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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 type-

specific, sequential growth factor activation.  

 

 

 

 

 

 



3 

 

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 

 

 



4 

 

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). 

 



5 

 

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 



6 

 

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 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. .................................................................................................... 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 



7 

 

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 aptamer-

growth 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-



8 

 

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. ...................................................................................................... 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 



9 

 

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-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. ....................................................................................................................................... 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 



10 

 

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 TCEP-

DBCO 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 best-

fit 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 



11 

 

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) ‘mushroom-

like’ (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 



12 

 

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 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.

 ..................................................................................................................................................... 112 

Figure 54. TrAP-functionalized coverslips exhibit minimal growth factor release compared with RGD-

functionalized 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, R2
h12=0.911, R2

d4=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 scr-

TrAPs 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 



13 

 

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 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. .......................................................................................... 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 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 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=0.006452X-

4.374, 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 



14 

 

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. .................................... 138 

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 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 



15 

 

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 expected301. 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 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 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 

 

 

 

 



16 

 

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 

 



17 

 

LIST OF ABBREVIATIONS 

AFM Atomic Force Microscope 

2D Two Dimensional 

3D Three Dimensional 

aECM Artificial Extracellular Matrix 

ANG-1 and 2 Angiopoietin 1 and 2 

bFGF Basic Fibroblasts Growth Factor 

BMP Bone Morphogenetic Protein 

c(peptide) Cyclic Peptide 

CPG Controlled Pore Glass 

CSF Colony Stimulating Factor 

DBCO Dimethyl Sulfoxide 

DI Deionized water 

DMEM Dulbecco's Modified Eagle Medium 

DNA Deoxyribonucleic Acid 

ECM Extracellular Matrix 

EDC 1-Ethyl-3-(3-Dimethylaminopropyl) Carbodiimide 

EGF Endothelial Growth Factor 

ELISA Enzyme Linked Immunosorbent Assay 

Eq. Equation 

ERK Extracellular Signal Regulated Kinase 

FBS Foetal Bovine Serum 

FDA Food and Drug Administration 

FGF-2 Fibroblasts Growth Factor 2 

FN Fibronectin 

FRET Förster Resonance Energy Transfer 

GAG Glycosaminoglycan 

GF Growth Factor 

GRFR Growth Factor Receptor 

HMEC-1 Human Microvascular Endothelial Cells 1 

hMSCs Human Mesenchymal Stem Cells 

HPLC High Performance Liquid Chromatography 

HUVEC Human Umbilical Vein Endothelial Cells 

IGF Insulting Growth Factor 

IM Image 

KD Binding Constant 

LAP Latency Associated Peptide 

LC-MS Liquid Chromatography-Mass Spectrometry 

LLC Large Latent Complex 

LTBP-1 Latent-Transforming Growth Factor Beta-Binding Protein 1 

MALDI-TOF Matrix-Assisted Laser Desorption/Ionization 

MMP Matrix Metalloproteinase 

MSCs Mesenchymal Stem Cells 

NGF Nerve Growth Factor 

NHS N-Hydroxysuccinimide 

PBS Phosphate-Buffered Saline 



18 

 

PCL Polycaprolactone 

PCR Polymerase Chain Reaction 

PDGF-BB Platelet Derived Growth Factor Bb 

PEG Poly(Ethylene)Glycol 

PI3K Phosphatidylinositol 3'kinase 

Pla Plasmin 

PLGA Poly(Lactic-Co-Glycolic Acid) 

Rac Ras-Related C3 Botulinum Toxin Substrate 

RT Room Temperature 

RTK Receptor Tyrosine Kinase 

scr.-TrAPs Scrambled Traps 

SD Standard Deviation 

SE Standard Error 

SELEX Systematic Evolution of Ligands By Exponential Enrichment 

SMCs Smooth Muscle Cells 

TBE Tris/Borate/EDTA 

TCEP Tris(2-Carboxyethyl) Phosphine 

TGF-β Transforming Growth Factor Beta 

TrAPs Traction Activated Payloads 

TrAPs Traction Activated Payloads 

Tyr Tyrosine 

VEGF Vascular Endothelial Growth Factor 

VEGFR Vascular Endothelial Growth Factor Receptor 

α-SMA Alpha Smooth Muscle Actin 

 



19 

 

TABLE OF CONTENTS 

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

1.1. MOTIVATION ......................................................................................................................... 21 

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

2. 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 

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

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

3. 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 

4. 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 

5. 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 



20 

 

5.5. DEVELOPMENT OF AN IMPROVED APPROACH TO ORTHOGONAL FUNCTIONALIZATION OF 

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

5.6. DISCUSSION .........................................................................................................................140 

5.7. CONCLUSIONS .....................................................................................................................141 

6. 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 

 

 

 

 



21 

 

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 non-

healing 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 20th 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 
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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 medicine11. 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 non-

healing 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. 



24 

 

 

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 on-

demand 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 collagen-

based 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 processes27 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 context-

dependent and is currently incompletely understood. Some of the critical regulatory elements 

include synergistic signalling with other receptors38 and whether the growth factor is in ECM-

bound or soluble state39. 
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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 C-

terminus 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, PDGF-

BB 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.  

a 

b 
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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 PDGF-

BB: 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 pre-

incubation 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 heparin-

rich 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 

E 
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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.  

 

  

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 expressing-

cells response and ultimately blood vessel morphogenesis.   

 

 

b c 
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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. 

 

 

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 materials80. 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. 

a b 
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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 network85. 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 entrapment-

based 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 pre-

programmed 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 site-

specific 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 α2PI1-

8-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 C-

Raf 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 VEGF133
61. 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
𝑘𝑜𝑛
𝑘𝑜𝑓𝑓

↔  𝐶𝑜𝑚𝑝𝑙𝑒𝑥 (Eq. 1) 

 

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

𝐶𝑐𝑜𝑚𝑝𝑙𝑒𝑥
=
𝑘𝑜𝑓𝑓

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
𝜕𝑡

= 𝑓 (
𝜕𝐶𝐺𝐹
𝜕𝑥

, 𝐷𝐺𝐹 , 𝐶𝐿𝑖𝑔𝑎𝑛𝑑, 𝐾𝐷, 𝑘𝑜𝑓𝑓, 𝑘𝑜𝑛) 
(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 

117. 

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 factor119, 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 antibodies129. 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 affinity-

based 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).  

 

 

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 

A 
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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. 
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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 progresses144. 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 stiffness149 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-oxime-

ligation. 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].   

 

 

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 cell-

degradable synthetic scaffolds. In the same study, the group demonstrated that such hydrogels 

a 

b 
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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 PEG-

based 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 up-

regulation 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 disease-

specific 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 165. 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, on-

demand 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. 
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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 

a 

b 
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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. 

 Physical encapsulation Covalent binding Affinity 

interaction 

Protein stability Might be damaging Prolongation of bioactivity 

Side-effects 

Protection 

Integration with a 

scaffold 

Within microparticles Pendant moieties 

Non-specific chemistries 

Challenging purification 

Pendant moieties 

Scaffold material 

Easy purification 

Orthogonality with 

scaffold mechanical 

properties 

Good for microparticles 

Low if scaffold itself 

encapsulates proteins 

Might lead to either over- or 

under-stimulation.  

Linked to scaffold 

degradation 

Good as pendant 

functionality 

Control over release 

profile 

Porosity 

Degradation 

Density 

Constant 
 

KD 

Concentration 

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 

Limited encapsulation 

efficiency 

Alterations of the protein 

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 surface-

bound 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)-2-

butyl 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. 

 

 

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. 

a 

b 
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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 TGF-

β1 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 proto-

myofibroblasts 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 feed-

forward 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 

are  195. 

 

 

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.  

A 

B 
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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 Traction-

Activated 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.  

 

 



74 

 

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 on-

demand 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 DNA-

based anti-PDGF-BB aptamer with a 0.1 nM KD
207 (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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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 

neovascularisation213, 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. 

a b 
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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 

incorporated peptide onto synthetic materials218. While a scaffold facilitating sequential on-

demand 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 
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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-dG-

CE, 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), Dibenzocyclooctyne-

maleimide (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 manufacturer-

recommended 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 

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     

Item 

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 
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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 

Z = amino peg4+azido hexanoic acid and X = amino 

C7+peg8 maleimide 

Atd Bio 12307.0 

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 maleimide-

DBCO-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 maleimide-

DBCO 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-4-

hydroxycinnamic 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 NovexTM 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 (20-

minute 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 DBCO-

functionalized 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 SureLockTM 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.   
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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/Ionisation-

Time 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 cysteine-

containing 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.  
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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).   

 

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 

a 

c 

b 

PC 
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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 DBCO-

modified cell adhesive peptides 1a and 1b was achieved in two steps (Figure 33a). As cysteine-

containing 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 TCEP-

DBCO (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 MWcalculated=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). 

 

 

 

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. 

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). 

a 

c 

b 

1a DBCO-mal TCEP-DBCO 

1a DBCO-mal TCEP-DBCO 

1a DBCO-mal TCEP-DBCO 
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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 DBCO-

peptide 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.  

 

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.   

GRGDSPC-DBCO 1a 

 

GRDGSPC-DBCO 1b 

 

GRGDSPC-DBCO 1a’ 

GRDGSPC-DBCO 1b’ 
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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 maleimide-

thiol 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 PDGF-

BB. 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. Enzyme-

linked 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 PDGF-

BB 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 PDGF-

BB 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 PDGF-

BB 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 so255, 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. 
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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 by-

product 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 0-

100 µM were sandwiched in between two maleimide functionalized surfaces, and the reaction 

was left to proceed for 1 hour.  
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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-of-

concept 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. 

 TrAPs   Scr-TrAPs  TrAPs + 

RGD+RDG 

Scr-TrAPs + RGD 

PDGF-BB TrAPs (3a) 20 µM - 5µM - 

peptide aptamer 
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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 

 TrAPs+RGD+RDG Scr-TrAPs group Control Groups 

PDGF-BB TrAPs (3a) 5µM - - 

Scr. PDGF-BB TrAPs (3b) - 5µM - 

GRGDSPC 20 µM 25 µM 25µM 

GRDGSPC 5µM - 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 L-

Glutamine 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 non-

specific 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 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. 

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. 

 

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. 

a 

b c 

Conjugation rate limited 

Drop with incubation solution 

Coverslip 
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4.4.2. Cell adhesion to TrAPs 

Having optimised the surface functionalization protocol, we evaluated whether the surface-

bound, 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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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 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 

a 

b 
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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.  

 

 

 

 

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 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 

b 

c 

TrAPs+RGD +RDG maleimide Scr. TrAPs + RGD Scr. TrAPs  TrAPs  

TrAPs + RGD +RDG 

a 
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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 RGD-

functionalized 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 anti-

inflammatory mediators140. The non-specific binding might be decreased by using low-

adhesion 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 non-

specifically 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 force- 

mediated 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, R2
h12=0.911, R2

d4=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 PDGF-

BB. 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 aptamer-

bound 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 140, 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 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. 
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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 dose-

response 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 stages247 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. 

 

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. 

a b 



123 

 

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, cell-

demanded 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 re-

vascularisation 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 type-

specific 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 scaffolds282, 

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%, A3678-

25G, 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 thiol-

maleimide 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 2-

propanol, 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 solution in the presence of the initiators N,N,N’, 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-PEG-

maleimide (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 L-

Glutamine, 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 96-

well 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 Kruskal-

Wallis 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 sulfo-

SANPAH. 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.  

c. 
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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 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=0.006452X-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 two-

independent 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 RGD-

modified surfaces. The experiment was repeated twice with an n=7 of independently functionalized, polyacrylamide-

coated 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 VEGF-

induced 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-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. 

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 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) 
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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 VEGF-

induced 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 sulfo-

SANPAH 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 freeze-

drying88.  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 side-

effects. 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 material301, 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 factors205 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-(2-

Aminoethyl)maleimide hydrochloride (Sigma, 56951, MW 254.16),  N-Ethyl-N′-(3-

dimethylaminopropyl)carbodiimide hydrochloride (EDC, Sigma, 03449), 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 aptamer-

modified 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-

Mal 

Amines (per 

mg) 

Collagen 

weight = 

1.23±0.1015 

COOH 

(per mg) 

TrAPs PDGF-

BB 

Concentration 6mM 2.4mM 15 mM 0.312 mM 1.263 

mM 

1000 nM 3.94 nM 

  

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 bi-

functional 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 porous106. 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 PBS-

incubated, 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.  

 

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 expected301. 

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. 

native 

native 

a b 
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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 maleimide-

functionalised 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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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.  

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 

Far red Brightfield Composite 
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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 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. 



157 

 

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 222, 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 amine-

maleimides 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 PDGF-

BB 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 amine-

maleimide 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 



159 

 

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 azide-

DBCO). 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 surfaces171, 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 cell-

specific 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 

 Dissociation half-

life  

KD for VEGF 

(nM) 

KD for PDGF 

(nM) 

Ratio KD 

VEGF/PDGF 

Pegaptanib - 2′-

OMe purine 

substitution 

12 seconds 2.4 75 31 

Pegaptanib 8 minutes 0.14 91 650 

 

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 surface-

bound 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 cell-

specificity 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 receptors325. 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 VEGF-

A 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’-O-

alkyl 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.  
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