality of VEGF TrAPs. This decision
was further supported by the fact that previous studies performed on four types of cancer cells
suggested that cells cultured on coatings with moduli over 4.8 kPa exhibit comparable
proliferation rates to those observed on tissue culture plastic284.
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Figure 64. HMEC-1 seeded on collagen-coated polyacrylamide hydrogels respond to surface mechanical
properties. The specific formulations are: ~2 kPa (4% acrylamide/0.1% Bis-Acrylamide), ~20 kPa (8%
acrylamide/0.264% Bis-Acrylamide), ~40 kPa (8% acrylamide/0.48% Bis-Acrylamide). These images are
representative of n=3 independently prepared hydrogels and the experiment was conducted once.

5.4.3. Validation of VEGF TrAPs
Having verified that HMEC-1 cells respond to VEGF-165 and that sulfo-SANPAH coupling
of TrAPs to polyacrylamide hydrogels was successful, we employed HMEC-1 cells as a
bioassay for traction-mediated VEGF release. First, polyacrylamide gels were functionalized
with either RGD peptide alone, VEGF TrAPs and the RGD peptide or the scrambled VEGF
TrAPs with the peptide RGD. The polyacrylamide surface was activated using sulfo-SANPAH
and TrAPs or scr.-TrAPs were subsequently added to the gels at 120 µM in HEPES and
incubated overnight at 37°C. This mixture additionally contained a primary amine containing
GRGDSPC sequence at 290 µM as it has been previously established that polyacrylamide gels
without cell adhesive peptides do not promote cell adhesion and survival. All hydrogels were
incubated (loaded) with VEGF and subsequently thoroughly washed.
The data in Figure 65 show that similarly to the PDGF-BB TrAPs, metabolic activity on the
VEGF TrAP surfaces is significantly higher compared with the scr.-TrAP surfaces (*p<0.05)
and the RGD-functionalized surfaces (*p<0.001) that had both been incubated with VEGF
and washed an equal number of times as the TrAP group. The study was conducted at twoindependent times, yielding similar outcomes.
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Figure 65. Proof of concept experiment using HMEC-1 cells on VEGF loaded TrAPs (c(RGDfC) terminated)
attached to 2D polyacrylamide surfaces. HMEC-1 cells on VEGF-loaded 2D polyacrylamide surfaces modified
with TrAPs showed significantly higher metabolic activity compared with VEGF-loaded 2D scr-TrAPs and RGDmodified surfaces. The experiment was repeated twice with an n=7 of independently functionalized, polyacrylamidecoated coverslips, *p=0.0240, **p=0.0076).

One limitation of this study design is that no VEGF-positive control was included. While it has
been previously shown that the effect of VEGF on cellular signalling strongly depends on
whether it is presented in a surface-bound or soluble form 63, such positive control would have
still provided additional valuable baseline information. In addition, the RGD concentrations
varied slightly across conditions and future experiments should ensure these are matched. In
particular, in the scr.-TrAP-RGD group there was 1: 2.4 RDG to RGD peptide ratio which
could have affected the outcomes. Therefore, it is possible that not having exactly matched
concentrations affected the outcomes and the effect of differing RGD surface densities on
HMEC-1 on polyacrylamide should be further evaluated. Future studies should also evaluate
multiple other readouts, including receptor phosphorylation to provide additional evidence that
would make it possible to discern whether the observed effect is due to changes in VEGFinduced or RGD-induced signalling. Finally, it would be interesting to conduct this study also
using other peptides that have been previously shown to lead to synergistic signalling with
growth factors 64.
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5.5.

Development of an improved approach to orthogonal
functionalization of polyacrylamide 2D gels

5.5.1. Introduction: development of a novel approach to functionalising polyacrylamide
hydrogels
While sulfo-SNAPAH is a useful strategy to functionalize polyacrylamide hydrogels with
bioactive molecules, it has few limitations. As the biomolecules are coupled to the
polyacrylamide via their amine groups, this strategy is not compatible with TrAPs that contain
linear, amine-terminated, peptides. In addition, the functionalization process is relatively
lengthy and relies on UV activation of sulfo-SANPAH and then requires an overnight
incubation with the biomolecules of choice under high pH of 8.5.
Alternative strategies to polyacrylamide functionalization exist. For example, the Wang group
copolymerized acrylate-terminated aptamers directly within hydrogels. However, while it is
possible to incorporate acrylate or acrydite groups directly onto oligonucleotides, they also
need to be added on all peptides that are to be incorporated within a hydrogel. Additionally, as
aptamers are relatively big molecules, they might interfere with the polymerisation process.
Polyacrylamide gels from through a free-radical initiated chain polymerisation. This type of
reaction proceeds with complex kinetics and can result in inhomogeneities within the hydrogel
network. The inhomogeneities include inhomogeneous distribution of crosslinks, which leads
to variable mesh size within a hydrogel285. When such a network is brought to a swollen state,
these inhomogeneities frequently lead to uneven contraction of the gel and lead to ripples on
the surface 285.
Schnaar and colleagues proposed a fabrication process based on incorporating acrylate-NHS
into the polymerisation mixture, thus introducing the NHS groups during the gel formation
step283. More specifically, this approach is based on overlaying acrylamide, bis-acrylamide
mixture with NHS-acrylate dissolved in toluene. Using a water-immiscible layer enables the
creation of a ligand-reactive surface only on top of the hydrogel283. Another rationale that
motivated the authors to incorporate NHS-acrylate only in the top layers is that NHS is prone
to rapid hydrolysis and the by-products have a negative charge, leading to swelling of the
network.
We reasoned that as maleimide readily reacts with biomolecules containing either the amino
acid cysteine or a thiol group in another form, it would be an ideal chemical moiety to be
incorporated within such hydrogels. We further reasoned that decoupling the synthesis from
the functionalization step would provide a higher level of experimental freedom, especially in
experiments studying the interplay between matrix stiffness and ligand density.
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To create a polyacrylamide network with free maleimides, we first co-polymerized the
acrylamide and bis-acrylamide with a heterobifunctional linker Acrylate-PEG-Maleimide
(Figure 66). In the second step, the maleimide groups were reacted with thiol-containing
biomolecules including peptides and TrAPs.

Figure 66: Schematic of a two-step functionalization approach for polyacrylamide gels. STEP 1: Acrylate-PEGMaleimide is copolymerized with other components. STEP 2: Pre-formed swollen hydrogels are incubated with
cysteine/ thiol terminated cell-adhesive peptides or TrAPs of interest.

5.5.2. Evaluation of novel hydrogels with TrAPs
To validate the reaction scheme, we incubated maleimide-polyacrylamide gels with varying
concentrations of either thiol-terminated aptamer (4) or ssDNA for an hour. Figure 67 shows
that while ssDNA did not attach to the polyacrylamide hydrogels even at the highest
concentration used, there was a dose-dependent increase in thiol-terminated aptamer (4)
coupling (n=3). The increase shows a similar trend to that observed for thiol-maleimide
mediated coupling to glass slides (Figure 51). These data strongly suggest that the oligo
attached to the polyacrylamide via maleimide-thiol reaction.
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Figure 67. Maleimide functionalized gels incubated with ssDNA and thiol-ssDNA. Only the thiol-ssDNA binds to
the hydrogels. This binding occurs in a dose-dependent manner. The experiment was conducted once with n=3
independently functionalized coverslips.

Finally, we tested whether the cells could attach to the RGDs on polyacrylamide-conjugated
TrAPs. The results (Figure 68) show that while neither maleimide nor scr.-TrAP support cell
adhesion, the TrAP surfaces promote cell binding. The organisation of actin-cytoskeleton is
strongly indicative of cells adhering to the surface via integrins-RGD interactions.
To quantify the adhesion further, brightfield images of each condition were taken after an
overnight incubation maleimide hydrogels. The results of this experiment confirmed that
significantly more cells adhere to TrAP surfaces compared with scr.-TrAPs (n=3, p=0.0004)
and maleimide (n=3, p=0.0017). A few clusters of cells were observed on the maleimide
surfaces, suggesting the maleimide might be binding to the surface molecules on HMEC-1
cells. Indeed, previous studies have reported conjugating maleimide-functionalized
nanoparticles to free thiols on cell membranes286.
To confirm that the coupling was successful all groups were incubated with anti-sense DNA
flanked with a fluorophore that was designed to hybridise anti-VEGF aptamers (Figure 68).
The hydrogels were imaged under the same conditions, and the background image was
subtracted from all conditions. The data confirm that while no TrAPs were present on the
polyacrylamide-maleimide surface, both scrambled TrAPs and TrAP functionalization was
successful. The difference between those two groups was not statistically significant (p>0.05).
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Figure 68. HMEC-1 cells adhere to RGD containing TrAPs but not to scrambled RDG containing scr-TrAPs. (a)
HMEC-1 cells adhered to 2 D polyacrylamide hydrogels functionalized with anti-VEGF TrAPs (5a) but not to scrTrAPs (5b) or maleimide-functionalized surfaces. Scale bar is 500μm for the top row, and 50μm for the bottom row
(b) Quantification of normalised mean fluorescence measured in the far-red channel using 5x magnification. Each
data point represents the mean normalised fluorescence of a whole image taken at five different spots from a total
of 2 hydrogels per group. The number of scr.-TrAPs and TrAPs that conjugated to the surfaces was comparable.
(n=5, one-way ANOVA, Tukey’s multiple comparisons test, *p<0.05, ***p<0.001) (c) Quantification of the number
of adhered cells shows that the number of cells that adhered to TrAPs was significantly higher compared to other
surface modifications (The experiment was conducted once with TrAPs and once with peptides with an n= 3 of
independently prepared hydrogels, one-way ANOVA, Tukey’s multiple comparisons test, **p<0.01, ***p<0.0001)
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5.6.

Discussion

The goal of this chapter was to further validate the TrAP platform and explore its versatility.
As previous studies highlighted the need to screen therapeutic approaches under conditions that
resemble the in vivo situation more closely than traditional cell culture287, this chapter explores
traction-force mediated release on 2D hydrogels with tunable stiffnesses.
To illustrate the versatility of traction force mediated release, we synthesised VEGF TrAPs
using DNA-based aptamers with a 0.2nM KD that efficiently inhibits VEGF-induced
proliferation (Figure 61). Encouragingly, these VEGF TrAPs led to significantly higher
proliferation when compared to scr.-TrAPs or RGD functionalized surfaces alone. Importantly,
such behaviour was observed on polyacrylamide hydrogels that have physiological stiffness.
These results indicate that the TrAP technology is versatile and can be applied to distinct
aptamer sequences.
However, some limitations are worth noting. To more accurately characterise the aptamer,
binding studies should be performed using quantitative approaches, such as surface plasmon
resonance (SPR) to evaluate whether binding of the aptamer via either of its ends affects its
KD. Linked to this is the apparent limitation of the TrAP technology that it can be only used for
aptamers that retain their ability to bind their ligands when attached to surfaces. As VEGFinduced proliferation in HMEC-1 is less robust compared with PDGF-BB induced proliferation
in fibroblasts, the results should be further verified by additionally quantifying VEGF release
using a complementary technique, such as the VEGF ELISA or VEGFR phosphorylation
quantification. While this chapter explored and optimised synthesis schemes to fabricate highly
defined hydrogel platforms, these platforms need to be characterised using AFM to establish
their mechanical properties and explored with cells.
While polyacrylamide coatings are mostly uniform, the subsequent functionalization of these
hydrogels using sulfo-SANPAH was designed for incorporation of large molecules containing
several amine groups but is not as suitable for applications requiring site-specific conjugation
of bioactive molecules. To address this limitation, we have developed an alternative strategy
that introduces maleimide onto polyacrylamide surface directly during the polymerisation of
the hydrogel (Figure 68). Any thiol-terminated biomolecules can then be attached to the
hydrogels with high efficiency, and the amount of conjugated biomolecules can be easily tuned
by altering the concentration of biomolecules during functionalization. While using sulfoSANPAH might introduce a high level of heterogeneity due to uneven illumination,
incorporation of maleimides into the scaffold directly during scaffold fabrication means that
the most critical parameter that needs to be controlled for is the concentration of biomolecules
and the functionalization time.
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5.7.

Conclusions

Using a VEGF aptamer, this chapter indicates that TrAPs are a versatile platform that can be
employed as part of hybrid hydrogel materials with physiological stiffnesses to imbue the
materials with stimuli-responsive growth factor delivery capabilities. This chapter further
shows that TrAPs are amenable to different conjugation and fabrication strategies.
Additionally, this chapter highlights the need for further extensive evaluation of a number of
TrAP properties and outlines the benefits using more physiological, well-defined assays, such
as 2D hydrogels, into such characterisation workflows.
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6. TRAP INCORPORATION INTO THERAPEUTICALLY
RELEVANT COLLAGEN SCAFFOLDS
6.1.

Introduction

Encouraged by the promising results TrAPs yielded on planar surfaces, we next explored the
efficacy of TrAPs in cell-instructive scaffolds.
Currently, scaffolds can be fabricated with a range of properties that are typically tuned to
match a specific application288. In this regard, the TrAP-scaffold composites should ideally (i)
be biocompatible and clinically relevant (ii) be macroporous to provide enough space for cells
to adhere to and pull on the material, and (iii) have good structural and mechanical stability.
Scaffolds are typically fabricated from either synthetic or natural polymers289. While synthetic
polymers have several advantageous properties, such as high reproducibility289, natural
polymers generally still lead to more favourable therapeutic outcomes when guiding the repair
of ECM-rich tissues90.
One natural material with favourable mechanical properties that is also clinically relevant is
the crosslinked type I collagen28821. Collagen-based scaffolds are, for example, currently
marketed as the INTEGRA® Dermal Regeneration Template and are indicated for the treatment
of third-degree burns290. Collagen sponges have also been used in bone291, cartilage292,
cornea293 and nerve294 tissue engineering.
As a native component of the ECM, collagen provides cell adhesion sites and is biodegradable.
At the same time, collagen is a versatile biomolecule, constituting more than 30% of the human
protein, with skin containing more than 50% and bone more than 90% of collagen295.
Importantly, collagens are highly conserved between species295. This means that collagen
derived from animals is generally non-immunogenic and well tolerated.
The high level of porosity in the collagen scaffold needs to be engineered through freezedrying88. In this process, acetic acid dissolves collagen type I and the whole mixture is,
blended, poured into a mould and frozen. Under low temperature and deep vacuum, ice crystals
sublime directly from the solid phase to the gas phase, leaving behind a highly porous dry
sponge 88.
The mechanical properties and degradation rate of such highly porous collagen scaffolds are
subsequently modulated by cross-linking of amine and carboxyl groups on adjacent
polypeptide chains using zero-length crosslinking (Figure 69)296. Examples of zero-length
crosslinking strategies include dehydrothermal treatment (DHT) or EDC-mediated reactions
that both yield stable amide bonds 222. In collagen, there are 34 amine and 120 carboxyl groups
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per 1000 amino acid residues, which amounts to approximately 0.312 mM amine and 1.264
mM carboxylic groups per gram of a scaffold297. The final stiffness of a particular scaffold
depends on the degree of crosslinking, with the compressive modulus increasing linearly from
~0.5 kPa to ~1.8 kPa for scaffolds crosslinked with 0mM and 96mM EDAC, respectively. Also,
the level of crosslinking a has a profound impact on cell viability222. For example, EDC at the
concentration of 11.5 ng/ml (E~1.5 kPa) was determined to promote optimal cell viability and
proliferation, with any higher or lower concentrations negatively affecting cell viability222.

Figure 69. Organization of collagen scaffolds at different levels. Zero Length crosslinkers, such as EDC promote
the reaction between amines and carboxyl groups on adjacent chains. The porous structure is achieved through
bio fabrication techniques such as freeze-drying.

Several pre-clinical studies demonstrated that the applications of collagen sponges could be
further extended by combining the scaffolds with growth factors106, 298. For example, Fujisato
and colleagues demonstrated that chondrocyte-collagen composite scaffolds promote the
formation of mature cartilage in animal models only when it was impregnated with FGF-2292.
However, achieving the right control over the dosing of growth factors has been challenging.
Collagen has an only limited affinity for most growth factors299, requiring high bolus doses of
growth factor to be used to elicit a biological response, which, in turn, can cause serious sideeffects. For example, the FDA-approved INFUSE device, designed to promote bone growth
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following a spinal fusion, contains a collagen sponge that is impregnated with soluble BMP at
1500 ng per millilitre of collagen directly before implantation300. Such dosing is extraordinarily
high and has been linked to side effects such as excessive recruitment of immune cells and
excessive bone growth 300.
While highly sulphated molecules, such as heparin, were blended with collagen to increase the
retention and loading of growth factors within the composite material 301, one limitation of this
method is the low level of control over which other proteins remain on the scaffold after the
surgical intervention. Other approaches, such as covalent incorporation of growth factors into
collagen scaffolds302, or the use of VEGF within microparticles298 might not provide the optimal
control over the growth factor release profiles. Additionally, as the whole product consists of
a collagen sponge and a growth factor and as the half-life of growth factors is limited, these
approaches might not be readily translated into off-the-shelf products.
As aptamers can be designed to bind and thus concentrate only specific growth factors 205 and
dry ssDNA has an excellent shelf-life303, the TrAP technology could, in theory, overcome many
of the limitations and translational hurdles mentioned above. The first step towards this goal is
establishing whether TrAPs retain their efficacy in TrAP-collagen composite systems.

6.2.

Chapter objectives

The overall goal of this chapter is to fabricate TrAP-collagen composites and test whether
TrAPs retain their efficacy in this system. The specific TrAPs we used in this study are the
same PDGF-BB TrAPs (3a-b) used in the proof of concept experiments described in Chapter
4. The cell type employed in this study are papillary dermal fibroblasts that robustly respond
to PDGF-BB (Chapter 4)
The specific aims are:
•

Aim 1: The first aim is to develop a functionalization strategy that would make it
possible to fabricate TrAP-collagen composite sponges.

•

Aim 2: For TrAP activation to take place, the scaffold needs to provide sufficient
mechanical resistance. The second aim is, therefore, to evaluate whether the TrAPs
retained their efficacy within this composite.
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6.3.

Materials & Methods

6.3.1. Materials
Collagen sponges (Avitene Ultrafoam Collagen, 1050050, 8.5cm x 12.5 cm x 3mm), 1-(2Aminoethyl)maleimide hydrochloride (Sigma, 56951, MW 254.16),

N-Ethyl-N′-(3-

dimethylaminopropyl)carbodiimide

03449),

hydrochloride

(EDC,

Sigma,

N-

Hydroxysulfosuccinimide sodium salt (NHS, Sigma, 56485),maleimide-PEG2- succinimidyl
ester (Sigma, 746223), PrestoBlueTM Cell Viability Reagent (Thermo Fisher, A13261),
Dulbecco’s Modified Eagle Medium (DMEM, low glucose, Sigma, D5546), Dulbecco’s
Phosphate Buffered Saline (with MgCl2 and CaCl2, Sigma, D8662-6X500ML ), Dr Oetker
Food Colour Gel, Violet; recombinant human PDGF-BB (Biolegend, 577304, carrier-free),
formaldehyde (Thermo Fisher, 28908), borate buffer (Thermo Fisher, 28384, BupHTM Borate
Buffer Packs, pH 8.5), O.C.T. compound, mounting media for cryotomy (VWR, 361603E),
BupH™ MES Buffered Saline Packs(Thermo Fisher scientific, 28390)

6.3.2. Functionalization of 3D collagen scaffolds
The functionalization scheme was optimised using a fluorescently labelled carboxyfluorescein
(FAM)-GRGDSPC. Commercially available sterile collagen sponges were purchased from
Avitene. Circular scaffolds were punched out using 5-mm Miltex biopsy punches. As the
manufacturing process leaves collagen scaffolds acidic, scaffolds were incubated in a 0.1M
MES: PBS (1:15 parts) buffer to increase their pH. Any bubbles that remained entrapped within
highly porous scaffolds were mechanically removed. The scaffolds were subsequently
crosslinked and functionalized with maleimide using carbodiimide chemistry. This was
achieved by crosslinking 3.18 mg/ml hetero-bifunctional linker 1-(2-(Aminoethyl) maleimide
hydrochloride (15 mM) with collagen using three different EDC concentrations (1.15, 4.8 and
11.5 mg/ml) and NHS in 0.1M MES: PBS (1:15 parts) buffer. In all experiments, the
EDC/NHS/COOH ratio was kept 5:2:1 as previously described 222. All the reagents were added
at 150 uL per 5-mm scaffold. The reaction was left to proceed for at least 12 hours at RT under
constant shaking, upon which the scaffolds were washed at least seven times with sterile PBS.
Each wash lasted a minimum of 5 minutes. The maleimide-functionalized collagen scaffolds
were reacted with 2µM FAM-GRGDSPC (GenScript, > 95% purity, standard acetate TFA
removal). The dithiols on this peptide were reduced using TCEP-reducing gel, and the reduced
peptide was left to react for 4 hours and subsequently washed at least seven times with PBS.
Finally, the scaffolds were then imaged at 495exc/520em nm using a microplate reader. The
fluorescent readout was converted to concentration based on a calibration curve generated for
the FAM-GRGDSPC peptide.
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Finally, an optimised functionalization protocol was employed to fabricate PDGF-BB aptamermodified scaffolds in proof-of-concepts experiments. In particular,

3.18 mg/ml hetero-

bifunctional linker 1-(2-Aminoethyl)maleimide hydrochloride (15mM) with crosslinked with
collagen using 11.5 mg/ml N-Ethyl-N′-(3-dimethylaminopropyl)carbodiimide hydrochloride
(EDC) and 5.19 mg/ml N-Hydroxysulfosuccinimide sodium salt (NHS) in 0.1M MES:PBS
(1:15 parts) buffer. The thiol groups on TrAPs 3a-b and/or peptides (used in control groups)
were reduced using soluble TCEP, purified using ethanol precipitation and incubated with
maleimide-collagen at 1µM and washed seven times in PBS. The exact ligand concentrations
and experimental groups are shown in Table 7.
Table 7. PDGF-BB-TrAP and peptide concentrations used to functionalize collagen sponges for a 3D proof of
concept study.
Conditions

TrAPs group

Scr-TrAPs group

Crosslinked scaffolds

PDGF-BB TrAPs 3a

1 µM

-

-

Scr. PDGF-BB TrAPs 3b

-

1 µM

-

GRGDSPC

-

-

1 µM

Table 8. Concentrations of compounds utilized to functionalize collagen scaffolds with TrAPs.
Compound

EDC

NHS

Amine-

Amines (per

COOH

Mal

mg)

(per mg)

TrAPs

PDGFBB

Collagen
weight

=

1.23±0.1015
Concentration

6mM

2.4mM

15 mM

0.312 mM

1.263

1000 nM

3.94 nM

mM

6.3.3. Anti-sense aptamer experiments
For cells to be able to release growth factors from TrAPs using traction forces, TrAPs need to
be attached to the matrix covalently. Therefore, it was evaluated how many washing steps and
which media are needed to remove the non-specifically bound aptamers. The aptamers 4 at the
concentration 70.3 ng/ µL were incubated with 5-mm circular collagen sponges for 2 hours and
the scaffolds were subsequently washed 9 times for 5 minutes with 100 µL of either PBS,
Borate Buffer, Coupling Buffer (50 mM sodium phosphate pH 7.2 at 4 °C, 50 mM NaCl, 10
mM EDTA) or DI water (Figure 75). These buffers were selected because all of them were
used during the functionalization process. The concentration of each sample was measured
using a NanoDrop spectrophotometer.
To confirm that aptamers attach to scaffolds specifically due to maleimide-thiol coupling
throughout the whole scaffold, 5-mm collagen scaffolds were either functionalized with 150
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µL of 25µM NHS-maleimide for 1 hours or left unmodified and upon thorough washing
incubated with 150 µL of freshly TCEP-reduced 5µM thiol-VEGF-TrAPs 5a overnight. The
scaffolds were subsequently washed at least seven times in PBS. The scaffolds were then
incubated for 1.5hours with 7.5 µM IRD700-antisense strands in PBS, washed two times in
PBS and once in DI water. Finally, the scaffolds were fixed in 4% formaldehyde, washed with
PBS, left to permeate with O.C.T, snap-frozen in O.C.T. and stored at -80°C until cryosectioned
using a cryostat OTF/AS (Bright Instruments) using a cryosectioning temperature of -22°C,
section thickness 10µm and interval of 200 µm. The individual sections obtained from the
middle region of the scaffolds were imaged

6.3.4. Cell culture in 3D
The TrAP modified scaffolds, and RGD-modified control scaffolds were placed into a 96-well
plate and incubated with 100µL of 100 ng/ml PDGF-BB per well overnight. The next day, they
were washed twice with PBS. Prior the seeding, the scaffolds were gently blotted.
Before the experiment, fibroblasts at P3 were serum starved for 24 hours. The cells were then
seeded at 13 000 cells/well in a total volume of 10µL. Approximately half of the volume was
dispensed on top of the scaffolds, which were subsequently turned over and the remaining
volume was dispensed onto the reverse side. This volume was chosen as previous experiments
in our, and other labs confirmed that it yields maximal retention of cells within the scaffolds.
The scaffolds were subsequently placed in the incubator for 60 minutes to allow for early
adhesions between the cells and scaffolds to form. Finally, 100 µL of minimal medium per
well, either with or without PDGF-BB (100 ng/ml) was gently added. The media were changed
on day two of the experiment.
The effect of the growth factor delivery route was assessed after four days in culture. As our
optimisation experiments confirmed that PrestoBlueTM readouts are unaffected by the highly
porous collagen scaffolds, we used this assay to assess metabolic activity. Specifically, the
original media was removed and replaced with a PrestoBlue solution. The assay was incubated
with the scaffolds for 3 hours on an orbital shaker placed inside an incubator (37°C, 5% CO2)
and read using a plate reader.

6.3.5. Imaging
The surfaces and cells were imaged using the Zeiss Axio Observer inverted microscope with a
fully motorised stage controlled by Zen acquisition software. The microscope is equipped with
LED light sources from UV to far-red and Hamamatsu Flash 4 camera. Bright field images
were taken with Leica DMIL LED microscope equipped with Leica DFC295 digital colour
camera and LAS V4.9 software. Images from different channels were merged in ImageJ using
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a Macro developed by the FILM facility at Imperial College London. Figure panels were
assembled in Illustrator.

6.3.6. Statistics and Data Analysis
The statistical analysis was conducted using the Software GraphPad Prism 7. One-way
Analysis of variance (ANOVA) with a Tukey’s multiple comparisons test or t-test, where
appropriate, were used to analyse the data. Statistical significance was set at p< 0.05. Data are
summarised as means ± SD.
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6.4.

Results

6.4.1. Functionalization of scaffolds
The overall goal of this chapter was to evaluate TrAP activity within three-dimensional
collagen scaffolds. Towards this goal, we first developed a synthetic scheme to covalently
conjugate TrAPs to collagen sponges. Two primary design constraints had to be taken into
consideration when designing the functionalization scheme. First, in order for collagen sponges
to be resistant to degradation and contraction and thus to maintain their structural stability, they
need to be covalently crosslinked304. Second, as the RGD peptides on TrAPs contain amines
and carboxylic groups, TrAPs need to be incorporated into the scaffold via a reaction that is
orthogonal to these two functional groups. One such reaction is the maleimide-thiol click
reaction.
Considering these two design criteria, we designed a functionalization approach that consists
of two main steps (Figure 70). First, EDC/NHS is used to crosslink the free amines and
carboxylic groups on the collagen and to concomitantly tether an amine-maleimide bifunctional linker to the carboxyl groups on the collagen. In a second step, the free maleimide
groups serve as click reaction partners to thiol-terminated TrAPs or peptides of interest. The
EDC/NHS/maleimide step was performed for at least 18 hours and was followed by thorough
washing to ensure that the EDC and NHS become fully inactivated via hydrolysis before TrAPs
are added.
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Figure 70. Two-step TrAP-functionalization scheme of collagen. Step 1. The collagen scaffolds were EDC/NHS
crosslinked in the presence of a heterobifunctional amine-maleimide linker to increase their mechanical stability
and to incorporate maleimide onto their backbone. Step 2. The maleimide-terminated scaffolds were incubated with
either a thiol-containing fluorescently labelled peptide FAM-GRGDSPC, thiol containing peptide GRGDSPC or
with thiol-TrAPs in order to achieve their functionalization. The blue rectangles represent individual tropocollagen
fibres organised into fibrils.

To evaluate this reaction scheme, we designed an experiment in which half of the scaffolds
were EDC/NHS crosslinked without and the other half with the amine-maleimide bifunctional
linker. We then incubated all the scaffolds with a thiol-containing fluorescently labelled peptide
FAM-GRGDSPC. We hypothesised that this peptide would only attach to the scaffolds
containing maleimide.
Figure 71 shows that the fluorescent intensity of FAM increases linearly (R2=0.9998) with its
increasing concentration in the range from 0 to 25µM. Linear regression was used to determine
the best fit, and the resulting equation was subsequently used to evaluate the amount of
conjugated peptide.
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Figure 71. The fluorescent intensity of FAM increases linearly with its increasing concentration across the used
range of concentrations. N=1, the black line represents the linear regression fit. (Y = 663.5*X + 99.02,
R2=0.9998). The calibration curve was generated independently for each experiment. The curve shown represents
a typical result.

The collagen scaffold employed in this study are highly porous 106. Nevertheless, since the
reaction between thiol and maleimide is rapid (on the order of seconds to minutes)305, and the
scaffold contains an excess of maleimides when compared with TrAPs (15000 fold higher
starting concentration of amine-maleimide linker compared to TrAPs)305, we reasoned that a
simple incubation of scaffolds in a TrAP-solution might result in inhomogeneous
functionalization with the majority of the molecules attached to the surface of the scaffold. We
further reasoned that injecting the TrAP solution into the porous scaffolds might improve the
TrAP distribution. To test this assumption experimentally, we purchased a purple food dye and
prepared a solution which we either poured over, injected in the middle or injected into 4
locations within the 5-mm circular collagen scaffolds. Figure 72 indicates that the
concentration of the dye within the scaffold is the highest and most evenly distributed when
the dye is injected into the scaffold at multiple locations. One limitation of this model system
is that the dye has different molecular properties and engages in distinct types of interactions
with the scaffolds compared with TrAPs. Despite these limitations, this experiment indicates
that compared to soaking, injecting reagents into a scaffold makes it possible to achieve more
even distribution and higher density of molecules within the scaffold.

Figure 72.Diffusion through collagen scaffolds. Left: Scaffold immersed in food dye. Middle: Food dye injected in
the middle of the scaffold. Right: food dye was injected into four scaffold corners. These experiments were done
together with Ms Bea Bezdadea
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To evaluate the reaction scheme (Figure 70), we functionalized half of the scaffolds with
maleimide and subsequently injected all the scaffolds with 2µM FAM-GRGDSPC. We
additionally evaluated whether the EDC/NHS concentration impacts the coupling efficiency.
Figure 73 shows that the coupling of the FAM-GRGDSPC only couples to the collagen
scaffolds when they contain maleimide. The final concentration of the retained peptide is
492±71.68, 603±29.86 and 525.9±81.85 for the 1.15, 4.8 and 11.5 ng/ml groups and is not
significantly affected by the EDC/NHS concentrations (p>0.05). As the scaffolds were initially
incubated with 2mM peptide, the mean coupling efficiency across all groups is 27.0±3.7%.
While the EDC concentration did not have any significant effect on the amount of conjugated
peptide (Figure 73, grey bars), a higher amount of crosslinking led to a slightly higher retention
of the peptide FAM-GRGDSPC within the control scaffolds without maleimide (40.74±5.314
and 93.33±13.86 for the 1.15 and 11.5 ng/ml EDC concentrations, respectively). This higher
retention could be either due to a lower diffusion rate through the scaffold due to higher
crosslinking or due to the peptide attaching to the scaffold via EDC/NHS coupling. As previous
studies recommended the use of 11.5 ng/ml EDC, with any higher or lower concentrations
affecting cell viability222, we chose this EDC concentration for all cellular studies despite the
slightly higher level of non-specific retention of FAM-GRGDSPC.

Figure 73. Conjugation efficiency of FAM-GRGDSPC to either a group of scaffolds that were only EDC crosslinked
(black) or EDC crosslinked in the presence of amine-maleimide (grey). Maleimide is necessary to achieve the
incorporation of cysteine terminated biomolecules FAM-GRGDSPC into scaffolds. The coupling efficiency across
all groups is 27.0±3.7%. The amount of EDC has no significant effect on the amount of conjugated peptide(The
experiment was conducted twice with comparable results with always using an n=3 of independent collagen
sponges) (A two-way ANOVA, p=0.05, pinteraction=0.1085, pEDC_concentration=0.0974, ****pamine-maleimide<0.0001).

The primary reason for employing the EDC crosslinking step was that our initial experiments
revealed that fibroblast seeded scaffolds undergo rapid degradation within a few days. An
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additional reason for employing the EDC/NHS coupling was to improve the mechanical
properties of the collagen scaffolds. To confirm that the EDC/NHS crosslinking indeed
improved the mechanical stability of the scaffolds, we evaluated how the scaffolds retain their
shape on air and when placed into a PBS solution. Figure 74 shows that the thickness of PBSincubated, EDC/NHS-treated scaffolds are significantly less swollen when compared with
scaffolds that have not been crosslinked (*p<0.05), suggesting that the EDC/NHS reaction
proceeded as expected. Figure 74 further shows that when the same scaffolds were placed on
air, only the scaffolds treated with EDC/NHS retained their shape and did not collapse. Taken
together, these results indicate that the EDC/NHS reaction increased the level of crosslinking
and thus mechanical stability of the collagen scaffolds.

a

b

native

native
Figure 74. EDC/NHS crosslinking increases mechanical stability of collagen scaffolds. a. The use of EDC/NHS
significantly reduced swelling of the scaffolds in PBS solution, measured as height in pixels (t-test, p<0.05). b. The
EDC/NHS scaffolds retained their shape after removal from PBS to the air while the native scaffolds collapsed.
Collectively, these morphological changes provide evidence that the crosslinking reaction proceeded as expected 301.
The experiment was conducted once with n=3 independently prepared collagen sponges and similar macroscale
characteristics were typical for each subsequent functionalization and were used as a quick additional measure of
whether the crosslinking reaction was successful.

Non-covalent interactions between DNA and scaffolds
The fact that collagen scaffolds have been employed as sustained-release gene delivery vehicles
306 307

suggests that there is some degree of non-covalent association between oligonucleotides

and collagen under physiological conditions. Therefore, it was necessary to develop a suitable
purification strategy to ensure any non-specifically bound TrAPs are removed before in vitro
testing with cells. Towards this goal, the scaffolds were incubated with the total of 7.03 µg of
aptamer 4 and were subsequently incubated nine times for 5 minutes with 100 µL of either
PBS, borate buffer, coupling buffer or DI water. The amount of the released aptamer 4 was
measured using NanoDrop, and the data are shown as a cumulative release in Figure 75.
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Figure 75. Optimization of buffer conditions and the number of washes necessary to remove unconjugated
oligonucleotides. PBS (closed circle) removes the aptamer with the highest efficiency (n=2). Nine washes are needed
to remove the unconjugated oligos completely. The incubation steps were conducted by Ms Magdalene Ho. The
experiment was conducted once, and similar measurements were performed to assess the quality of functionalization
in other experiments.

Figure 75 shows that, compared to other buffers, PBS elutes aptamers from collagen scaffolds
with the highest efficiency. The data further show that using PBS; nine washes are needed to
remove most of the unconjugated aptamers (90.8%). While the coupling buffer elutes aptamers
from the scaffolds, this occurs with lower efficiency compared to PBS. In contrast, neither DI
water nor borate buffer is suitable for use as wash-solutions to remove unconjugated DNA.
Confirmation of TrAP coupling
To further confirm that TrAPs attach to scaffolds specifically via the maleimide-thiol reaction,
we designed an experiment in which collagen scaffolds with and without maleimide were
incubated with TrAPs (5a), cryosectioned, incubated with an IRD-700 labelled anti-sense
strand and imaged using the same settings. Figure 76 shows that while there is a minimal
fluorescent signal for scaffolds without maleimide, all collagen fibres of the maleimidefunctionalised scaffold contain anti-sense fluorescent strands. These results confirm that TrAPs
attach directly to the collagen scaffold via the thiol-maleimide chemistry. Also, since the TrAPs
on collagen scaffolds engage in hybridisation interactions, it can be indirectly inferred that the
TrAPs are not too densely packed nor adsorbed on the fibres.
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Far red

Brightfield

Composite

Figure 76. Confirmation that TrAPs react with maleimide throughout the thickness of the scaffolds. Maleimidefunctionalized sponges were reacted with VEGF-TrAPs 5a. The scaffolds were subsequently snap-frozen and
sectioned. Individual sections were incubated with IRD-700 dye tagged anti-sense aptamer, washed thoroughly, and
imaged using the same settings across all conditions. The IRD700 aptamer could be detected only on scaffolds prefunctionalized with maleimide. Several images were taken, and the images above are representative of each
condition. The experiment was conducted once Scale bar is 200μm. The functionalisation was performed by Ms.
Magdalene Ho and cryosectioning was conducted by Ms Mara Pop.

6.4.2. PDGF-BB TrAPs promote proliferation of fibroblasts in collagen scaffolds
Having optimised the fabrication scheme of TrAP-collagen composite sponges, we proceeded
to test the efficacy of PDGF-BB TrAPs incorporated into a crosslinked collagen scaffold.
Similarly, to previous chapters, cellular metabolic activity was used as an indicator of TrAP
activation. The PDGF-BB loading concentration and analysis time points were based on a
previous study that suggested that 100ng/ml PDGF-BB is a suitable concentration to stimulate
fibroblast proliferation within collagen scaffolds over the course of four days, after which time
the cell viability decreases308. Three main scaffold types were prepared – crosslinked scaffolds
which were functionalized just with an RGD peptide, scaffolds crosslinked and functionalized
with scr. TrAPs and scaffolds crosslinked and functionalized with TrAPs. It was assumed that
since collagen contains integrin binding sites, even scr. TrAP scaffolds should still support
fibroblast adhesion. All the scaffolds except for the negative control (denoted as crosslinked
scaffold, Figure 77) were loaded with 100 ng/ml PDGF-BB overnight upon which the scaffolds
were washed twice with PBS and blotted to remove any excess fluid. The scaffolds were then
seeded with 13 000 serum-starved, dermal fibroblasts per each 5-mm scaffolds. Subsequently
all the scaffolds, except for the crosslinked scaffolds + soluble 100 ng/ml PDGF, were
supplemented with fresh minimal media containing only 0.1% FBS and antibiotics. The
155

experimental group crosslinked scaffolds + soluble 100 ng/ml PDGF-BB was additionally
supplemented with minimal media containing soluble 100 ng/ml PDGF-BB. The results were
analysed after 4 days using the Presto Blue assay. Figure 77 shows that the positive control,
dermal fibroblasts in crosslinked scaffolds+ soluble 100 ng/ml PDGF-BB responded the
growth factor, as demonstrated by higher metabolic activity in this group compared with the
negative control, the fibroblasts seeded on otherwise identical, unloaded, crosslinked scaffolds
(n=5, *p<0.05). Notably, the PDGF-BB loaded TrAP group demonstrated significantly higher
metabolic activity when compared with the PDGF-BB loaded scr.-TrAPs group (n=5,
***p<0.001) and crosslinked scaffolds without any PDGF-BB (n=5, **p<0.01), suggesting the
increase in proliferation was not due to non-specific leakage which would achieve the same
magnitude for loaded scr. TrAPs. The metabolic activity between crosslinked scaffolds with
PDGF-BB and TrAPs was not statistically different (n=5, p>0.05).

Figure 77. Fibroblasts in collagen sponges functionalized with PDGF-BB-loaded TrAPs exhibit significantly higher
metabolic activity than fibroblasts in collagen sponges functionalized with scr-TrAPs loaded with PDGD-BB and
crosslinked scaffolds without PDGF-BB. The experiment was conducted once with n=5 independently prepared
collagen scaffolds. (One-Way ANOVA, Tukey Post-hoc). *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001. Metabolic
activity was quantified by first removing the old media from the scafflds and subsequently adding fresh media premixed with Presto Blue assay at 1:9 ratio of the assay to minimal media (0.1% FBS) in which all the samples were
inucbated on an orbital shaker at 37% and 5% CO2 for three hours before the fluorescent signal was read using a
plate reader.

156

6.5.

Discussion

An ideal cell-instructive scaffold should not only deliver stimuli at a pre-programmed rate but
should also act as a sensor and make it possible to deliver stimuli when needed. One
engineering approach to achieve this is using MMP-cleavable linkers

85

. However, this

approach is not straightforward to decouple from the bulk degradation of the scaffold. The
advantage of the TrAP technology is that it is attached to a material as a pendant moiety, thus
theoretically facilitating the on-demand release of growth factors over the lifespan of the
implant. Building on Chapters 4 and 5 that demonstrated that TrAPs are conducive to traction
force mediated release in 2D and on 2D hydrogels, the overall goal of this study was, to evaluate
the efficacy of TrAPs when incorporated into therapeutically relevant cell-instructive collagen
scaffolds.
The first step towards achieving this was to develop an approach for facile incorporation of
TrAPs into collagen. Through various optimisation experiments, it was determined that the
optimal strategy consists of a two-step functionalization process. The first step uses EDC/NHS
chemistry to increase the mechanical stability of the scaffolds and simultaneously incorporate
orthogonal maleimide moieties into the scaffold. The maleimide-containing scaffolds are
subsequently functionalized with the thiol-terminated TrAPs, creating the TrAP-collagen
composites. Separating these two reaction in time was necessary to ensure the RGD peptide
on TrAPs does not get coupled to the scaffold either via its N-or C-termini. The incorporation
efficiency of TrAPs was determined to be ~25% and injecting TrAPs as opposed to incubating
them with collagen ensured their homogeneous distribution within the scaffolds. While we did
not directly assess the incorporation efficiency of the amine-maleimide linker, a similar scheme
has been successfully employed by the Carsten Werner group to introduce maleimides onto
another biological polymer, the heparin macromolecules309. Overall, the experiments presented
in this chapter suggest that the two-step reaction scheme can be employed to reproducibly
conjugate thiol-terminated biomolecules (GRGDSPC Figure 73 and TrAPs Figure 76) to
collagen while simultaneously ensuring its favourable mechanical stability.
While maleimide can be introduced onto collagen post-crosslinking using alternative reaction
schemes, such as coupling an NHS-maleimide ester to the free-amine groups on collagen310,
the literature suggests that an excessive modification of primary amines reduces the bioactivity
of collagen296. Therefore, selectin the appropriate concentrations of NHS might require
significant optimisation efforts. On the other hand, as the number of activated carboxyl groups
depends on the starting concentration of EDC/NHS
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, the benefit of incorporating amine-

maleimides during EDC/NHS coupling is that previously optimised concentrations of this
crosslinker could be used. Future experiments should characterise the impact of adding aminemaleimides during this step on the properties of collagen in further detail.
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The release of growth factors from TrAPs is governed both by chemical and mechanical
interactions. Using an aptamer with similar properties to TrAPs (KD=49-130pM), a recent
study by Zao and colleagues suggested, that while a 0.5:1 aptamer to growth factor ratio leads
to a rapid release, 2.5:1 ratio results in a slow, gradual release and a 5:1 ratio effectively
suppresses any release of growth factors138.

We, therefore, reasoned that using an

approximately 62.5-fold excess of TrAPs compared to PDGF-BB will minimise any
spontaneous release of PDGF-BB from the scaffolds and will ensure that any observed increase
in biological activity can be attributed to an active release.
Having fabricated collagen-TrAP composite scaffolds, the efficacy of traction-force mediated
release from TrAPs on collagen sponges was evaluated using papillary fibroblasts that were
characterized in Chapter 4. The results (Figure 77) show that, after four days, the metabolic
activity of fibroblasts is significantly higher in PDGF-BB loaded TrAP compared with PDGFBB loaded scr.-TrAPs. The fact that the proliferation in the scr.-TrAPs group is minimal
compared with the TrAP groups suggests that an active-release is taking place and that the
increase in metabolic activity is neither due to PDGF-BB leakage nor due to enzymatic
cleavage of the scaffold or the aptamers. The data further show that PDGF-BB loaded TrAPs
and soluble PDGF-BB loaded scaffolds had a comparable biological effect. This is in contract
to PDGF-BB release in 2D, where the soluble PDGF-BB induced significantly higher
proliferation. Such an increase in efficacy can be attributed to the higher PDGF-BB loading of
collagen scaffolds (100 ng/ml) compared to planar surfaces (15 ng/ml) and longer duration of
the experiment (48 hours versus 96 hours). Alternatively, as the TrAPs concentrate PDGF-BB
directly in the scaffold, this might lead to higher local concentrations compared with the soluble
PDGF-BB group. Therefore, based on the data, it can be concluded that TrAPs are efficacious
in 3D collagen sponges.
The data further demonstrate the biocompatibility of TrAPs and suggest relatively high stability
of TrAPs in culture. These results are further supported by two recent studies by the Wang
group that showed aptamers could be detected on scaffolds even after a week in culture311.
Also, the study by Zhang and colleagues suggested that aptamers protected the bioactivity of
VEGF when compared to soluble VEGF138.
Future studies should use quantitative assays, such as ELISA to evaluate the loading efficiency
and rate of any non-specific release from the collagen scaffolds. It would also be useful to
measure the elastic moduli of EDC/NHS crosslinked scaffolds with and without the aminemaleimide linker and to quantitatively evaluate the amount of incorporated maleimide using
techniques such as FT-IR. Finally, in order determine whether growth factors are supporting
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cellular survival or if they are inducing cells to proliferate, the proliferation and metabolic
activity within scaffolds should be monitored over multiple days, starting with day one.
Despite the need for these follow-up experiments, the results presented in this chapter suggest
that traction force mediated delivery takes place and promotes the metabolic activity of cells
within therapeutically relevant scaffolds.

6.6.

Conclusions

Scaffold-based tissue engineering relies on scaffolds to attract cells and subsequently direct
their signalling. Porous collagen sponges are currently part of several medical devices that
promote the repair of the bone and the dermis. While administering the sponges in conjunction
with growth factors could further extend the therapeutic benefit of these sponges, doing so
using currently available growth factor delivery technologies might present severe risks to the
patients. This chapter introduced a fabrication approach that can be readily employed to form
the TrAP-collagen composites. Notably, this chapter demonstrates that TrAPs retain their
bioactivity in crosslinked collagen sponges.
The TrAP platform is, mechanistically, an affinity-based system, where traction forces locally
disrupt the equilibrium which in turn leads to a localised release of growth factors. As an
affinity-based system, TrAP-functionalised scaffolds provide a high level of control over the
amount of loaded growth factor and its basal release rate, which are a function of a ligand
density and aptamer KD. Being able to exploit aptamers with high affinities means that TrAPs
make it possible to deliver growth factor with high spatial control, minimising non-specific
leakage to the surrounding tissue. This on its own is a highly attractive feature which will, in
the future, make it possible to establish a more explicit link between the dosing, delivery of
multiple growth factors and the therapeutic effect of growth factors in vivo.
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7. THESIS CONCLUSIONS
The design of cell-instructive scaffolds frequently draws inspiration from nature312. For
example, components of the ECM, such as fibrin313 and heparin314, are frequently incorporated
into scaffolds to increase their capacity to sequester growth factors.
Another strategy is to combine ECM-derived biological motifs with synthetic polymers to
create highly defined, biologically-active scaffolds313, 315. For instance, crosslinking polymers
with MMP-cleavable peptides makes it possible to exploit MMP proteases as a stimulus to
trigger an on-demand release of growth factors85.
Finally, scaffolds can be engineered to mimic the functional behaviour of biological systems312.
For example, a charged polymer was incorporated into scaffolds to sequester growth factors316.
This biomimetic approach has a significant appeal as it holds the promise to extend the
capabilities of cell-instructive materials beyond what evolution has already achieved312. The
rapidly increasing understanding of fundamental biological principles along with the recent
advances in nanotechnology offer an unprecedented opportunity to embrace this approach and
look into nature for inspiration with a fresh look. This thesis identifies the traction force
mediated release of growth factors as an innate, but until now overlooked, stimulus to achieve
an on-demand release of a broad range of growth factors.
In nature, TGF-β is secreted in its inactive form, encapsulated in the matrix-bound LLC. For
TGF-β to be activated, the cells need to trigger conformational changes of the LLC by pulling
on the complex178. Activation of growth factors via traction forces offers distinct advantages
when compared to simple tethering of active growth factors onto the ECM. In particular, the
LLC serves as a molecular sensor that only becomes actives in the presence of the right stimuli
and thus makes it possible to separate the production of the growth factor from its activation198.
Drawing inspiration from nature, the primary goal of this thesis was to create a synthetic,
functional mimic of the LLC, the TrAPs.
Chapter 3 described the design and fabrications of TrAPs. More specifically, the chapter
suggests a relatively simple and modular TrAP design, consisting of a growth factor-binding
component that can be deformed using low, directionally applied forces, the aptamer, modified
with a cell-adhesive peptide. The chapter subsequently introduced a facile approach for the
fabrication of TrAPs that uses two orthogonal click reactions (maleimide-thiol and azideDBCO). The high efficiency of both these reactions, as well as the fact that these reactions do
not result in any by-products, means that it is possible to fabricate TrAPs in an almost ‘plug
and play manner’. In this thesis, the formation of TrAPs was verified using polyacrylamide gel
electrophoresis. Future studies could use MALDI-TOF to obtain accurate mass of the products.
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As the fabrication procedure does not require any specialised purification equipment, it can be
readily adopted by almost any biological and bioengineering laboratory. The only constraints
that need to be kept in mind are not to expose azide nor maleimide groups to the reducing agent
TCEP, as this agent reduces azides to amines and readily reacts with maleimides, rendering
both these groups inactive.
The proof-of-concept experiments in Chapter 4 confirmed that while being entirely synthetic,
TrAPs functionally mimic the LLC. We first experimentally evaluated what thiol-terminated
aptamer concentrations are needed to fully cover maleimide-functionalized surfaces. Our
results suggested that a plateau is reached when the surfaces are incubated with ~20µM aptamer
solutions. Next, we confirmed that the surface-bound TrAPs titrated with peptides at 1:5 ratio
sequester PDGF-BB, minimizing its non-specific leakage. The results also suggested that
thorough washing with PBS and potentially BSA is necessary to remove any non-specifically
bound growth factor and that future studies should use low adhesion plastics. Similar profiles
for multiple loading concentrations and aptamers with different affinities and structures should
be generated in any future experiments.
We then confirmed that cells attach to TrAPs specifically via the cell adhesive peptide RGD as
the cells were not able to adhere to scr-TrAPs terminated with the sequence RDG. We
subsequently created highly defined, RGD matched surfaces containing either TrAPs or scr.TrAPs and confirmed that cells can attach to these surfaces and that whether the RGD is
presented on an aptamer (TrAP) or directly conjugated to the surface does not affect the ability
of fibroblasts to attach to the surfaces at by us chosen surface density. Finally, optimised
surfaces were loaded with the growth factor PDGF-BB and seeded with cells. The experiment
revealed that the cells seeded on the TrAP containing surfaces proliferated significantly more
compared with scr.-TRAP surfaces, suggesting an active, RGD-integrin interaction-dependent,
release is taking place. Importantly, using several control groups, we confirmed that all surface
treatments without growth factor lead to the same level of proliferation. While these results are
promising, they are largely proof-of-concept in nature and do not validate whether the
activation occurs via the expected pathways. For example, while the experiment controlled for
varying RGD ligand surface densities, it could be that the results were influenced by differences
in seeding density. The results should therefore be validated using other assays. One such
readout is the amount of PDGFR phosphorylation. Additionally, the system should be further
tested using varying PDGF-BB loading concentrations and TrAP densities as well as validated
with cells that do not contain PDGFRs.
To demonstrate the versatility of the platform, we created additional TrAPs from a distinct,
anti-VEGF aptamer using cyclic versions of the cell-adhesive peptide RGD (Chapter 5). Also,
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as there is an increasing appreciation in the field that results obtained using
supraphysiologically stiff glass slides do not always correspond the in vivo conditions317, we
validated TrAPs on a 2D polyacrylamide hydrogel platform that has physiological stiffness.
First, we validated that VEGF affects metabolic activity in a dose dependent manner and that
VEGF-TrAPs inhibit VEGF-dependent metabolic activity. These experiments suggested that
the VEGF aptamer retains its ability to bind VEGF even after being covalently modified with
a peptide. Using a polyacrylamide experimental platform, our experiments suggested that
endothelial cells can activate VEGF loaded TrAPs under physiological conditions. Compared
to the results obtained using fibroblasts, metabolic activity was a less robust readout for
HMEC-1 cells and the experiments should be further validated by analysing VEGFR
phosphorylation and an apoptosis assay (e.g. a Caspase-3 based fluorometric assay318). As
many therapeutic scaffolds contain large pores, effectively acting as curved 2D surfaces 171, this
thesis argues that using hydrogel platforms with controlled mechanical properties, ligand and
growth factor concentrations is an essential step towards translating growth factor therapies
into clinics in a more streamlined and reproducible manner. Towards this goal, this thesis
introduces the design of a simple polyacrylamide-maleimide hydrogel that provides a high
level of control over the number of conjugated ligands. While the chapter provided preliminary
insights into TrAP behaviour on soft hydrogels, future studies should elucidate this more fully.
Finally, Chapter 6 demonstrated that TrAPs retain their efficacy when incorporated into 3D
macroporous collagen sponges. To test this, we developed a novel collagen functionalization
approach that consists of two steps – crosslinking the collagen using zero length crosslinker
EDC and simultaneously incorporating pendant maleimide. The second step involved
functionalizing the macroporous collagen sponges with TrAPs. This functionalization
approach proved to be robust and reproducible and we note that the crosslinking step is
necessary to ensure good stability of the scaffolds and prevent their rapid degradation. To
ensure that neither non-specific leakage nor enzymatic degradation of the scaffolds are the main
triggers of growth factor release, a scr.-TrAP group loaded with an equal amount of growth
factor was included as a control. The results suggested that an active release is taking place
also in collagen scaffolds. Future studies should determine whether functionalizing collagen
scaffolds with additional RGD versus RDG groups can, on its own, affect fibroblast
proliferation. Additionally, in order to rule out the effect of enzymatic degradation of the
scaffolds, the cell could be treated with a broad range MMP inhibitor (e.g. GM6001319). Finally,
multiple growth factor loading densities should be evaluated. Demonstrating that TrAPs are
efficacious specifically in collagen sponges is, potentially, of high translational relevance as
these scaffolds are currently used in the clinics to promote the repair of skin290 and the bone in
the spinal column320.
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There are several distinct advantages to TrAPs compared to other on-demand growth factor
delivery systems. First, unlike light or anti-sense strands, traction forces do not need to be
introduced externally into the extracellular space. Compared to MMP-mediated release, this
system is orthogonal to matrix degradation. Indeed, the fact that biology evolved both
mechanisms means they must have complementary biological roles. Finally, while force has
been previously suggested as a suitable stimulus to achieve an on-demand release of growth
factors146, the primary element the force was acting on was the scaffold itself, increasing the
convection through the pores of the scaffold. Given that the magnitude of forces directly
translates into distinct biochemical outputs321, such macroscale forces suffer from low
specificity and spatial resolution and can inadvertently affect cellular signalling.
In summary, this thesis is the first demonstration of an engineered system that exploits traction
forces as a stimulus to achieve the release of growth factors on-demand.

This thesis

demonstrates that TrAPs are a modular and versatile platform that can be fabricated using
different aptamers (anti-VEGF and PDGF-BB), modified with a variety of cell-adhesive
peptides (RGD, cyclic RGD) and can be incorporated into a variety of materials. It is
hypothesised that the TrAP technology can be easily extended even further to achieve cellspecific activation and eventually a sequential release of multiple growth factors and other
therapeutics. By mimicking the function, rather than the form of the LLC, this thesis establishes
traction-force mediated release as a distinct class of stimuli that can be, in the future, exploited
for a localised, cell-demanded release of a wide range of therapeutics.
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8. FUTURE WORK
Identification of suitable aptamers
In this study, the TrAPs were fabricated using two distinct aptamers that were selected based
on their KD and clinical relevance. While we demonstrated that the TrAP technology is highly
versatile, this technology likely cannot be used for aptamers that lose their ability to bind
ligands when they are surface-bound or that do not suppress cellular signalling. In addition,
there are a number of other parameters that affect whether a particular aptamer is suitable for
therapeutic use as part of TrAPs. For example, Table 9 shows that the commercially available
inhibitor of VEGF, Pegaptanib, had to be characterised regarding its binding affinity not only
for VEGF but also other growth factors that are likely to be present in vivo.
Table 9. Typical parameters of an aptamer therapeutic Pegaptanib that have been optimised before its use in the
clinics. The table is based on135

Pegaptanib - 2′-

Dissociation half-

KD for VEGF

KD for PDGF

Ratio KD

life

(nM)

(nM)

VEGF/PDGF

12 seconds

2.4

75

31

8 minutes

0.14

91

650

OMe purine
substitution
Pegaptanib

Currently, however, there is no comprehensive database listing all the therapeutically relevant
properties of aptamers, and most reports are limited to reporting the sequence, KD, koff and kon.
It might, therefore, be useful to create a theoretical framework and experimental workflow that
would enable to identify additional properties relevant for the design of TrAPs (Figure 78).
This workflow might be augmented by using computational approaches322. These outcomes
could then be stored in online databases, which would additionally make it easier for future
studies to compare results obtained by individual laboratories.

Figure 78. Aptamer properties that need to be considered when fabricating TrAPs.
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High-throughput screening of force-extension behaviour.
The design of TrAPs rests on the premise that aptamer-growth factor interactions can be
disrupted by the traction forces applied by cells. While previous research established a clear
relationship between the forces required to unzip double-stranded regions of DNA hairpins(194,
323

), the forces required to unfold aptamers have not been systematically studied. The few

biophysical studies that characterised aptamers usually focused on evaluating one aptamer at a
time and have reported vastly different values. For example, the reported opening force for the
G-quadruplex aptamer-thrombin complex was ~ 4.45 pN202, whereas the opening force for an
aptamer-IgE complex was ~150 pN204. The possible explanations for the difference are the
different structure of aptamers, size of ligands, as well as the KD of thrombin aptamer, is 100nM
while that of IgE aptamer 10 nM202. While these results provide an insight into the force range
necessary to disrupt the aptamer-ligand complexes, these results need to be interpreted with
caution. First, the outcome depends on the magnitude of the loading rate, and while all the
values described above are rate-matched, that does not mean that this rate is equivalent to the
rate applied by integrins. Secondly, the outcomes depend on the direction of loading. Another
source of heterogeneity is whether the forces are measured using optical tweezers or the atomic
force microscope (AFM). Most of the studies so far evaluated the interaction between surfacebound ligands and AFM-tips functionalized with aptamers. One of the few studies done using
optical tweezers, a method that relies on both ends of the aptamer to be clamped, revealed that
force in the range of ~ 15 pN is enough to unfold the aptamer-ATP complex and ~ 12 pN for
the aptamer alone203. To put the above results into perspective, the rupture force for the
strongest known non-covalent bond between biotin and avidin is 70-80 pN at the same loading
rate323, and a study by Salaita group showed that cell traction forces are sufficient to
disassociate this bond227.
In conclusion, only a few studies used AFM or optical tweezers to characterise the forces
necessary to induce the rupture of the aptamer-growth factor complexes. There is especially
critical need to evaluate the interaction between aptamers and protein therapeutics. As the
single molecule biomechanics techniques are highly sensitive to even minor deviations in
experimental protocols, it is recommended that a high-throughput study that would compare
aptamers with different structures to already well-characterised hairpins be conducted. Such a
study should also evaluate the effect of incorporating flexible linkers onto TrAPs.
Engineering cell-specific release
The clinical benefit of the TrAP platform could be vastly expanded if it was further engineered
to facilitate cell type-specific release. This could be achieved by replacing the ubiquitous RGD
peptide with a peptide that can be recognised only by a subset of integrins or cadherins. For
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example, neurons, but not fibroblasts, recognise the IKVAV sequence derived from laminin324.
Recent review paper revealed that while tens of different cell-adhesive peptides have been
identified, most tissue engineering studies conducted between 1970 and early 2018, used RGD
(89%), IKVAV (6%) and YIGSR (4%)218. Therefore, the design space for engineering cellspecificity might be vast.
Engineering synergies
Growth factor signalling is regulated at multiple levels. One such regulatory mechanism is the
crosstalk between integrins and growth factor receptors 325. This additional regulatory
mechanism likely evolved to allow for coordination of ECM and growth factor signalling
during development and tissue repair325. This means that cellular response to growth factor
stimulation could be significantly enhanced if the growth factor was presented in the right
context. Recently, Martino and colleagues demonstrated the presence of both the fibronectin
domains FN III9-10 and FN III12-14 but not FN III12-14 alone, leads to a synergistic increase
in proliferation, migration and cell sprouting when the cells were also stimulated with VEGFA and PDGF-BB64. This synergy was mediated through the integrin α5β1 that requires the FN
III9-10 to be present to bind to RGD. The current design of TrAPs uses the RGD peptide, which
is equivalent to the FN III12-14 domain. Therefore, the biological response of TrAPs could be
potentially enhanced by using different peptides. It might be that the most suitable aptamers
for the use in these applications will bind the growth factors through their ECM-binding domain
and leave the growth factor receptor binding domains exposed. As DNA has been previously
employed as a molecular ruler326, it might be ideally suited to study the effect of the spacing
between different ECM-derived cell adhesive peptide found on one ECM molecule and growth
factor signalling.
Patterning of aptamers in 3D scaffolds to promote migration
Currently, there is a lack of approaches to achieve a suitable spatiotemporal presentation of
growth factors within therapeutic scaffolds. This is partially because proteins are challenging
to modify with appropriate chemical moieties without affecting their functionality. In contrast
to proteins, aptamers can be easily modified with a range of chemical moieties via which they
can be theoretically patterned within scaffolds using a variety of techniques. Using the current
TrAP design (thiol-terminated, patterning could be achieved by either stamping or perfusing
the TrAPs through a maleimide-modified material. However, the thiol could be replaced with
another functional moiety that is amenable to photopatterning76. One potential concern with
using photopatterning is the susceptibility of DNA to UV damage. Wavelengths below 315 nm
are the most damaging and lead to the formation of pyrimidine dimers327. Wavelengths between
315-400nm cause oxidative damage, resulting in oxidised DNA bases (e.g. 8-oxoGua)327.
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Therefore, the reactive partners should either be activated before being incubated with TrAPs
(e.g. sulfo-SANPAH) or an appropriate wavelength should be used and its effect on TrAPs
thoroughly evaluated.
A simple 2D experiment could also be used to determine how localised the traction-mediated
release is by patterning TrAPs only in specific locations while covering the rest of the slides in
RGD. It would be interesting to evaluate whether there is an increase in proliferation
predominantly in the TrAP-covered areas. Alternatively, it would be interesting to evaluate
whether cells migrate preferentially along patterned TrAPs compared with the cell adhesive
peptide.
In vivo evaluation
While the results contained in this thesis are highly promising, the TrAP technology will only
be beneficial if it proves efficacious in vivo. In theory, aptamers should be well tolerated, as
they are currently used as therapeutic inhibitors of VEGF. Additionally a recent in vivo animal
study demonstrated that aptamers can be used in vivo as part of scaffolds140.
One potential concern with using aptamers in vivo is their half-life. Studies conducted in vitro
using plasma determined that the half-life of RNA is in the range of seconds while that of DNA
between 30 and 60 minutes. Substituting ribonucleotides with 2’-amino, 2’-fluoro and 2’-Oalkyl nucleotides prolonged their half-lives to up to 15 hours206. While the degradation rates
will be different in polymeric scaffolds, the stability of TrAPs fabricated from variously
modified oligonucleotides within a wound environment should be determined experimentally.
Forces at the pN range as a general drug release stimulus
A 2010 review by eight leading scientists in the areas of biomechanics, mechanochemistry and
tissue engineering foresaw that elements of molecular biomechanics design principles could be
incorporated into nano- and micro-devices270. Mechano-chemical systems, similar to the one
introduced in this thesis, could find a range of application in biology, where affinity can be
used to concentrate signals and mechanical forces to release the signals.
For example, doxorubicin-loaded, hydrogel-conjugated DNA hairpins129 could be equipped
with magnetic particles, and the release stimulated externally or using traction forces. The
rationale behind this approach is that since tumours are typically highly heterogeneous,
chemotherapy kills-off the rapidly dividing cells, but the dormant cells frequently survive the
treatment328 so, doxorubicin-loaded hairpins containing cancer specific cell-adhesive peptides
could be placed into critical body locations as guards to kill any remaining cells once they exit
dormancy.

167

9. LITERATURE
1.

MacNeil, S. Progress and opportunities for tissue-engineered skin. Nature 445, 874–
880 (2007).

2.

Chen, M., Przyborowski, M. & Berthiaume, F. Stem cells for skin tissue engineering and
wound healing. Crit. Rev. Biomed. Eng. 37, 399–421 (2009).

3.

Böttcher-Haberzeth, S., Biedermann, T. & Reichmann, E. Tissue engineering of skin.
Burns 36, 450–460 (2010).

4.

Burke, J. F., Yannas, I. V, Quinby, W. C., Bondoc, C. C. & Jung, W. K. Successful use of a
physiologically acceptable artificial skin in the treatment of extensive burn injury. Ann.
Surg. 194, 413–28 (1981).

5.

Vacanti, J. P. et al. Selective cell transplantation using bioabsorbable artificial polymers
as matrices. J. Pediatr. Surg. 23, 3–9 (1988).

6.

Vacanti, C. A., Langer, R., Schloo, B. & Vacanti, J. P. Synthetic polymers seeded with
chondrocytes provide a template for new cartilage formation. Plast. Reconstr. Surg.
88, 753–9 (1991).

7.

Lee, K., Silva, E. A. & Mooney, D. J. Growth factor delivery-based tissue engineering:
general approaches and a review of recent developments. J. R. Soc. Interface 8, 153–
70 (2011).

8.

Barrientos, S., Brem, H., Stojadinovic, O. & Tomic-Canic, M. Clinical application of
growth factors and cytokines in wound healing. Wound Repair Regen. 22, 569–78
(2014).

9.

Cohen, S., Levi-Montalcini, R. & Hamburger, V. a Nerve Growth-Stimulating Factor
Isolated From Sarcom As 37 and 180. Proc. Natl. Acad. Sci. 40, 1014–1018 (1954).

10.

Werner, S. & Grose, R. Regulation of Wound Healing by Growth Factors and Cytokines.
doi:10.1152/physrev.00031.2002

11.

Nerem, R. M. Regenerative medicine: The emergence of an industry. J. R. Soc. Interface
7, S771-5 (2010).

12.

Hench, L. L. & Thompson, I. Twenty-first century challenges for biomaterials. J. R. Soc.
Interface 7, S379-91 (2010).

13.

Lee, K., Silva, E. A. & Mooney, D. J. Growth factor delivery-based tissue engineering:
general approaches and a review of recent developments. J. R. Soc. Interface 8, 153–
70 (2011).

14.

Hutmacher, D. W. & Cool, S. Concepts of scaffold-based tissue engineering--the
rationale to use solid free-form fabrication techniques. J. Cell. Mol. Med. 11, 654–69
(2007).

15.

Holloway, J. L. Fighting for their lives: A strategy for improved cell transplantation
survival. Sci. Transl. Med. 10, eaar7536 (2018).

16.

Lee, K., Silva, E. A. & Mooney, D. J. Growth factor delivery-based tissue engineering:
general approaches and a review of recent developments. J. R. Soc. Interface 8, 153–
70 (2011).

17.

Ylä-Herttuala, S., Rissanen, T. T., Vajanto, I. & Hartikainen, J. Vascular Endothelial
168

Growth Factors: Biology and Current Status of Clinical Applications in Cardiovascular
Medicine. J. Am. Coll. Cardiol. 49, 1015–1026 (2007).
18.

Baiguera, S. et al. Tissue engineered human tracheas for in vivo implantation.
Biomaterials 31, 8931–8938 (2010).

19.

Ikada, Y. Challenges in tissue engineering. J. R. Soc. Interface 3, 589–601 (2006).

20.

Pourmoussa, A., Gardner, D. J., Johnson, M. B. & Wong, A. K. An update and review of
cell-based wound dressings and their integration into clinical practice. Ann. Transl.
Med. 4, 457 (2016).

21.

O’Brien, F. J. Biomaterials & scaffolds for tissue engineering. Mater. Today 14, 88–95
(2011).

22.

Park, J., Hwang, S. & Yoon, I.-S. Advanced Growth Factor Delivery Systems in Wound
Management and Skin Regeneration. Molecules 22, 1259 (2017).

23.

Mitchell, A. C., Briquez, P. S., Hubbell, J. A. & Cochran, J. R. Engineering growth factors
for regenerative medicine applications. Acta Biomater. 30, 1–12 (2016).

24.

Burdick, J. A. & Murphy, W. L. Moving from static to dynamic complexity in hydrogel
design. Nat. Commun. 3, 1269 (2012).

25.

Lu, Y., Aimetti, A. A., Langer, R. & Gu, Z. Bioresponsive materials. Nat. Rev. Mater. 2,
16075 (2016).

26.

Webber, M. J., Appel, E. A., Meijer, E. W. & Langer, R. Supramolecular biomaterials.
Nat. Mater. 15, 13–26 (2016).

27.

Stejskalová, A. & Almquist, B. D. Using biomaterials to rewire the process of wound
repair. Biomater. Sci. 5, (2017).

28.

Sun, B. K., Siprashvili, Z. & Khavari, P. A. Advances in skin grafting and treatment of
cutaneous wounds. Science (80-. ). 346, 941–945 (2014).

29.

SUENSON, E., LÜTZEN, O. & THORSEN, S. Initial plasmin‐degradation of fibrin as the
basis of a positive feed‐back mechanism in fibrinolysis. Eur. J. Biochem. 140, 513–522
(1984).

30.

Lorentz, K. M., Kontos, S., Frey, P. & Hubbell, J. A. Engineered aprotinin for improved
stability of fibrin biomaterials. Biomaterials 32, 430–438 (2011).

31.

Sinno, H. & Prakash, S. Complements and the wound healing cascade: an updated
review. Plast. Surg. Int. 2013, 146764 (2013).

32.

Gurtner, G. C., Werner, S., Barrandon, Y. & Longaker, M. T. Wound repair and
regeneration. Nature 453, 314–321 (2008).

33.

Mosser, D. M. & Edwards, J. P. Exploring the full spectrum of macrophage activation.
Nat. Rev. Immunol. 8, 958–69 (2008).

34.

Lucas, T. et al. Differential roles of macrophages in diverse phases of skin repair. J.
Immunol. 184, 3964–77 (2010).

35.

Margaret E. Gnegy. Basic Neurochemistry (Eighth Edition) Principles of Molecular,
Cellular, and Medical Neurobiology. (2012). doi:10.1016/B978-0-12-374947-5.000146

169

36.

Andrae, J., Gallini, R. & Betsholtz, C. Role of platelet-derived growth factors in
physiology and medicine. Genes Dev. 22, 1276–312 (2008).

37.

Goodman, S. R. Medical Cell Biology. Medical Cell Biology (Elsevier/Academic Press,
2008). doi:10.1016/C2009-0-00212-8

38.

Woodard, A. S. et al. The synergistic activity of alphavbeta3 integrin and PDGF receptor
increases cell migration. J. Cell Sci. 111 ( Pt 4), 469–78 (1998).

39.

Lindblom, P. et al. Endothelial PDGF-B retention is required for proper investment of
pericytes in the microvessel wall. Genes Dev. 17, 1835–40 (2003).

40.

Olsson, A.-K., Dimberg, A., Kreuger, J. & Claesson-Welsh, L. VEGF receptor signalling —
in control of vascular function. Nat. Rev. Mol. Cell Biol. 7, 359–371 (2006).

41.

Sadiq, M. A. et al. Platelet derived growth factor inhibitors: A potential therapeutic
approach for ocular neovascularization. Saudi J. Ophthalmol. 29, 287–291 (2015).

42.

Pierce, G. F., Mustoe, T. A., Altrock, B. W., Deuel, T. F. & Thomason, A. Role of plateletderived growth factor in wound healing. J. Cell. Biochem. 45, 319–326 (1991).

43.

Blair, P. & Flaumenhaft, R. Platelet alpha-granules: basic biology and clinical correlates.
Blood Rev. 23, 177–89 (2009).

44.

Seppä, H., Grotendorst, G., Seppä, S., Schiffmann, E. & Martin, G. R. Platelet-derived
growth factor in chemotactic for fibroblasts. J. Cell Biol. 92, 584–8 (1982).

45.

Bergers, G. & Song, S. The role of pericytes in blood-vessel formation and
maintenance. Neuro. Oncol. 7, 452–64 (2005).

46.

Carmeliet, P. & Jain, R. K. Molecular mechanisms and clinical applications of
angiogenesis. Nature 473, 298–307 (2011).

47.

Schneider, I. C. & Haugh, J. M. Mechanisms of gradient sensing and chemotaxis:
Conserved pathways, diverse regulation. Cell Cycle 5, (2006).

48.

Grinnell, F. Fibroblast-collagen-matrix contraction: growth-factor signalling and
mechanical loading. Trends Cell Biol. 10, 362–5 (2000).

49.

Chen, F.-M., Zhang, M. & Wu, Z.-F. Toward delivery of multiple growth factors in tissue
engineering. Biomaterials 31, 6279–6308 (2010).

50.

Bowlby, M., Blume, P., Schmidt, B. & Donegan, R. Safety and efficacy of Becaplermin
gel in the treatment of diabetic foot ulcers. Chronic Wound Care Manag. Res. 1, 11
(2014).

51.

Chan, R. K. et al. Effect of Recombinant Platelet-Derived Growth Factor (Regranex®)
on Wound Closure in Genetically Diabetic Mice. J. Burn Care Res. 27, 202–205 (2006).

52.

Seppa, H., Grotendorst, G., Seppa, S., Schiffmann, E. & Martin, G. R. Platelet-derived
Growth Factor Is Chemotactic for Fibroblasts.

53.

Takahashi, H. & Shibuya, M. The vascular endothelial growth factor (VEGF)/VEGF
receptor system and its role under physiological and pathological conditions. Clin. Sci.
(Lond). 109, 227–41 (2005).

54.

Thangarajah, H. et al. The molecular basis for impaired hypoxia-induced VEGF
expression in diabetic tissues. Proc. Natl. Acad. Sci. 106, 13505–13510 (2009).

170

55.

Harmey, J. H., Dimitriadis, E., Kay, E., Redmond, H. P. & Bouchier-Hayes, D. Regulation
of macrophage production of vascular endothelial growth factor (VEGF) by hypoxia
and transforming growth factor beta-1. Ann. Surg. Oncol. 5, 271–8

56.

Rajabi, M. & Mousa, S. The Role of Angiogenesis in Cancer Treatment. Biomedicines 5,
34 (2017).

57.

Gerhardt, H. VEGF and endothelial guidance in angiogenic sprouting. Organogenesis
4, 241–246 (2008).

58.

Simons, M., Gordon, E. & Claesson-Welsh, L. Mechanisms and regulation of
endothelial VEGF receptor signalling. Nat. Rev. Mol. Cell Biol. 17, 611–625 (2016).

59.

Ruhrberg, C. et al. Spatially restricted patterning cues provided by heparin-binding
VEGF-A control blood vessel branching morphogenesis. Genes Dev. 16, 2684–2698
(2002).

60.

Grunstein, J., Masbad, J. J., Hickey, R., Giordano, F. & Johnson, R. S. Isoforms of
vascular endothelial growth factor act in a coordinate fashion To recruit and expand
tumor vasculature. Mol. Cell. Biol. 20, 7282–91 (2000).

61.

Lee, S., Jilani, S. M., Nikolova, G. V, Carpizo, D. & Iruela-Arispe, M. L. Processing of
VEGF-A by matrix metalloproteinases regulates bioavailability and vascular patterning
in tumors. J. Cell Biol. 169, 681–91 (2005).

62.

Vempati, P., Popel, A. S. & Mac Gabhann, F. Formation of VEGF isoform-specific spatial
distributions governing angiogenesis: computational analysis. BMC Syst. Biol. 5, 59
(2011).

63.

Chen, T. T. et al. Anchorage of VEGF to the extracellular matrix conveys differential
signaling responses to endothelial cells. J. Cell Biol. 188, 595–609 (2010).

64.

Martino, M. M. et al. Engineering the growth factor microenvironment with
fibronectin domains to promote wound and bone tissue healing. Sci. Transl. Med. 3,
(2011).

65.

Li, B., Moshfegh, C., Lin, Z., Albuschies, J. & Vogel, V. Mesenchymal Stem Cells Exploit
Extracellular Matrix as Mechanotransducer. Sci. Rep. 3, 2425 (2013).

66.

Li, S. et al. Hydrogels with precisely controlled integrin activation dictate vascular
patterning and permeability. Nat. Mater. 16, 953–961 (2017).

67.

Reynolds, L. E. et al. Enhanced pathological angiogenesis in mice lacking β3 integrin or
β3 and β5 integrins. Nat. Med. 8, 27–34 (2002).

68.

da Silva, R. G. et al. Endothelial alpha3beta1-integrin represses pathological
angiogenesis and sustains endothelial-VEGF. Am. J. Pathol. 177, 1534–48 (2010).

69.

Zhu, J. & Clark, R. A. F. Fibronectin at select sites binds multiple growth factors and
enhances their activity: expansion of the collaborative ECM-GF paradigm. J. Invest.
Dermatol. 134, 895–901 (2014).

70.

Ornitz, D. M. et al. Heparin is required for cell-free binding of basic fibroblast growth
factor to a soluble receptor and for mitogenesis in whole cells. Mol. Cell. Biol. 12, 240–
247 (1992).

71.

Lin, F. et al. Fibronectin growth factor-binding domains are required for fibroblast
survival. J. Invest. Dermatol. 131, 84–98 (2011).
171

72.

Matsuo, I. & Kimura-Yoshida, C. Extracellular distribution of diffusible growth factors
controlled by heparan sulfate proteoglycans during mammalian embryogenesis.
Philos. Trans. R. Soc. Lond. B. Biol. Sci. 369, (2014).

73.

Johnson, K. E. & Wilgus, T. A. Vascular Endothelial Growth Factor and Angiogenesis in
the Regulation of Cutaneous Wound Repair. Adv. wound care 3, 647–661 (2014).

74.

Kirschner, C. M. & Anseth, K. S. Hydrogels in Healthcare: From Static to Dynamic
Material Microenvironments. Acta Mater. 61, 931–944 (2013).

75.

Howard, D., Buttery, L. D., Shakesheff, K. M. & Roberts, S. J. Tissue engineering:
strategies, stem cells and scaffolds. J. Anat. 213, 66–72 (2008).

76.

Rosales, A. M. & Anseth, K. S. The design of reversible hydrogels to capture
extracellular matrix dynamics. Nat. Rev. Mater. 1, 15012 (2016).

77.

Zhu, J. & Marchant, R. E. Design properties of hydrogel tissue-engineering scaffolds.
Expert Rev. Med. Devices 8, 607–26 (2011).

78.

Gilmore, A. P. Anoikis. Cell Death Differ. 12, 1473–1477 (2005).

79.

Shekaran, A. & Garcia, A. J. Nanoscale engineering of extracellular matrix-mimetic
bioadhesive surfaces and implants for tissue engineering. Biochim. Biophys. Acta 1810,
350–60 (2011).

80.

Massia, S. P. & Hubbell, J. A. An RGD spacing of 440 nm is sufficient for integrin alpha
V beta 3-mediated fibroblast spreading and 140 nm for focal contact and stress fiber
formation. J. Cell Biol. 114, 1089–100 (1991).

81.

Yu, Y. et al. Enhancement of VEGF-mediated angiogenesis by 2- N,6-O-sulfated
chitosan-coated hierarchical PLGA scaffolds. ACS Appl. Mater. Interfaces 7, 9982–9990
(2015).

82.

Lutolf, M. P. Integration column: artificial ECM: expanding the cell biology toolbox in
3D. Integr. Biol. (Camb). 1, 235–41 (2009).

83.

Delgado, L. M., Bayon, Y., Pandit, A. & Zeugolis, D. I. To cross-link or not to cross-link?
Cross-linking associated foreign body response of collagen-based devices. Tissue Eng.
Part B. Rev. 21, 298–313 (2015).

84.

Sung, H.-J., Meredith, C., Johnson, C. & Galis, Z. S. The effect of scaffold degradation
rate on three-dimensional cell growth and angiogenesis. Biomaterials 25, 5735–5742
(2004).

85.

Lutolf, M. P. et al. Synthetic matrix metalloproteinase-sensitive hydrogels for the
conduction of tissue regeneration: Engineering cell-invasion characteristics. Proc. Natl.
Acad. Sci. 100, 5413–5418 (2003).

86.

Mabry, K. M., Lawrence, R. L. & Anseth, K. S. Dynamic stiffening of poly(ethylene
glycol)-based hydrogels to direct valvular interstitial cell phenotype in a threedimensional environment. Biomaterials 49, 47–56 (2015).

87.

Guvendiren, M., Burdick, J. A., Burdick, J. A., Randolph, M. A. & Langer, R. Stiffening
hydrogels to probe short- and long-term cellular responses to dynamic mechanics.
Nat. Commun. 3, 792 (2012).

88.

O’Brien, F. J., Harley, B. A., Yannas, I. V & Gibson, L. J. The effect of pore size on cell
adhesion in collagen-GAG scaffolds. Biomaterials 26, 433–41 (2005).
172

89.

Ryan, A. J. et al. A Physicochemically Optimized and Neuroconductive Biphasic Nerve
Guidance Conduit for Peripheral Nerve Repair. Adv. Healthc. Mater. 6, (2017).

90.

Sell, S. A. et al. The Use of Natural Polymers in Tissue Engineering: A Focus on
Electrospun Extracellular Matrix Analogues. Polymers (Basel). 2, 522–553 (2010).

91.

Wenk, E., Meinel, A. J., Wildy, S., Merkle, H. P. & Meinel, L. Microporous silk fibroin
scaffolds embedding PLGA microparticles for controlled growth factor delivery in
tissue engineering. Biomaterials 30, 2571–2581 (2009).

92.

Di Luca, A. et al. Gradients in pore size enhance the osteogenic differentiation of
human mesenchymal stromal cells in three-dimensional scaffolds. Sci. Rep. 6, 22898
(2016).

93.

Kulkarni, M., Greiser, U., O’Brien, T. & Pandit, A. Liposomal gene delivery mediated by
tissue-engineered scaffolds. Trends Biotechnol. 28, 28–36 (2010).

94.

Li, R. H. & Wozney, J. M. Delivering on the promise of bone morphogenetic proteins.
Trends Biotechnol. 19, 255–65 (2001).

95.

Chen, R. R. & Mooney, D. J. Polymeric Growth Factor Delivery Strategies for Tissue
Engineering. Pharm. Res. 20, 1103–1112 (2003).

96.

Cabanas-Danés, J., Huskens, J. & Jonkheijm, P. Chemical strategies for the presentation
and delivery of growth factors. J. Mater. Chem. B 2, 2381–2394 (2014).

97.

Vo, T. N., Kasper, F. K. & Mikos, A. G. Strategies for controlled delivery of growth
factors and cells for bone regeneration. Adv. Drug Deliv. Rev. 64, 1292–309 (2012).

98.

Janssen, M., Mihov, G., Welting, T., Thies, J. & Emans, P. Drugs and Polymers for
Delivery Systems in OA Joints: Clinical Needs and Opportunities. Polymers (Basel). 6,
799–819 (2014).

99.

Pakulska, M. M., Miersch, S. & Shoichet, M. S. Designer protein delivery: From natural
to engineered affinity-controlled release systems. Science (80-. ). 351, aac4750aac4750 (2016).

100.

Makadia, H. K. & Siegel, S. J. Poly Lactic-co-Glycolic Acid (PLGA) as Biodegradable
Controlled Drug Delivery Carrier. Polymers (Basel). 3, 1377–1397 (2011).

101.

Oh, J. K., Drumright, R., Siegwart, D. J. & Matyjaszewski, K. The development of
microgels/nanogels for drug delivery applications. Prog. Polym. Sci. 33, 448–477
(2008).

102.

Nguyen, A. H., McKinney, J., Miller, T., Bongiorno, T. & McDevitt, T. C. Gelatin
methacrylate microspheres for controlled growth factor release. Acta Biomater. 13,
101–110 (2015).

103.

Klinger, D. & Landfester, K. Stimuli-responsive microgels for the loading and release of
functional compounds: Fundamental concepts and applications. Polymer (Guildf). 53,
5209–5231 (2012).

104.

Wang, X. et al. Growth factor gradients via microsphere delivery in biopolymer
scaffolds for osteochondral tissue engineering. J. Control. Release 134, 81–90 (2009).

105.

Yang, F. et al. The effect of incorporating RGD adhesive peptide in polyethylene glycol
diacrylate hydrogel on osteogenesis of bone marrow stromal cells. Biomaterials 26,
5991–5998 (2005).
173

106.

Miyagi, Y. et al. Biodegradable collagen patch with covalently immobilized VEGF for
myocardial repair. Biomaterials 32, 1280–1290 (2011).

107.

Chen, W., Shi, C., Hou, X., Zhang, W. & Li, L. Bladder acellular matrix conjugated with
basic fibroblast growth factor for bladder regeneration. Tissue Eng. Part A 20, 2234–
42 (2014).

108.

Choi, B. et al. Covalently conjugated transforming growth factor-β1 in modular
chitosan hydrogels for the effective treatment of articular cartilage defects. Biomater.
Sci. 3, 742–752 (2015).

109.

Stephanopoulos, N. & Francis, M. B. Choosing an effective protein bioconjugation
strategy. Nat. Chem. Biol. 7, 876–884 (2011).

110.

Lang, K. & Chin, J. W. Bioorthogonal reactions for labeling proteins. ACS Chem. Biol. 9,
16–20 (2014).

111.

Zisch, A. H., Schenk, U., Schense, J. C., Sakiyama-Elbert, S. E. & Hubbell, J. A. Covalently
conjugated VEGF–fibrin matrices for endothelialization. J. Control. Release 72, 101–
113 (2001).

112.

Anderson, S. M., Chen, T. T., Iruela-Arispe, M. L. & Segura, T. The phosphorylation of
vascular endothelial growth factor receptor-2 (VEGFR-2) by engineered surfaces with
electrostatically or covalently immobilized VEGF. Biomaterials 30, 4618–28 (2009).

113.

Anderson, S. M. et al. VEGF internalization is not required for VEGFR-2
phosphorylation in bioengineered surfaces with covalently linked VEGF. Integr. Biol. 3,
887–896 (2011).

114.

Gourlaouen, M., Welti, J. C., Vasudev, N. S. & Reynolds, A. R. Essential Role for
Endocytosis in the Growth Factor-stimulated Activation of ERK1/2 in Endothelial Cells.
J. Biol. Chem. 288, 7467–7480 (2013).

115.

Platt, M. O., Roman, A. J., Wells, A., Lauffenburger, D. A. & Griffith, L. G. Sustained
epidermal growth factor receptor levels and activation by tethered ligand binding
enhances osteogenic differentiation of multi-potent marrow stromal cells. J. Cell.
Physiol. 221, 306–17 (2009).

116.

Engel, J. EGF-like domains in extracellular matrix proteins: localized signals for growth
and differentiation? FEBS Lett. 251, 1–7 (1989).

117.

Vulic, K. & Shoichet, M. S. Affinity-based drug delivery systems for tissue repair and
regeneration. Biomacromolecules 15, 3867–80 (2014).

118.

Liang, Y. & Kiick, K. L. Heparin-functionalized polymeric biomaterials in tissue
engineering and drug delivery applications. Acta Biomater. 10, 1588–600 (2014).

119.

Edelman, E. R., Mathiowitz, E., Langer, R. & Klagsbrun, M. Controlled and modulated
release of basic fibroblast growth factor. Biomaterials 12, 619–26 (1991).

120.

Sakiyama-Elbert, S. E. & Hubbell, J. A. Development of fibrin derivatives for controlled
release of heparin-binding growth factors. J. Control. Release 65, 389–402 (2000).

121.

Wissink, M. J. B. et al. Improved endothelialization of vascular grafts by local release
of growth factor from heparinized collagen matrices. J. Control. Release 64, 103–114
(2000).

122.

Freudenberg, U. et al. A star-PEG-heparin hydrogel platform to aid cell replacement
174

therapies for neurodegenerative diseases. Biomaterials 30, 5049–5060 (2009).
123.

Cai, S., Liu, Y., Zheng Shu, X. & Prestwich, G. D. Injectable glycosaminoglycan hydrogels
for controlled release of human basic fibroblast growth factor. Biomaterials 26, 6054–
6067 (2005).

124.

Bjornsson, T. D., Schneider, D. E. & Hecht, A. R. Effects of N-deacetylation and Ndesulfation of heparin on its anticoagulant activity and in vivo disposition. J.
Pharmacol. Exp. Ther. 245, 804–8 (1988).

125.

Freudenberg, U. et al. Heparin desulfation modulates VEGF release and angiogenesis
in diabetic wounds. J. Control. Release 220, 79–88 (2015).

126.

Schmidt, J. et al. Alginate sulfates mitigate binding kinetics of proangiogenic growth
factors with receptors toward revascularization. Mol. Pharm. 13, 2148–2154 (2016).

127.

Martino, M. M. et al. Growth factors engineered for super-affinity to the extracellular
matrix enhance tissue healing. Science (80-. ). 343, 885–888 (2014).

128.

Lin, C.-C. & Anseth, K. S. Controlling Affinity Binding with Peptide-Functionalized
Poly(ethylene glycol) Hydrogels. Adv. Funct. Mater. 19, 2325–2331 (2009).

129.

Stejskalová, A., Kiani, M. T. & Almquist, B. D. Programmable biomaterials for dynamic
and responsive drug delivery. Exp. Biol. Med. 241, 1127–1137 (2016).

130.

Tombelli, S., Minunni, M. & Mascini, M. Analytical applications of aptamers. Biosens.
Bioelectron. 20, 2424–2434 (2005).

131.

Wolter, O. & Mayer, G. Aptamers as Valuable Molecular Tools in Neurosciences. J.
Neurosci. 37, 2517–2523 (2017).

132.

Schütze, T. et al. Probing the SELEX process with next-generation sequencing. PLoS
One 6, e29604 (2011).

133.

Zhao, W. et al. Cell-surface sensors for real-time probing of cellular environments. Nat.
Nanotechnol. 6, 524–531 (2011).

134.

Cho, E. J., Lee, J.-W. & Ellington, A. D. Applications of Aptamers as Sensors. Annu. Rev.
Anal. Chem. 2, 241–264 (2009).

135.

Ng, E. W. M. et al. Pegaptanib, a targeted anti-VEGF aptamer for ocular vascular
disease. Nat. Rev. Drug Discov. 5, 123–132 (2006).

136.

Farokhzad, O. C. et al. Targeted nanoparticle-aptamer bioconjugates for cancer
chemotherapy in vivo. Proc. Natl. Acad. Sci. 103, 6315–6320 (2006).

137.

Soontornworajit, B., Zhou, J., Shaw, M. T., Fan, T. H. & Wang, Y. Hydrogel
functionalization with DNA aptamers for sustained PDGF-BB release. Chem. Commun.
46, 1857–1859 (2010).

138.

Zhao, N. et al. Development of a Dual-Functional Hydrogel Using RGD and Anti-VEGF
Aptamer. Macromol. Biosci. 17, 1700201 (2017).

139.

Vulic, K., Pakulska, M. M., Sonthalia, R., Ramachandran, A. & Shoichet, M. S.
Mathematical model accurately predicts protein release from an affinity-based
delivery system. J. Control. Release 197, 69–77 (2015).

140.

Enam, S. F. et al. Enrichment of endogenous fractalkine and anti-inflammatory cells via
aptamer-functionalized hydrogels. Biomaterials 142, 52–61 (2017).
175

141.

Cooper, G. M. et al. Inkjet-Based Biopatterning of Bone Morphogenetic Protein-2 to
Spatially Control Calvarial Bone Formation. Tissue Eng. Part A 16, 1749–1759 (2010).

142.

Hettiaratchi, M. H. et al. Competitive Protein Binding Influences Heparin-Based
Modulation of Spatial Growth Factor Delivery for Bone Regeneration. Tissue Eng. Part
A 23, 683–695 (2017).

143.

Brudno, Y., Ennett-Shepard, A. B., Chen, R. R., Aizenberg, M. & Mooney, D. J. Enhancing
microvascular formation and vessel maturation through temporal control over
multiple pro-angiogenic and pro-maturation factors. Biomaterials 34, 9201–9 (2013).

144.

Tollemar, V. et al. Stem cells, growth factors and scaffolds in craniofacial regenerative
medicine. Genes Dis. 3, 56–71 (2016).

145.

Richardson, T. P., Peters, M. C., Ennett, A. B. & Mooney, D. J. Polymeric system for dual
growth factor delivery. Nat. Biotechnol. 19, 1029–34 (2001).

146.

Lee, K. Y., Peters, M. C., Anderson, K. W. & Mooney, D. J. Controlled growth factor
release from synthetic extracellular matrices. Nature 408, 998–1000 (2000).

147.

Zhao, X. et al. Active scaffolds for on-demand drug and cell delivery. Proc. Natl. Acad.
Sci. 108, 67–72 (2011).

148.

Smith,
K.
C.
Basic Photochemistry.
1–11
(2013).
Available
at:
http://www.photobiology.info/Photochem.html [citace 20.4.2013]. (Accessed: 10th
July 2018)

149.

Stowers, R. S., Allen, S. C. & Suggs, L. J. Dynamic phototuning of 3D hydrogel stiffness.
Proc. Natl. Acad. Sci. 112, 1953–1958 (2015).

150.

DeForest, C. A., Polizzotti, B. D. & Anseth, K. S. Sequential click reactions for
synthesizing and patterning three-dimensional cell microenvironments. Nat. Mater. 8,
659–64 (2009).

151.

Lee, S.-H., Moon, J. J. & West, J. L. Three-dimensional micropatterning of bioactive
hydrogels via two-photon laser scanning photolithography for guided 3D cell
migration. Biomaterials 29, 2962–8 (2008).

152.

Mosiewicz, K. A. et al. In situ cell manipulation through enzymatic hydrogel
photopatterning. Nat. Mater. 12, 1072–8 (2013).

153.

DeForest, C. A. & Tirrell, D. A. A photoreversible protein-patterning approach for
guiding stem cell fate in three-dimensional gels. Nat. Mater. 14, 523–531 (2015).

154.

Alsop, A. T., Pence, J. C., Weisgerber, D. W., Harley, B. A. C. & Bailey, R. C.
Photopatterning of vascular endothelial growth factor within collagenglycosaminoglycan scaffolds can induce a spatially confined response in human
umbilical vein endothelial cells. Acta Biomater. 10, 4715–4722 (2014).

155.

Jalani, G. et al. Photocleavable Hydrogel-Coated Upconverting Nanoparticles: A
Multifunctional Theranostic Platform for NIR Imaging and On-Demand
Macromolecular Delivery. J. Am. Chem. Soc. 138, 1078–1083 (2016).

156.

Lijnen, H. R. & Collen, D. in Plasminogen: Structure, Activation, and Regulation 189–
200 (Springer US, 2003). doi:10.1007/978-1-4615-0165-7_11

157.

Nagase, H., Visse, R. & Murphy, G. Structure and function of matrix metalloproteinases
and TIMPs. Cardiovasc. Res. 69, 562–573 (2006).
176

158.

Zisch, A. H. et al. Cell-demanded release of VEGF from synthetic, biointeractive cellingrowth matrices for vascularized tissue growth. FASEB J. 17, 2260–2 (2003).

159.

Phelps, E. A., Landazuri, N., Thule, P. M., Taylor, W. R. & Garcia, A. J. Bioartificial
matrices for therapeutic vascularization. Proc. Natl. Acad. Sci. 107, 3323–3328 (2010).

160.

Ehrbar, M., Metters, A., Zammaretti, P., Hubbell, J. A. & Zisch, A. H. Endothelial cell
proliferation and progenitor maturation by fibrin-bound VEGF variants with
differential susceptibilities to local cellular activity. J. Control. Release 101, 93–109
(2005).

161.

Sokic, S. et al. Evaluation of MMP substrate concentration and specifi city for
neovascularization of hydrogel scaff olds Evaluation of MMP substrate concentration
and specificity for neovascularization of hydrogel scaffolds. 2, 1309–1536 (2014).

162.

Martins, V. L., Caley, M. & O’Toole, E. A. Matrix metalloproteinases and epidermal
wound repair. Cell Tissue Res. 351, 255–268 (2013).

163.

Luginbuehl, V., Meinel, L., Merkle, H. P. & Gander, B. Localized delivery of growth
factors for bone repair. Eur. J. Pharm. Biopharm. 58, 197–208 (2004).

164.

Badeau, B. A., Comerford, M. P., Arakawa, C. K., Shadish, J. A. & Deforest, C. A.
Engineered modular biomaterial logic gates for environmentally triggered therapeutic
delivery. (2018). doi:10.1038/NCHEM.2917

165.

Soontornworajit, B., Zhou, J., Snipes, M. P., Battig, M. R. & Wang, Y. Affinity hydrogels
for controlled protein release using nucleic acid aptamers and complementary
oligonucleotides. Biomaterials 32, 6839–49 (2011).

166.

Battig, M. R., Soontornworajit, B. & Wang, Y. Programmable release of multiple protein
drugs from aptamer-functionalized hydrogels via nucleic acid hybridization. J. Am.
Chem. Soc. 134, 12410–3 (2012).

167.

Lai, J. et al. Aptamer-Functionalized Hydrogel for Self-Programmed Protein Release via
Sequential Photoreaction and Hybridization. Chem. Mater. 29, 5850–5857 (2017).

168.

Lai, J. et al. Displacement and hybridization reactions in aptamer-functionalized
hydrogels for biomimetic protein release and signal transduction. Chem. Sci. 8, 7306–
7311 (2017).

169.

Gerhardt, H. et al. VEGF guides angiogenic sprouting utilizing endothelial tip cell
filopodia. J. Cell Biol. 161, 1163–77 (2003).

170.

Martino, M. M., Briquez, P. S., Ranga, A., Lutolf, M. P. & Hubbell, J. A. Heparin-binding
domain of fibrin(ogen) binds growth factors and promotes tissue repair when
incorporated within a synthetic matrix. Proc. Natl. Acad. Sci. U. S. A. 110, 4563–8
(2013).

171.

Stevens, M. M. & George, J. H. Exploring and engineering the cell surface interface.
Science 310, 1135–8 (2005).

172.

Lee, T. T. et al. Light-triggered in vivo activation of adhesive peptides regulates cell
adhesion, inflammation and vascularization of biomaterials. Nat. Mater. 14, 352–60
(2015).

173.

Tomasek, J. J., Gabbiani, G., Hinz, B., Chaponnier, C. & Brown, R. A. Myofibroblasts and
mechano-regulation of connective tissue remodelling. Nat. Rev. Mol. Cell Biol. 3, 349–
63 (2002).
177

174.

Annes, J. P., Munger, J. S. & Rifkin, D. B. Making sense of latent TGFbeta activation. J.
Cell Sci. 116, 217–24 (2003).

175.

Wipff, P.-J., Rifkin, D. B., Meister, J.-J. & Hinz, B. Myofibroblast contraction activates
latent TGF-beta1 from the extracellular matrix. J. Cell Biol. 179, 1311–23 (2007).

176.

Buscemi, L. et al. The single-molecule mechanics of the latent TGF-β1 complex. Curr.
Biol. 21, 2046–2054 (2011).

177.

Shi, M. et al. Latent TGF-β structure and activation. Nature 474, 343–351 (2011).

178.

Hinz, B. The extracellular matrix and transforming growth factor-β1: Tale of a strained
relationship. Matrix Biol. 47, 54–65 (2015).

179.

Wells, R. G. & Discher, D. E. Matrix elasticity, cytoskeletal tension, and TGF-beta: the
insoluble and soluble meet. Sci. Signal. 1, pe13 (2008).

180.

Sporn, M. B. The early history of TGF-β, and a brief glimpse of its future. Cytokine
Growth Factor Rev. 17, 3–7 (2006).

181.

Beningo, K. A. & Wang, Y.-L. Flexible substrata for the detection of cellular traction
forces. Trends Cell Biol. 12, 79–84 (2002).

182.

Vogel, V. Mechanotransduction Involving Multimodular Proteins: Converting Force
into Biochemical Signals. Annu. Rev. Biophys. Biomol. Struct 35, 459–88 (2006).

183.

Trepat, X. et al. Physical forces during collective cell migration. Nat. Phys. 5, 426–430
(2009).

184.

Jansen, K. A., Atherton, P. & Ballestrem, C. Mechanotransduction at the cell-matrix
interface. Semin. Cell Dev. Biol. 71, 75–83 (2017).

185.

Kraning-Rush, C. M., Carey, S. P., Califano, J. P., Smith, B. N. & Reinhart-King, C. A. The
role of the cytoskeleton in cellular force generation in 2D and 3D environments. Phys.
Biol. 8, 015009 (2011).

186.

Wang, J. H.-C. & Lin, J.-S. Cell traction force and measurement methods. Biomech.
Model. Mechanobiol. 6, 361–371 (2007).

187.

Goktas, M. & Blank, K. G. Molecular Force Sensors: From Fundamental Concepts
toward Applications in Cell Biology. Adv. Mater. Interfaces 4, 1600441 (2016).

188.

Yang, M. T., Reich, D. H. & Chen, C. S. Measurement and analysis of traction force
dynamics in response to vasoactive agonists. Integr. Biol. (Camb). 3, 663–74 (2011).

189.

Tingström, A., Heldin, C. H. & Rubin, K. Regulation of fibroblast-mediated collagen gel
contraction by platelet-derived growth factor, interleukin-1 alpha and transforming
growth factor-beta 1. J. Cell Sci. 102 ( Pt 2, 315–322 (2005).

190.

Liu, Y., Galior, K., Ma, V. P.-Y. & Salaita, K. Molecular Tension Probes for Imaging Forces
at the Cell Surface. Acc. Chem. Res. 50, 2915–2924 (2017).

191.

Chang, Y. et al. A General Approach for Generating Fluorescent Probes to Visualize
Piconewton Forces at the Cell Surface. J. Am. Chem. Soc. 138, 2901–2904 (2016).

192.

Galior, K., Liu, Y., Yehl, K., Vivek, S. & Salaita, K. Titin-Based Nanoparticle Tension
Sensors Map High-Magnitude Integrin Forces within Focal Adhesions. Nano Lett. 16,
341–348 (2016).

178

193.

Blakely, B. L. et al. A DNA-based molecular probe for optically reporting cellular
traction forces. Nat. Methods 11, 1229–1232 (2014).

194.

SantaLucia, J. et al. A unified view of polymer, dumbbell, and oligonucleotide DNA
nearest-neighbor thermodynamics. Proc. Natl. Acad. Sci. 95, 1460–1465 (1998).

195.

Zhang, Y., Ge, C., Zhu, C. & Salaita, K. DNA-based digital tension probes reveal integrin
forces during early cell adhesion. Nat. Commun. 5, 5167 (2014).

196.

Wang, X. et al. Constructing modular and universal single molecule tension sensor
using protein G to study mechano-sensitive receptors. Sci. Rep. 6, 21584 (2016).

197.

Stejskalová, A., Oliva, N., England, F. & Almquist, B. D. Biologically-inspired, cellselective release of aptamer-trapped growth factors by traction forces,. Adv. Mater.
doi:10.1002/adma.201806380

198.

Annes, J. P., Munger, J. S. & Rifkin, D. B. Making sense of latent TGFbeta activation. J.
Cell Sci. 116, 217–24 (2003).

199.

Ng, E. W. M. & Adamis, A. P. Anti-VEGF aptamer (pegaptanib) therapy for ocular
vascular diseases. Ann. N. Y. Acad. Sci. 1082, 151–171 (2006).

200.

Zhao, W. et al. Cell-surface sensors for real-time probing of cellular environments. Nat.
Nanotechnol. 6, 524–531 (2011).

201.

Bustamante, C., Bryant, Z. & Smith, S. B. Ten years of tension: single-molecule DNA
mechanics. Nature 421, 423–427 (2003).

202.

Bernhard Basnar, Roey Elnathan, and & Willner*, I. Following Aptamer−Thrombin
Binding by Force Measurements. (2006). doi:10.1021/AC052289E

203.

Neupane, K., Yu, H., Foster, D. A. N., Wang, F. & Woodside, M. T. Single-molecule force
spectroscopy of the add adenine riboswitch relates folding to regulatory mechanism.
Nucleic Acids Res. 39, 7677–87 (2011).

204.

Jiang, Y. et al. Specific aptamer-protein interaction studied by atomic force
microscopy. Anal. Chem. 75, 2112–2116 (2003).

205.

Keefe, A. D., Pai, S. & Ellington, A. Aptamers as therapeutics. Nat. Rev. Drug Discov. 9,
537–50 (2010).

206.

White, R. R., Sullenger, B. A. & Rusconi, C. P. Developing aptamers into therapeutics.
J. Clin. Invest. 106, 929–34 (2000).

207.

Huang, C.-C., Huang, Y.-F., Cao, Z., Tan, W. & Chang, H.-T. Aptamer-Modified Gold
Nanoparticles for Colorimetric Determination of Platelet-Derived Growth Factors and
Their Receptors. doi:10.1021/ac050957q

208.

Zhao, W. et al. Cell-surface sensors for real-time probing of cellular environments. Nat.
Nanotechnol. 6, 524–531 (2011).

209.

Zhang, H., Li, X.-F. & Le, X. C. Differentiation and Detection of PDGF Isomers and Their
Receptors by Tunable Aptamer Capillary Electrophoresis. Anal. Chem. 81, 7795–7800
(2009).

210.

Fan, T. H., Soontornworajit, B., Karzar-Jeddi, M., Zhang, X. & Wang, Y. An aptamerfunctionalized hydrogel for controlled protein release: A modeling study. Soft Matter
7, 9326–9334 (2011).
179

211.

Nonaka, Y. et al. Affinity improvement of a VEGF aptamer by in silico maturation for a
sensitive VEGF-detection system. Anal. Chem. 85, 1132–1137 (2013).

212.

Nonaka, Y., Sode, K. & Ikebukuro, K. Screening and Improvement of an Anti-VEGF DNA
Aptamer. Molecules 15, 215–225 (2010).

213.

Gragoudas, E. S., Adamis, A. P., Cunningham, E. T., Feinsod, M. & Guyer, D. R.
Pegaptanib for Neovascular Age-Related Macular Degeneration. N. Engl. J. Med. 351,
2805–2816 (2004).

214.

Nebojsa, G. L. J. High-affinity oligonucleotide ligands to vascular endothelial growth
factor (VEGF). Pat. US 7,153,948 B2 (2003).

215.

Green, L. S. et al. Inhibitory DNA ligands to platelet-derived growth factor B-chain.
Biochemistry 35, 14413–14424 (1996).

216.

Bellis, S. L. Advantages of RGD peptides for directing cell association with biomaterials.
Biomaterials 32, 4205–10 (2011).

217.

Ruoslahti, E. Rgd and Other Recognition Sequences for Integrins. Annu. Rev. Cell Dev.
Biol. 12, 697–715 (1996).

218.

Huettner, N., Dargaville, T. R. & Forget, A. Discovering Cell-Adhesion Peptides in Tissue
Engineering: Beyond RGD. (2018). doi:10.1016/j.tibtech.2018.01.008

219.

Califano, J. P. & Reinhart-King, C. A. Substrate Stiffness and Cell Area Predict Cellular
Traction Stresses in Single Cells and Cells in Contact. Cell. Mol. Bioeng. 3, 68–75 (2010).

220.

Solon, J., Levental, I., Sengupta, K., Georges, P. C. & Janmey, P. A. Fibroblast adaptation
and stiffness matching to soft elastic substrates. Biophys. J. 93, 4453–61 (2007).

221.

Tse, J. R. & Engler, A. J. Preparation of hydrogel substrates with tunable mechanical
properties. Curr. Protoc. Cell Biol. Chapter 10, Unit 10.16 (2010).

222.

Haugh, M. G., Murphy, C. M., McKiernan, R. C., Altenbuchner, C. & O’Brien, F. J.
Crosslinking and mechanical properties significantly influence cell attachment,
proliferation, and migration within collagen glycosaminoglycan scaffolds. Tissue Eng.
Part A 17, 1201–8 (2011).

223.

Tang, W. & Becker, M. L. ‘Click’ reactions: a versatile toolbox for the synthesis of
peptide-conjugates. Chem. Soc. Rev. 43, 7013–39 (2014).

224.

Kolb, H. C., Finn, M. G. & Sharpless, K. B. Click Chemistry: Diverse Chemical Function
from a Few Good Reactions. Angew. Chem. Int. Ed. Engl. 40, 2004–2021 (2001).

225.

Huisgen, R. Centenary Lecture, 1,3-Dipolar Cycloadditions. Proc. Chem. Soc. (1961).

226.

Hein, C. D., Liu, X.-M. & Wang, D. Click chemistry, a powerful tool for pharmaceutical
sciences. Pharm. Res. 25, 2216–30 (2008).

227.

Jurchenko, C., Chang, Y., Narui, Y., Zhang, Y. & Salaita, K. S. Integrin-Generated Forces
Lead to Streptavidin-Biotin Unbinding in Cellular Adhesions. Biophys. J. 106, 1436–
1446 (2014).

228.

Greco, N. J. & Tor, Y. Synthesis and site-specific incorporation of a simple fluorescent
pyrimidine. Nat. Protoc. 2, 305–316 (2007).

229.

Summer, H., Grämer, R. & Dröge, P. Denaturing urea polyacrylamide gel
electrophoresis (Urea PAGE). J. Vis. Exp. (2009). doi:10.3791/1485
180

230.

Nair, D. P. et al. The Thiol-Michael Addition Click Reaction: A Powerful and Widely Used
Tool in Materials Chemistry. doi:10.1021/cm402180t

231.

Koniev, O. & Wagner, A. Developments and recent advancements in the field of
endogenous amino acid selective bond forming reactions for bioconjugation. Chem.
Soc. Rev 44, 5495 (2015).

232.

Eeftens, J. M., van der Torre, J., Burnham, D. R. & Dekker, C. Copper-free click
chemistry for attachment of biomolecules in magnetic tweezers. BMC Biophys. 8, 9
(2015).

233.

Agard, N. J., Prescher, J. A. & Bertozzi, C. R. A strain-promoted [3 + 2] azide-alkyne
cycloaddition for covalent modification of biomolecules in living systems. J. Am. Chem.
Soc. 126, 15046–15047 (2004).

234.

Zayas, J. et al. Strain Promoted Click Chemistry of 2- or 8-Azidopurine and 5Azidopyrimidine Nucleosides and 8-Azidoadenosine Triphosphate with Cyclooctynes.
Application to Living Cell Fluorescent Imaging. Bioconjug. Chem. 26, 1519–32 (2015).

235.

Chen, Y., Kamlet, A. S., Steinman, J. B. & Liu, D. R. A biomolecule-compatible visiblelight-induced azide reduction from a DNA-encoded reaction-discovery system. Nat.
Chem. 3, 146–153 (2011).

236.

Sun, H. et al. Oligonucleotide aptamers: New tools for targeted cancer therapy. Mol.
Ther. - Nucleic Acids 3, (2014).

237.

Woolley, P. Thermal instability of electrophoresis gels. Electrophoresis 8, 339–345
(1987).

238.

Kantner, T., Alkhawaja, B. & Watts, A. G. In Situ Quenching of Trialkylphosphine
Reducing Agents Using Water-Soluble PEG-Azides Improves Maleimide Conjugation to
Proteins. (2017). doi:10.1021/acsomega.7b01094

239.

Thermo Fisher Scientific. Thiol-Reactive Probe Labeling Protocol. 1–3 (2015).

240.

Shafer, D. E., Inman, J. K. & Lees, A. Reaction of Tris(2-carboxyethyl)phosphine (TCEP)
with Maleimide and α-Haloacyl Groups: Anomalous Elution of TCEP by Gel Filtration.
Analytical Biochemistry 282, (Academic Press, 2000).

241.

Zimmermann, J. L., Nicolaus, T., Neuert, G. & Blank, K. Thiol-based, site-specific and
covalent immobilization of biomolecules for single-molecule experiments. Nat. Protoc.
5, 975–985 (2010).

242.

Emergent
Behavior
Tool/Concept/Definition.
Available
at:
http://www.thwink.org/sustain/glossary/EmergentBehavior.htm. (Accessed: 4th July
2018)

243.

Green, L. S. et al. Inhibitory DNA ligands to platelet-derived growth factor B-chain.
Biochemistry 35, 14413–14424 (1996).

244.

Feldman, S. R., Trojanowska, M., Smith, E. A. & Leroy, E. C. Differential Responses of
Human Papillary and Reticular Fibroblasts to Growth Factors. Am. J. Med. Sci. 305,
203–207 (1993).

245.

Ng, A. H. C., Dean Chamberlain, M., Situ, H., Lee, V. & Wheeler, A. R. Digital microfluidic
immunocytochemistry in single cells. Nat. Commun. 6, 7513 (2015).

246.

Bonner, J. C., Badgett, A., Hoffman, M. & Lindroos, P. M. Inhibition of platelet-derived
181

growth factor-BB-induced fibroblast proliferation by plasmin-activated alpha 2macroglobulin is mediated via an alpha 2-macroglobulin receptor/low density
lipoprotein receptor-related protein-dependent mechanism. J. Biol. Chem. 270, 6389–
95 (1995).
247.

De Donatis, A. et al. Proliferation versus migration in platelet-derived growth factor
signaling: the key role of endocytosis. J. Biol. Chem. 283, 19948–56 (2008).

248.

Ågren, M. S., Steenfos, H. H., Dabelsteen, S., Hansen, J. B. & Dabelsteen, E.
Proliferation and Mitogenic Response to PDGF-BB of Fibroblasts Isolated from Chronic
Venous Leg Ulcers is Ulcer-Age Dependent. J. Invest. Dermatol. 112, 463–469 (1999).

249.

Carpenter, G. & Zendegui, J. A biological assay for epidermal growth
factor/urogastrone and related polypeptides. Anal. Biochem. 153, 279–282 (1986).

250.

Invitrogen. PrestoBlue Cell Viability Reagent - Thermo Fisher Scientific. Available at:
https://www.thermofisher.com/order/catalog/product/A13261. (Accessed: 14th
December 2018)

251.

Denisin, A. K. & Pruitt, B. L. Tuning the Range of Polyacrylamide Gel Stiffness for
Mechanobiology Applications. ACS Appl. Mater. Interfaces 8, 21893–21902 (2016).

252.

Duval, K. et al. Modeling Physiological Events in 2D vs. 3D Cell Culture. Physiology 32,
266–277 (2017).

253.

Rao, A. N. & Grainger, D. W. Biophysical properties of nucleic acids at surfaces relevant
to microarray performance. Biomater. Sci. 2, 436–471 (2014).

254.

Hikosaka, R., Nagata, F., Tomita, M. & Kato, K. Adsorption and desorption
characteristics of DNA onto the surface of amino functional mesoporous silica with
various particle morphologies. Colloids Surfaces B Biointerfaces 140, 262–268 (2016).

255.

White, R. J., Phares, N., Lubin, A. A., Xiao, Y. & Plaxco, K. W. Optimization of
electrochemical aptamer-based sensors via optimization of probe packing density and
surface chemistry. Langmuir 24, 10513–8 (2008).

256.

Formisano, N. et al. Optimisation of an electrochemical impedance spectroscopy
aptasensor by exploiting quartz crystal microbalance with dissipation signals. Sensors
Actuators, B Chem. 220, 369–375 (2015).

257.

Ravi, S., Krishnamurthy, V. R., Caves, J. M., Haller, C. A. & Chaikof, E. L. Maleimide-thiol
coupling of a bioactive peptide to an elastin-like protein polymer. Acta Biomater. 8,
627–35 (2012).

258.

Ades, E. W. et al. HMEC-1: Establishment of an immortalized human microvascular
endothelial cell line. J. Invest. Dermatol. 99, 683–690 (1992).

259.

Tuma, R. S. et al. Characterization of SYBR gold nucleic acid gel stain: A dye optimized
for use with 300-nm ultraviolet transilluminators. Anal. Biochem. 268, 278–288 (1999).

260.

Massia, S. P. & Hubbell, J. A. An RGD spacing of 440 nm is sufficient for integrin alpha
V beta 3-mediated fibroblast spreading and 140 nm for focal contact and stress fiber
formation. J. Cell Biol. 114, 1089–100 (1991).

261.

Driskell, R. R. & Watt, F. M. Understanding fibroblast heterogeneity in the skin. Trends
Cell Biol. 25, 92–9 (2015).

262.

Jahoda, C. A. B. & Gilmore, A. C. What Lies Beneath: Wnt/β-Catenin Signaling and Cell
182

Fate in the Lower Dermis. J. Invest. Dermatol. 136, 1084–1087 (2016).
263.

Grinnell, F., Ho, C.-H., Tamariz, E., Lee, D. J. & Skuta, G. Dendritic fibroblasts in threedimensional collagen matrices. Mol. Biol. Cell 14, 384–95 (2003).

264.

Sorrell, J. M. & Caplan, A. I. Fibroblast heterogeneity: more than skin deep. J. Cell Sci.
117, 667–75 (2004).

265.

Ruoslahti, E., Pierschbacher, M., Salinas, C. N. & Anseth, K. S. New perspectives in cell
adhesion: RGD and integrins. Science (80-. ). 238, 491–497 (1987).

266.

Moulisová, V. et al. Engineered microenvironments for synergistic VEGF – Integrin
signalling during vascularization. Biomaterials 126, 61–74 (2017).

267.

Wang, H. et al. Over-Expression of PDGFR-β Promotes PDGF-Induced Proliferation,
Migration, and Angiogenesis of EPCs through PI3K/Akt Signaling Pathway. PLoS One 7,
e30503 (2012).

268.

Wipff, P.-J., Rifkin, D. B., Meister, J.-J. & Hinz, B. Myofibroblast contraction activates
latent TGF-beta1 from the extracellular matrix. J. Cell Biol. 179, 1311–23 (2007).

269.

Fan, T.-H., Soontornworajit, B., Karzar-Jeddi, M., Zhang, X. & Wang, Y. An aptamerfunctionalized hydrogel for controlled protein release: A modeling study. Soft Matter
7, 9326 (2011).

270.

Bao, G. et al. Molecular biomechanics: The molecular basis of how forces regulate
cellular function. Cell. Mol. Bioeng. 3, 91–105 (2010).

271.

Hao, X. et al. Angiogenic effects of sequential release of VEGF-A165and PDGF-BB with
alginate hydrogels after myocardial infarction. Cardiovasc. Res. 75, 178–185 (2007).

272.

Mackenzie, F. & Ruhrberg, C. Diverse roles for VEGF-A in the nervous system.
Development 139, 1371–80 (2012).

273.

Zadeh, J. N. et al. NUPACK: Analysis and design of nucleic acid systems. J. Comput.
Chem. 32, 170–173 (2011).

274.

Engler, A. J., Sen, S., Sweeney, H. L. & Discher, D. E. Matrix Elasticity Directs Stem Cell
Lineage Specification. doi:10.1016/j.cell.2006.06.044

275.

Chaudhuri, O. et al. Substrate stress relaxation regulates cell spreading. Nat. Commun.
6, 6364 (2015).

276.

Califano, J. P. & Reinhart-King, C. A. Substrate Stiffness and Cell Area Predict Cellular
Traction Stresses in Single Cells and Cells in Contact. Cell. Mol. Bioeng. 3, 68–75 (2010).

277.

Fu, J. et al. Mechanical regulation of cell function with geometrically modulated
elastomeric substrates. Nat. Methods 7, 733–736 (2010).

278.

Han, S. J., Bielawski, K. S., Ting, L. H., Rodriguez, M. L. & Sniadecki, N. J. Decoupling
Substrate Stiffness, Spread Area, and Micropost Density: A Close Spatial Relationship
between Traction Forces and Focal Adhesions. Biophys. J. 103, 640–648 (2012).

279.

Chan, C. E. & Odde, D. J. Traction Dynamics of Filopodia on Compliant Substrates.
Science (80-. ). 322, 1687–1691 (2008).

280.

Caliari, S. R. & Burdick, J. A. A practical guide to hydrogels for cell culture. Nat. Methods
13, 405–14 (2016).

183

281.

Mabry, K. M., Payne, S. Z. & Anseth, K. S. Microarray analyses to quantify advantages
of 2D and 3D hydrogel culture systems in maintaining the native valvular interstitial
cell phenotype. Biomaterials 74, 31–41 (2016).

282.

Drury, J. L. & Mooney, D. J. Hydrogels for tissue engineering: scaffold design variables
and applications. Biomaterials 24, 4337–4351 (2003).

283.

Kandow, C. E., Georges, P. C., Janmey, P. A. & Beningo, K. A. in Methods in Cell Biology
83, 29–46 (2007).

284.

Tilghman, R. W. et al. Matrix Rigidity Regulates Cancer Cell Growth and Cellular
Phenotype. PLoS One 5, e12905 (2010).

285.

Di Lorenzo, F. & Seiffert, S. Nanostructural heterogeneity in polymer networks and
gels. Polym. Chem. 6, 5515–5528 (2015).

286.

Stephan, M. T., Moon, J. J., Um, S. H., Bershteyn, A. & Irvine, D. J. Therapeutic cell
engineering with surface-conjugated synthetic nanoparticles. Nat. Med. 16, 1035–41
(2010).

287.

Huebsch, N. et al. Harnessing traction-mediated manipulation of the cell/matrix
interface to control stem-cell fate. Nat. Mater. 9, 518–526 (2010).

288.

Drury, J. L. & Mooney, D. J. Hydrogels for tissue engineering: scaffold design variables
and applications. Biomaterials 24, 4337–4351 (2003).

289.

Place, E. S., George, J. H., Williams, C. K. & Stevens, M. M. Synthetic polymer scaffolds
for tissue engineering. Chem. Soc. Rev. 38, 1139 (2009).

290.

Druecke, D. et al. Modulation of scar tissue formation using different dermal
regeneration templates in the treatment of experimental full-thickness wounds.
Wound Repair Regen. 12, 518–527 (2004).

291.

Geiger, M., Li, R. H. & Friess, W. Collagen sponges for bone regeneration with rhBMP2. Adv. Drug Deliv. Rev. 55, 1613–29 (2003).

292.

Fujisato, T., Sajiki, T., Liu, Q. & Ikada, Y. Effect of basic fibroblast growth factor on
cartilage regeneration in chondrocyte-seeded collagen sponge scaffold. Biomaterials
17, 155–162 (1996).

293.

Borene, M. L., Barocas, V. H. & Hubel, A. Mechanical and cellular changes during
compaction of a collagen-sponge-based corneal stromal equivalent. Ann. Biomed. Eng.
32, 274–83 (2004).

294.

Li, S.-T., Archibald, S. J., Krarup, C. & Madison, R. D. Peripheral nerve repair with
collagen conduits. Clin. Mater. 9, 195–200 (1992).

295.

Friess, W. Collagen--biomaterial for drug delivery. Eur. J. Pharm. Biopharm. 45, 113–
36 (1998).

296.

Davidenko, N. et al. Control of crosslinking for tailoring collagen-based scaffolds
stability and mechanics. Acta Biomater. 25, 131–142 (2015).

297.

Olde Damink, L. H. et al. Cross-linking of dermal sheep collagen using a water-soluble
carbodiimide. Biomaterials 17, 765–73 (1996).

298.

Quinlan, E. et al. Controlled release of vascular endothelial growth factor from spraydried alginate microparticles in collagen–hydroxyapatite scaffolds for promoting
184

vascularization and bone repair. J. Tissue Eng. Regen. Med. 11, 1097–1109 (2017).
299.

Martino, M. M. et al. Growth factors engineered for super-affinity to the extracellular
matrix enhance tissue healing. Science (80-. ). 343, 885–888 (2014).

300.

Visser, R., Arrabal, P. M., Santos-Ruiz, L., Becerra, J. & Cifuentes, M. Basic fibroblast
growth factor enhances the osteogenic differentiation induced by bone
morphogenetic protein-6 in vitro and in vivo. Cytokine 58, 27–33 (2012).

301.

Wu, J. M. et al. Heparin-functionalized collagen matrices with controlled release of
basic fibroblast growth factor. J. Mater. Sci. Mater. Med. 22, 107–114 (2011).

302.

Odedra, D., Chiu, L. L. Y., Shoichet, M. & Radisic, M. Endothelial cells guided by
immobilized gradients of vascular endothelial growth factor on porous collagen
scaffolds. Acta Biomater. 7, 3027–3035 (2011).

303.

Kansagara, A. G., McMahon, H. E. & Hogan, M. E. Dry-state, room-temperature storage
of DNA and RNA. Nat. Methods 5, iv–v (2008).

304.

Wang, H. M. et al. Novel Biodegradable Porous Scaffold Applied to Skin Regeneration.
PLoS One 8, e56330 (2013).

305.

Northrop, B. H., Frayne, S. H. & Choudhary, U. Thiol–maleimide “click” chemistry:
evaluating the influence of solvent, initiator, and thiol on the reaction mechanism,
kinetics, and selectivity. Polym. Chem. 6, 3415–3430 (2015).

306.

Ochiya, T. et al. New delivery system for plasmid DNA in vivo using atelocollagen as a
carrier material: the Minipellet. Nat. Med. 5, 707–710 (1999).

307.

Samuel, R. E. et al. Delivery of Plasmid DNA to Articular Chondrocytes via Novel
Collagen–Glycosaminoglycan Matrices. Hum. Gene Ther. 13, 791–802 (2002).

308.

Caliari, S. R. & Harley, B. A. C. The effect of anisotropic collagen-GAG scaffolds and
growth factor supplementation on tendon cell recruitment, alignment, and metabolic
activity. Biomaterials 32, 5330–5340 (2011).

309.

Tsurkan, M. V et al. Defined polymer-peptide conjugates to form cell-instructive
starPEG-heparin matrices in situ. Adv. Mater. 25, 2606–10 (2013).

310.

Singh, A. et al. Enhanced lubrication on tissue and biomaterial surfaces through
peptide-mediated binding of hyaluronic acid. Nat. Mater. 13, 988–995 (2014).

311.

Battig, M. R., Huang, Y., Chen, N. & Wang, Y. Aptamer-functionalized superporous
hydrogels for sequestration and release of growth factors regulated via molecular
recognition. Biomaterials 35, 8040–8048 (2014).

312.

Huebsch, N. & Mooney, D. J. Inspiration and application in the evolution of
biomaterials. Nature 462, 426–32 (2009).

313.

Martino, M. M. et al. Extracellular Matrix and Growth Factor Engineering for
Controlled Angiogenesis in Regenerative Medicine. Front. Bioeng. Biotechnol. 3, 45
(2015).

314.

Freudenberg, U. et al. Heparin desulfation modulates VEGF release and angiogenesis
in diabetic wounds. J. Control. Release 220, 79–88 (2015).

315.

Patterson, J., Martino, M. M. & Hubbell, J. A. Biomimetic materials in tissue
engineering. Mater. Today 13, 14–22 (2010).
185

316.

King, W. J. & Krebsbach, P. H. Growth factor delivery: how surface interactions
modulate release in vitro and in vivo. Adv. Drug Deliv. Rev. 64, 1239–56 (2012).

317.

Caliari, S. R. & Burdick, J. A. A practical guide to hydrogels for cell culture. Nat. Methods
13, (2016).

318.

Porter, A. G. & Jänicke, R. U. Emerging roles of caspase-3 in apoptosis. Cell Death Differ.
6, 99–104 (1999).

319.

Carey, S. P., Martin, K. E. & Reinhart-King, C. A. Three-dimensional collagen matrix
induces a mechanosensitive invasive epithelial phenotype. Sci. Rep. 7, 42088 (2017).

320.

Hustedt, J. W. & Blizzard, D. J. The controversy surrounding bone morphogenetic
proteins in the spine: a review of current research. Yale J. Biol. Med. 87, 549–61 (2014).

321.

Prabhune, M., Rehfeldt, F. & Schmidt, C. F. Molecular force sensors to measure stress
in cells. J. Phys. D. Appl. Phys. 50, 233001 (2017).

322.

Chushak, Y. & Stone, M. O. In silico selection of RNA aptamers. Nucleic Acids Res. 37,
e87 (2009).

323.

Merkel, R., Nassoy, P., Leung, A., Ritchie, K. & Evans, E. Energy landscapes of receptorligand bonds explored with dynamic force spectroscopy. Nature 397, 50–3 (1999).

324.

Kam, L., Shain, W., Turner, J. N. & Bizios, R. Selective adhesion of astrocytes to surfaces
modified with immobilized peptides. Biomaterials 23, 511–5 (2002).

325.

Eliceiri, B. P. Integrin and growth factor receptor crosstalk. Circ. Res. 89, 1104–10
(2001).

326.

Freeman, R. et al. Instructing cells with programmable peptide DNA hybrids. Nat.
Commun. 8, 15982 (2017).

327.

Schuch, A. P., Garcia, C. C. M., Makita, K. & Menck, C. F. M. DNA damage as a biological
sensor for environmental sunlight. Photochem. Photobiol. Sci. 12, 1259 (2013).

328.

Sosa, M. S., Bragado, P. & Aguirre-Ghiso, J. A. Mechanisms of disseminated cancer cell
dormancy: an awakening field. Nat. Rev. Cancer 14, 611–22 (2014).

186

