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Abstract:  

The heart has a limited capacity for regeneration following trauma due in part to a low 
presence of cardiac stem cells. Previous literature has shown that cardiac regeneration may be boosted 
in the short term by promoting angiogenesis through the addition of certain growth factors present in 
cardiac stem cells as well as those in endothelial derived extracellular vesicles. To support cardiac 
angiogenesis more effectively, we propose that an extended-release window of these factors is 
necessary. The aim of this study is to create a cell-free extracellular vesicle-laden hydrogel system 
that releases extracellular vesicles over such an extended period (14 days). We went with a casted 
product; however, 3D extrusion printing may be considered in future research to increase control and 
resolution of the product, the product being a cardiac patch containing extracellular-vesicle-loaded 
hydrogels. For this hydrogel system, both gelatine methacryloyl and silk fibroin-based hydrogels were 
investigated, using lithium phenyl-2,4,6-trimethylbenzoylphosphinate and a combination of riboflavin 
and sodium persulfate as photocrosslinkers, respectively. The former was used in combination with 
ultraviolet light, whereas the latter initiated photocrosslinking through visible light. The degradation 
kinetics, mechanical properties, permeability, and extracellular vesicle release kinetics of our 
hydrogels were investigated and may be tuned through the varying gel precursor concentration and 
integration of a supporting melt electrowritten polycaprolactone mesh scaffold featuring a hexagonal 
structure. 
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Non-technical summary:  
Due to the low turnover of stem cells in the heart, there is a need for solutions that help boost 

the organ’s regenerative capacity. In this research, we propose the generation of a cardiac patch to 
fulfil that role. This patch would consist of a silk-based or gelatine methacryloyl-based hydrogel that 
is loaded with extracellular vesicles (a type of vesicle that buds off of cells and is filled with factors 
that promote and support tissue regeneration). As tissue regeneration takes a significant amount of 
time, we selected a release window of 14 days and analysed the release of extracellular vesicles over 
this time. 14 days was selected because this is on average how long it takes for blood vessels to form. 
Because hydrogels are generally quite weak and tend to release extracellular vesicles and other small 
particles quite quickly, we introduced within our gel a 3D printed biodegradable biocompatible 
polyester mesh with a hexagonal microstructure to provide reinforcement. Within our study, we 
compared two types of gel, one based on gelatine and the other on silk fibroin. Solutions with these 
precursors were both gelated using light (visible light in the case of the gelatine-based hydrogel and 
UV-light in the case of the silk-based hydrogel). This was made possible through the addition of a 
molecule which initiates the formation of crosslinks within the hydrogel when under the influence of 
the relevant light source. Results from our research suggest that silk-based hydrogels are able to delay 
extracellular vesicle release, more so than gelatine-based hydrogels. In addition, it is found that the 
dynamics of the environment the hydrogels reside in is an incredibly important factor with regards to 
controlling the extracellular vesicle release window.  
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1. Introduction and background information: 
 
1.1 Purpose of the study 
 

The purpose of this study is to analyse the differences in extracellular vesicle (EV) release 
properties from cell-free EV-laden casted hydrogel systems, either with or without added support 
from a melt electrowritten PCL mesh, depending on hydrogel selection, hydrogel precursor 
concentration, and the presence of a melt electrowritten mesh. These constructs are thought to be able 
to boost cardiac regeneration through promoting angiogenesis in the heart after a cardiac event 
resulting in major loss of cardiomyocytes. In the past, however, the effectiveness of such constructs 
releasing EVs has been limited due to a burst-release pattern. For the purposes of our study, we aim to 
find ways in which to prolong this release window to enhance the effectiveness of EVs in their 
promotion of angiogenesis. In order to investigate how this release window can be tuned, extracellular 
vesicle release studies were conducted on the aforementioned groups, where hydrogels were either 
gelatine methacryloyl (GelMA) or silk fibroin (SF) based and were crosslinked either with lithium 
phenyl-2,4,6-trimethylbenzoylphosphinate (LAP), or a combination of riboflavin and sodium 
persulfate, respectively. In order to expand on the results of these EV release tests, tests were done to 
assess the mechanical and degradation properties of the different gels, concentrations, and in the 
presence or absence of a mesh within the casted hydrogel sample. Our hypothesis and expectation was 
that hydrogel systems featuring silk fibroin would result in prolonged EV release windows due to 
reduced hydrogel degradation over time. In addition, higher concentrations of hydrogels, and 
hydrogels incorporating a MEW mesh are expected to feature shorter EV release windows due to an 
increase in stiffness and mechanical strength. Lastly, we hypothesise that dynamic loading, as is 
present in the dynamic environment of the heart, will quicken EV release. This last hypothesis was 
investigated through a dynamic loading EV release test. 
 
1.2 Cardiovascular diseases 
 

According to reports by the Central Bureau of Statistics (2021) in the Netherlands, cardiovascular 
diseases have long been one of the main causes of death, missing out on the top spot only in the last 
couple of years when that spot was claimed by cancer. In 2020 alone, the top three killers (cancer of 
all types, cardiovascular diseases, and COVID19) accounted for 47,046, 36,579, and 20,138 deaths 
respectively. Accounting for over a fifth of all deaths in the Netherlands in 2020 and acting as the 
leading cause of death worldwide (Ritchie & Roser, 2018). Clearly there is still much to be gained 
in the treatment of cardiovascular diseases. 

 
Cardiovascular diseases such as acute myocardial infarction (AMI) result in a major loss of the 

number of functional cardiomyocytes, which are replaced by fibrous scar tissue (Vettori et al., 2020). 
The heart is maladapted to regenerate an adequate number of cardiomyocytes sufficient to re-establish 
full functionality and adequate cardiac output, with cardiomyocyte turnover rate estimations in adults 
ranging from 1% to 4% (Buikema et al., 2013). In addition, the number of cardiac stem cells (CSCs) 
is very low, and CSCs are therefore suggested to be capable of remodelling only occurrences of minor 
damage rather than catastrophic cardiomyocyte loss (Koudstaal et al., 2013). Indeed the number of 
stem cells in the heart is so low, that it had long been presumed that the heart contains no stem cells at 
all. This was thought to be so since AMIs consistently lead to fibrosis and eventual scar formation 
rather than regeneration of functional tissue. However, the discovery of cardiac stem cells has slowly 
begun to change the view of the heart as a post-mitotic organ (Fine & Vunjak-Novakovic, 2020). 

 
It has been suggested that stem cells such as those derived from bone marrow or CSCs may 

excrete cytokines and growth factors that are beneficial in the differentiation and regeneration of 
cardiomyocytes, and that the application of additional CSCs in patients who have endured an AMI 
may therefore improve general cardiac health and reduce fibrosis. Early results from research using 
bone marrow-derived stem cells for the treatment of AMI were promising, as patients showed an 
initial increase of the left ventricular ejection fraction (LVEF; Assmus et al., 2002). Sadly, after a 5-



year follow up of the trial, it became clear that the effects were not to last, as no long-term beneficial 
effects were found (Meyer et al., 2006). Other studies using bone-marrow derived stem cells and a 
wide variety of stem and progenitor cells have found similarly modest long-term results, showing an 
initial improvement to the LVEF that drastically reduces to negligible amounts within months 
(Buikema et al., 2013). A major problem with the injection of CSCs and cardiac progenitor cells is 
that of poor cell retention and survival after application (Cambria et al., 2017). So far, injection with 
stem cells has been an insufficient measure in guaranteeing long-term proliferation and differentiation 
of cardiomyocytes towards the goal of cardiac regeneration. Therefore, other avenues must be pursued 
that support and ameliorate the longevity of these transplanted cells. 

 
1.3 Extracellular vesicles 
 

The initial beneficial effect of treatment with stem cells has been suggested to be because of the 
underlying paracrine effect of certain cytokines, chemokines, and growth factors. Several factors have 
been identified as playing key roles in angiogenesis, namely: vascular endothelial growth factor 
(VEGF), transforming growth factor-β (TGF-β), platelet-derived growth factor (PDGF), and 
fibroblast growth factor (FGF), where FGF and VEGF stimulate the proliferation of endothelial cells, 
which in turn stimulate the secretion of other pro-angiogenic growth factors (Vettori et al., 2020). 
These factors play a role in stimulating endothelial proliferation, and some have the additional effect 
of stimulating endothelial cell migration, which is crucial in the revascularization of fibrotic scar 
tissue in the heart after infarction. 

 
Efforts have been made in coming up with more long-lasting ways of administering these factors 

without the need for stem cells, which can be difficult to harvest in sufficient amounts. One proposed 
solution is the use of extracellular vesicles (EVs). EVs are lipid-coated messenger particles released 
by most types of cells, including stem cells and all major cardiac cell types, and they can transport a 
wide variety of bioactive components (i.e., proteins, second messengers, mRNA, miRNA, lipids, parts 
of organelles, etc.(Rezaie et al., 2019; Sluijter et al., 2018). EVs consist of a phospholipid bilayer 
encapsulating the molecules to be transported. They are released from all cells between 20 and 1000 
nm in size studied to date and they can be divided into several subtypes, namely: exosomes (with 
diameters ranging from ~30-150 nm), microvesicles (100-1000 nm), and apoptotic bodies (50-5000 
nm and released from dying cells;  Hafiane & Daskalopoulou, 2018; ;Mol et al., 2019, Rezaie et al., 
2019). EVs have been found to aid in tissue repair by inducing differentiation of stem cells, initiating 
angiogenesis by promoting matrix degradation (especially for EVs containing metalloproteinase 
proteins), and acting as a major pathway for several secretory proteins such as IL-1β (Gaceb et al., 
2014). Three mechanisms are known by which EVs are taken up: internalization, direct fusion, and 
receptor-ligand interaction (Rezaie et al., 2019). Because of their important role in the regulation of 
angiogenesis and their capacity for storing and delivering paracrine factors, EVs, especially 
exosomes, have been a promising candidate for use in treatment of ischaemic heart disease, AMI, and 
heart failure (Li et al., 2021; Sluijter et al., 2018). In fact, the paracrine effect caused by mesenchymal 
stem cells is thought to be primarily attributable to EVs, although this may be dependent on EV 
origin, as protein content of EVs is largely dependent on the cell type from which the EV is derived 
(Doyle & Wang, 2019; Lee et al., 2012). In addition, EVs are considered good candidates for 
therapeutic drug delivery because of their non-toxic and biocompatible nature, providing EVs with the 
capacity for easy distribution throughout the body without being attacked and degraded by the 
immune system (Maheshwari et al., 2017). Previous research done by Arslan et al. (2013) showed that 
cardiac infarct size in mice could be reduced to 50% with a single injection of purified exosomes. 
Subsequent systemic inflammation could also be reduced by treatment with these exosomes (Arslan et 
al., 2013).  The usage of EVs has additional benefit over cell-based therapies in that it allows for 
greater product stability, biocompatibility, and dosage control, as well as enhanced suitability for 
(genetic) engineering (Rogers et al., 2020). 

 
The composition of an EV is highly dependent on the cell from which it is derived, as EVs have 

many functions, and the paracrine factors they contain are a reflection of that function. In addition, it 
has been proposed that the protein content of the EVs is largely dependent on the extraction method 



used (Doyle & Wang, 2019). Cells reported to release EVs with cardioprotective and pro-angiogenic 
roles include stem cells derived from adipose and human umbilical cord, as well as bone marrow-
derived mesenchymal stem cells (Hromada et al., 2017). EVs derived from endothelial cells have been 
shown to promote angiogenesis at concentrations similar to those found in vivo, while at higher 
concentrations angiogenesis was inhibited (Hromada et al., 2017). This is likely due to an over-
expression of pro-angiogenic paracrine factors (i.e., VEGF and HIF-1α) which increases risk of 
haemorrhage by disrupting tight junctions (Li et al., 2021). Another source of EVs with 
cardioprotective potential are from cardiomyocytes (CM) derived by differentiating human induced 
pluripotent stem cells (hiPSCs). Due to their superior ease of isolation, hiPSCs are of great interest for 
applications which suffer from the difficulty in isolating large amounts of stem cells. EVs derived 
from such cells have already been shown to be taken up by cardiac and endothelial cells and to have 
pro-angiogenic effects in human vascular endothelial cells (HUVEC) as well as promoting cell 
proliferation in cardiac committed cell populations (Louro et al., 2022). When comparing cell 
migration in promoting wound closure as an effect of EV treatment, hiPSC derived EVs were 
observed to have superior results when compared to results from EVs derived from other sources 
(Louro et al., 2022). For the purposes of this study, EVs were derived from hiPSCs differentiated to 
cardiomyocytes to make use of these superior pro-proliferative effects. However, endothelial EVs 
have been known to have a deleterious role in angiogenesis when present in higher concentrations and 
it is unclear if high concentrations of hiPSC-derived EVs would have the same effects. As such, EV 
release may have to be tightly controlled. The contents and surface structure of EVs may be modified 
to improve cardiac targeting and pro-angiogenic behaviour, this is however out of the scope of this 
research (Pezzana et al., 2021). 

 
Much is still unknown about the biosynthesis of EVs, there exist no current standardized methods 

for isolation, purification, characterisation, and storage. Even so, great strides have been made in the 
past couple years, and bit by bit a greater understanding of EVs is emerging (Davidson et al., 2022; 
Hafiane & Daskalopoulou, 2018). For now, EV characterisation and identification remains difficult 
because of a lack of known markers that may be used to identify EV origin, as well as due to the 
challenges brought along by their small sizes (Davidson et al., 2022; Hromada et al., 2017). For 
example, at first tetraspanin proteins were thought to be biomarkers specific to exosomes, but these 
have recently been found to be exhibited by both microvesicles and apoptotic bodies (Doyle & Wang, 
2019). Even so, a differentiation may be made in EV type (microvesicle, exosome, or apoptotic body) 
depending on EV protein content through mass spectrometry due to the differences in the formation of 
these different types of EVs (Doyle & Wang, 2019). In addition, much work has been done in recent 
years to identify miRNA expression by EVs of different origins (Louro et al., 2022). The most 
prevalent techniques used to identify and quantify EVs are resistive pulse sensing (RPS), and 
nanoparticle tracking analysis (NTA), both methods relying on light scattering. Although a 
differentiation between EV origins is difficult to make through investigation of marker proteins, 
marker proteins for EVs in general do exist and can be used to quantify EVs through ELISA or 
western blots (Davidson et al., 2022). In the case of, e.g., endothelial cell derived EVs, several surface 
markers are expressed through which the EV may be characterised, but none of these is expressed 
exclusively by these vesicles, making it necessary to investigate the presence of a combination of 
markers through flow cytometry (including but not limited to: CD31, CD54, CD62E, CD105, CD144, 
CD146, and von Willebrand factor; Hromada et al., 2017; Markiewicz et al., 2013). Though the 
pharmacokinetics of EVs remain unclear, several studies in mice have shown that therapies based on 
direct intravenous injection of EVs is unlikely to be very effective, due to rapid clearance of EVs from 
the blood stream to the liver and spleen (Smyth et al., 2015; Takahashi et al., 2013). With an 
estimated half-life of 1.5-3 minutes, intravenous injection with EVs is unlikely to deliver any long-
term benefits (Hafiane & Daskalopoulou, 2018). Though the exact therapeutic window is 
unknown, it is likely to be longer than the half-life mentioned, likely falling within the range of days-
weeks rather than minutes. For the purposes of this study, a therapeutic window of 14 days was 
assumed. 

 



1.4 Hydrogels 
 

In order to alleviate the issue of rapid clearance with injected EVs, we propose a different 
mechanism of EV delivery, namely through loading EVs into a hydrogel. Previous studies have 
shown that using a scaffold material can dramatically slow down EV clearance, improving EV-
promoted tissue regeneration. For example, Zhang et al. (2018) and Zhou et al. (2019) have both 
attempted similar methods loading hydrogels with EVs derived from mesenchymal stem cells (using 
chitosan hydrogel and a matrix metalloproteinase-2 sensitive self-assembling peptide (KMP2) 
hydrogel respectively). Both studies found improvements in stability and EV retention as a result, as 
well as decreased fibrosis and promotion of angiogenesis (in treating murine hindlimb ischemia in the 
case of Zhang et al. (2018) and improved renal function in mice which had undergone ischemia-
reperfusion injury in the case of Zhou et al. (2019).  

 
In addition to providing more control over the release kinetics of EVs upon 

injection/implantation, an added advantage to delivering EVs using a hydrogel is that this hydrogel 
may be further enriched with cells such as cardiomyocytes and cardiac fibroblasts in order to promote 
cell adhesion and migration (Koti et al., 2019). These cell types could both aid in supporting tissue 
regeneration and contractile function following AMI, while angiogenesis is promoted by the EVs’ 
recruitments of endothelial cells. This method is attractive as it would circumvent the need for the 
harvest of iPSCs and their differentiation into endothelial cells. Even so, a balance must be struck 
with regards to cell density within the hydrogel, as too many cells may interfere with the 
crosslinkability of the gel solution, therefore generating a weak gel that is too prone to degradation to 
adequately delay EV release (Lim et al., 2016). 
 

For the purposes of our study, we investigated hydrogels based on methacrylated gelatine 
(GelMA), as well as hydrogels constructed from unmodified silk fibroin (SF) and methacrylated SF 
(SilkMA). These hydrogel types were selected for their promising characteristics. For example, an 
important consideration is that of cytotoxicity and immunogenicity. As the eventual purpose of our 
bioink is to promote angiogenesis and reduce fibrosis in vivo, the materials used should not elicit these 
negative effects. Both GelMA and SF-based hydrogels have been shown to exhibit low toxicity, 
immunogenicity, as well as good biocompatibility (for silk hydrogels this comes with the footnote that 
they must be produced with silk fibroin only, as the combination of silk fibroin and sericin has been 
found to generate a pro-inflammatory response; Spicer, 2020); and the degradation products derived 
from GelMA in vivo are generally well-tolerated peptides (Kapoor & Kundu, 2016; Tondera et al., 
2016; Vettori et al., 2020). Many cell-laden hydrogels already investigated are relatively soft and 
prone to degradation, this seems to also be the case for GelMA. Silk-based hydrogels are proposed to 
have more sturdy mechanical properties due to their high protein crystallinity in the form of stable 
antiparallel β-sheet crystallites (formed by Gly-Ala-Gly-Ser and Gly-Ala/Ser/Tyr dipeptides; Kim et 
al., 2021) as well as being resistant to enzymatic degradation, which would make it more attractive for 
our purpose (Xiao et al., 2019). 
 

The choice of crosslinking method is important, as this too can influence the properties of the 
final product. In studies where a silk fibroin hydrogel was created, oftentimes a toxic crosslinker was 
used to create the hydrogel (Xiao et al, 2019).  For this project, we selected two methods of photo-
crosslinking, namely lithium phenyl(2,4,6-trimethylbenzoyl) phosphinate (LAP) for the crosslinking 
of GelMA, and a combination of riboflavin and sodium persulfate (Rb/SPS) for the crosslinking of 
our SF hydrogel. Here, the former works through the absorption of UV-light with a wavelength 
around 365 nm, and the latter is initiated using concentrated visible light within the 400-450 nm range 
(Lim et al., 2019). The use of ruthenium (Ru) instead of riboflavin was also considered. However, 
previous studies done by our lab found that the addition of EVs to Ru/SPS hydrogels resulted in poor 
crosslinking, thus we selected riboflavin as an alternative. Although we expect to see higher cell/EV 
survival rates using these photo-crosslinkers, UV-light is known to be more cytotoxic than visible 
light, generating free radicals that are highly reactive and have a damaging effect on DNA, cells, and 
tissues. For this reason, it is recommended to limit exposure to UV with a wavelength of 365 nm to 27 
J/cm3 (ICNIRP, 2004). Hence, we expected that hydrogels generated using the Rb/SPS crosslinker 



would feature a higher cell/EV survival rate than the hydrogels generated using LAP for crosslinking, 
in line with previous findings described by Lim et al. (2019) in their research of the effects of 
different photocrosslinkers on cell survival and metabolism within GelMA laden with articular 
chondrocytes. An added benefit of using photocrosslinkers is that they trigger crosslinking regardless 
of hydrogel temperature, omitting the need to heat the construct beyond temperatures tolerable to 
cells. 
 
1.5 Mechanical properties 
 

As the purpose of these hydrogels ideally would be to fungate as a cardiac patch, they should be 
able to fare well under considerable stress and must be able to withstand cyclic loading. Therefore, it 
must then be investigated through mechanical testing whether the construct is able to withstand these 
forces. Generally, a weight percentage between 0.1 and 10% polymer tends to create a gel that is 
sufficiently robust for the purposes of tissue regeneration while still featuring a highly porous network 
that allows for the exchange of oxygen and nutrients, the delivery and removal of metabolites and 
waste products, as well as allowing for infiltration of cells (Khan et al., 2015). In addition, high 
crosslink density reduces the capacity for swelling of the hydrogel, which is something to be avoided 
(Spicer, 2020). The swelling factor may be increased by adjusting the concentration of silk/gelatine. 
However, gels with a low polymer percentage, though appropriate for nutrient exchange, may be too 
weak to withstand the mechanical stresses presented by the cardiac environment. Hydrogels in general 
tend to be quite weak, so a balancing point must be found between crosslink density allowing nutrient 
exchange and mechanical strength when selecting the percentage of polymer in the construct. 

 
A method to increase the construct’s robustness is the addition of a supportive scaffold within the 

hydrogel. We investigated this through the addition of a hexagonal mesh generated through melt 
electrowriting, made using a printer fitted with nozzles for both MEW and pneumatic extrusion-based 
3D printing. Our reasoning being that this mesh would give added tunability to the permeability and 
the EV/cell retention and release of the hydrogel, but most importantly a MEW mesh would 
significantly increase the mechanical strength and stability of our hydrogel, as hydrogels are 
inherently soft (de Ruijter et al., 2019). The hexagonal features of this mesh have been shown to 
exhibit a much larger elastic energy and greater capacity for deformation than MEW scaffolds with 
the more commonly fabricated rectangular microstructure. This can be considered an advantage 
especially when taking into account the dynamic strains the scaffold would be placed under in the 
rhythmic contractions of the cardiac environment. One downside to the use of this mesh is that the 
degradation profile of PCL, spanning several years in tissue because of an extremely slow rate of 
hydrolysis, would not match up with the much quicker degradation profiles of either of the hydrogels 
used (Spicer, 2020). We used a combined MEW/extrusion-based 3D printer (RegenHU) to generate 
our MEW meshes, which opens up the possibility of creating MEW meshes and extruded hydrogels 
with the same machine, streamlining production, reducing variability and cost.   
 
1.6 EV release and uptake 

 
As the hydrogel samples are loaded with extracellular vesicles, it is important for the hydrogel to 

facilitate adhesion of those items to the hydrogel itself. In the case of GelMA, as the gels origins lie in 
hydrolysed and denatured collagen, it inherently features many of the necessary proteins and 
carbohydrates naturally present in collagen which promote adhesion (such as the RGD sequence), but 
in the case of silk fibroin it is unclear whether this gel precursor contains these or similar proteins 
(Spicer, 2020; Xiao et al., 2019). Therefore, it is especially necessary to perform EV uptake and 
release tests. If it is found that SF is insufficiently capable of retaining EVs, the addition of synthetic 
peptide sequences such as RGDS (which is known to promote cell binding) should be considered 
(Spicer et al., 2018). Unfortunately, the scope of this project did not allow for EV uptake tests, but EV 
release tests were performed. 

 



Because the hydrogel should be able to be invaded by cells, and the concentration of endothelial 
cell derived EVs cannot be too high to prevent inhibition of angiogenesis, it is important that the 
hydrogel degrade at an appropriate rate to support tissue retention. Previous research has shown that 
angiogenesis takes approximately 14 days on average in vivo, so this number was held as a baseline 
target for the degradation period of our hydrogel (Bejleri et al., 2018). Both SF and GelMA are 
biodegradable, though they have dissimilar degradation profiles, GelMA being quicker to degrade. It 
is expected that gradual release of EVs from hydrogels will be observed rather than a burst-release 
pattern, in-keeping with results found by previous research (Mol et al., 2019). 

 
1.7 Prepolymer solution pH 

A little-studied factor with which to influence SF-based hydrogel properties is pH. Barroso et 
al. (2021) developed a methacrylated silk fibroin hydrogel from a purified methacrylated-protein 
solution with a pH of 4.5-5, whereas pure silk solutions have a neutral pH. They found that hydrogels 
with pH between 5-8 for the prepolymer solution generated highly transparent, elastic, and easily 
manageable hydrogels. The storage and compressive moduli were significantly greater for hydrogels 
with pH 5 as compared to pH 7 and pH 8 hydrogels. However, this came at the expense of a 
significantly decreased swelling factor and increased β-sheet crystallinity (which in turn negatively 
affects elasticity). Overall, though pH tuning provides a way to tune physical properties of our 
hydrogel without adjusting polymer concentrations, we didn’t make use of this fact in our study, but it 
is something for researchers aspiring to work with SF-based hydrogels to keep in mind.  
 
1.8 Degree of methacrylation 

Tuning of the physical properties of a hydrogel (i.e., porosity, pore size, stiffness, and 
degradability) is possible by adjusting concentration of the polymer and (photo)crosslinkers as 
discussed above, as well as the degree of crosslinking. This last feature, though influenced by 
crosslinker concentration and crosslinking period, can also be influenced by the degree of 
methacrylation of our GelMA and SilkMA hydrogels, which may be increased/decreased by adjusting 
the volume of glycidyl methacrylate (GMA) added to prepolymers. A study done by Sukul et al. 
(2020) found that the addition of methacryloyl groups to gelatine significantly increased pore sizes, 
with greatest pore sizes occurring when gelatine was 69% methacrylated. The higher the degree of 
methacrylation, the lower the capacity for swelling and the higher the compressive modulus (resulting 
in a stiffer product). In relation to cell viability, higher degrees of methacrylation correlated with 
higher degrees of cell attachment, and whereas cells in GelMA methacrylated at 69% did not seem to 
proliferate much, cells did at a degree of methacrylation of 84%. Increased degree of methacrylation 
also seemed to promote an initial increase in the secretion of paracrine factors, however, low degrees 
of methacrylation outperformed on cytokine secretion in the long run (Sukul et al., 2020). This holds 
true for both GelMA and SilkMA, as H. H. Kim et al. (2018) found that when methacrylation is 
increased, SF concentration needed to induce gelation as well as gelation time are reduced. Overall, a 
higher degree of methacrylation tends to lead to a stiffer hydrogel with larger pores, which may be 
more conducive to cell-attachment and cell proliferation. Increasing methacrylation, however, comes 
at the cost of reduced swelling factor and reduced cytokine secretion, as well as a slower rate of 
degradation (H. H. Kim et al., 2018). For the purposes of this study, GelMA and SilkMA were 
methacrylated to approximately 80%. 
 
 
  



2. Methods: 
 
2.1 Outline 

The basic aim of this study is to assess the applicability of GelMA and silk fibroin-based 
hydrogels in the slow-release delivery of EVs via a cardiac patch, in order to promote angiogenesis 
and reduce cardiac fibrosis following implantation into patients who have suffered major 
cardiomyocyte loss due to cardiovascular diseases/events such as AMI. This EV-laden hydrogels were 
cell free as our focus is on delaying the release of EVs over a period of 14 days, and the addition of 
cells may interfere with the crosslinkability of the hydrogels, therefore affecting the stability and 
mechanical properties of this gel over time. However, future researchers may consider enriching such 
hydrogels with cardiomyocytes and cardiac fibroblasts to further promote angiogenesis. The gels 
created differ in prepolymer concentration and are photocrosslinked either via LAP with UV light or 
via the Rb/SPS system using visible light. The mechanical and rheological properties of these 
hydrogels were then tested, so that their effect on the release window of EVs may be ascertained. 
Little is currently known about the therapeutic window necessary for treatment with EVs. However, 
on average, angiogenesis takes place over a period of around two weeks. Thus, our initial target for 
the EV release window was 14 days.  
 
2.2 Hydrogel preparation 

Silk fibroin was isolated from Bombyx mori cocoons and prepared according to the procedure 
described by S. H. Kim et al. (2021), where 1.5 ml GMA was added after the SF was fully dissolved 
for batches destined to be SilkMA. Different concentrations of prepolymer solution within the 
hydrogels were made to ascertain their workability. For SilkMA crosslinked with LAP, concentrations 
of 4%, 8%, and 12% were deemed applicable, whereas for SF crosslinked via the Rb/SPS system, 
concentrations of 3%, 6%, and 9% were deemed applicable. Lyophilized GelMA was brought to 
concentrations of 3%, 6%, and 9% in PBS. Stocks were kept at 4 °C for storage. Hydrogels were 
crosslinked with either a final concentration of 0.1% w/v LAP in the cases of GelMA and SilkMA, or 
2/10 mM Rb/SPS in the case of SF. Photocuration periods for GelMA and SilkMA were 10 minutes 
sans EVs. Photocuration periods for SF hydrogels and all EV-loaded hydrogels were 25 minutes, as 
the addition of EVs to GelMA was observed to affect the necessary time needed for crosslinking. 
GelMA and SF groups were assessed for their mechanical and rheological properties, static and 
dynamic EV release kinetics. Hydrogel samples were cast by depositing 52 µL of solution in a 2 mm 
thick Teflon mould with 6 mm wells. SF + Rb/SPS was photo-crosslinked through visible light using 
a 50Hz 20W LED floodlight, whereas SilkMA + LAP and GelMA + LAP were photocrosslinked 
using a 4W hydrozone lamp producing UV light with a 365nm wavelength. 

Initially, we had planned to compare GelMA to methacrylated SF (SilkMA). However, the 
addition of glycidyl methacrylate (GMA) to the SF resulted in inconsistent results during the dialysis 
process, sometimes causing the gel precursor solution to prematurely gelate within the dialysis tubes. 
Therefore, the SilkMA avenue was abandoned in favour of SF that wasn’t treated with GMA, yielding 
much more reliable batches of gel precursor solution. The few results that were obtained using 
successful SilkMA batches have been included in this paper. 

Silk fibroin sterilisation is challenging. Silk fibroin solutions, when cocoons are boiled for 
five minutes, contain strands that are too long to be sterilised by filtration, and sterilisation with heat, 
steam, or alcohol is not feasible as these factors cause gelation. Thus, all silk fibroin solutions were 
sterilised through 30 minutes of exposure to UV in a UV oven (prior to the addition of 
photocrosslinkers to avoid premature gelation). 

The degree of methacrylation (DM) of GelMA was quantified by colleagues from the RMCU 
through proton nuclear magnetic resonance spectroscopy (1H NMR). The DM was calculated from the 
integrated area of signals corresponding to the lysine methylene groups (δ = 7.05 – 7.25 ppm) and the 
phenylalanine groups of gelatine (δ = 2.82 – 2.91 ppm), in line with the method previously reported 
by Gu et al. (2021). DM was determined to be approximately ~83% using the following formula: 
 

DM(%) = 1 - 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑃𝑃𝑟𝑟𝑃𝑃𝑃𝑃(𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑃𝑃 𝑚𝑚𝑃𝑃𝑚𝑚ℎ𝑙𝑙𝑙𝑙𝑃𝑃𝑙𝑙𝑃𝑃)
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑃𝑃𝑟𝑟𝑃𝑃𝑃𝑃(𝑝𝑝ℎ𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑃𝑃𝑙𝑙𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑃𝑃)

∗ 100 (1) 



  
 

 
2.3 Extracellular vesicle preparation 

Extracellular vesicles obtained from human induced pluripotent stem cells (hiPSC) in 
Portugal by Professor Margarida Serra’s research group in IBET in Lisbon, Portugal, according to 
protocols previously described by Louro et al. (2022). hiPSCs were first cultured and expanded on 
Matrigel-coated plates at 37 °C, and then differentiated towards cardiomyocytes (CM). When over 
80% of the cultured cells exhibited beating (and had thus differentiated towards cardiomyocytes), 
cells were dissociated from the coated plates, to create hiPSC-CM aggregates. hiPSC-CM aggregates 
were matured under influence of maturation medium, and cells were harvested at different time points 
to assess cell viability. From the matured hiPSC-CM cell aggregates, EVs were separated through 
differential centrifugation and subsequently through density gradient ultracentrifugation. EVs were 
then obtained by removing the resulting supernatant, and a stock solution was created by adding a 
homogenization buffer. EV concentrations of the EV-buffer stock solutions were then determined 
through nanoparticle tracking analysis (NTA) by IBET, and fluorescently labelled with PKH26. EVs 
were then shipped to the RMCU, where they were added to our hydrogel precursor solution at an 
initial concentration of 1.50*1010 particles/ml of hydrogel solution. 
 
2.4 Degree of methacrylation 

Degree of methacrylation may be analysed through Fourier-transform infrared spectroscopy 
(FT-IR), proton nuclear magnetic resonance (1H-NMR) spectroscopy, or through a 2,4,6-
trinitrobenzene sulfonic acid (TNBS) assay (S. H. Kim et al., 2021). For the purposes of our study, all 
GelMA and SilkMA hydrogels used a concentration of 0.8 MA per gram of gelatine/SF for a degree 
of functionalization of ~80%. The DM of the GelMA used for this study was determined through 1H-
NMR, where spectra were obtained through the usage of an Agilent spectrometer (400 MHz). Freeze-
dried GelMA was allowed to reach room temperature in a closed container, after which 5 mg GelMA 
was dissolved in 800 µl of deuterium oxide inside an NMR glass tube. The mixture was kept at a 
consistent 37 ºC until it had homogenised. 64 scans in the 0-12ppm range were recorded in order to 
generate spectra, which were then subsequently analysed with iNMR software. 
 
2.5 Photoinitiator concentration 

Altering the concentration of the photocrosslinker has an effect on crosslinking time, 
viscosity, and cell viability. In addition, Born et al. (2021) mentioned in their preprint that they found 
that increasing photoinitiator concentration prolonged the EV-release window. 

 
Figure 1. typical results from 1H NMR testing of GelMA, with peaks for lysine methylene and 
phenylalanine denoted in the graph (0.169 and 1 respectively), accounting for a degree of 
methacrylation of approximately 83.1%. 



Lowering the concentration of the photocrosslinker, on the other hand, increases the time 
necessary to crosslink, thus increasing exposure of any cells in the hydrogel to damaging UV light. 
The recommended final concentration of LAP is between 0.05 – 1.0% w/v (Monteiro et al., 2018). 
Thus, a LAP concentration of 0.1% w/v was assessed using hydrogels with the previously mentioned 
gelatine/silk concentrations.  

Lim et al. (2019) found that the optimal concentration of Ru/SPS, based on crosslinking time 
and desired mechanical properties, was 0.2/3 mM when exposing 10% w/v GelMA for 3 minutes. 
However, the optimal exposure time is highly dependent on light intensity, and thus the periods stated 
may not be appropriate for our experiments. They note that the usage of Ru/SPS is superior to the use 
of LAP as it requires much lower concentrations and is therefore likely less harmful cells, as well as 
being less disruptive of the hydrogel’s mechanical and rheological properties. Concentrations 
investigated by Lim et al. (2019) were 0.1/1, 0.2/2 and 0.3/3 of Ru/SPS (mM/mM) and 0.05% w/v 
LAP, both at exposure durations of 0.5, 1, 3, 5, 10, and 15 minutes. At 0.1/1 mM/mM Ru/SPS, 5 
minutes were necessary to make a stable hydrogel with a sol fraction between 35-42%. At 0.2/2 
mM/mM Ru/SPS, there is a significant decrease in crosslinking time (0.5 min) to obtain a similar sol 
fraction (30%). Increasing linkage time eventually led to a plateau in the sol fraction to about 15%. 
Sol fractions when using Ru/SPS were identical between 0.2/2 mM/mM and 0.3/3 mM/mM 
concentrations. From results of printing with Ru/SPS in our lab, a concentration of 0.5/5 mM seems to 
generate hydrogels with superior mechanical strength. Overall, LAP was faster to crosslink, showing 
a plateauing sol fraction after 0.5 minutes of UV exposure. This is in contrast to results found by 
Yang et al. (2021), where the Ru/SPS system was found to have the greatest crosslinking speed, 
requiring less than 5 seconds to polymerize. Part of the difference in photoinitiator performance 
between these studies may well be attributed to the utilisation of different hydrogels (GelMA vs 
GelAGE). However, the addition of EVs to hydrogels containing Ru/SPS was found to cause the 
hydrogel to fail to crosslink completely, therefore, this avenue of photocuration was eventually 
abandoned. Instead, we investigated SilkMA and GelMA crosslinked with 0.1% LAP, as this has been 
shown to be an appropriate concentration for the formation of stable hydrogels. A concentration of 
2/10 mM Rb/SPS was used for the crosslinking of SF, as this concentration has been shown to 
produce stable SF hydrogels (Piluso et al., 2020). 
 
2.6 MEW mesh 

Gels were either tested with or without the addition of a melt electrowritten (MEW) polyester 
polycaprolactone (PCL) mesh, added with the intention of providing extra stability and mechanical 
strength to the construct and to tune the EV release kinetics. These meshes featured a hexagonal 
structure of fibres with a diameter of around 13 µm, and it were generated in the manner described by 
Castilho et al. (2018). Granular medical grade PCL was inserted into a glass syringe and molten at 85-
90 ºC. The PCL was subjected to pressurized N2 via a sealed hose. The polymer filament was then 
subjected to high voltage and deposited in wavy connecting lines, creating a hexagonal pattern. A 
hexagonal structure is chosen for its added stability and strength. Meshes were generated in 
rectangular sheets of 35 layers of PCL, upon which 5mm circles were created using a biopsy punch 
(depending on whether the gels had a diameter of 6mm. When this scaffold was added in our casted 
hydrogels, half of the solution was added before placing the mesh into the mould, finishing with the 
other half of the solution so that the mesh is fully immersed in the hydrogel solution. Mechanical, 
rheological, and EV-release tests were conducted on gels with and without meshes, whereas hydrogel 
formation and degradation kinetics tests utilised only gels without meshes. 
 
2.7 Hydrogel formation test 
 In order to assess the formation of the different hydrogels, 3 different factors were assessed, 
namely: sol fraction, actual macromer fraction (AMF), and swelling factor. The sol fraction denotes 
the fraction of prepolymer solution added that is actually crosslinked, as opposed to the prepolymer 
solutions that remains soluble after being exposed to the relevant light source. Sol fraction is 
calculated through the following equation (1): 
 



𝑆𝑆𝑆𝑆𝑆𝑆 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑆𝑆𝑓𝑓 =  
𝑑𝑑𝑓𝑓𝑑𝑑(𝑓𝑓 = 0) − 𝑑𝑑𝑓𝑓𝑑𝑑(𝑓𝑓 = 1)

𝑑𝑑𝑓𝑓𝑑𝑑(𝑓𝑓 = 0)
 

 

(2) 

In order to assess the Sol fraction, hydrogels without meshes and EVs were cast in Teflon 
moulds with circular wells with a diameter of 6mm and a height of 2mm. Gels were then 
weighed and either freeze-dried immediately or incubated at 37 ºC in 500 µl PBS for 24 
hours and then freeze-dried by first freezing the samples overnight and then lyophilizing for 3 
days. These weights were also used to assess the swelling factor and actual macromer 
fraction, where the swelling factor denotes the hydrogel’s swelling capacity in PBS after a 
24-hour period, and the actual macromer fraction denotes what fraction of the wet weight of a 
hydrogel is polymer (as opposed to water). These were calculated according to equations (2) 
and (3): 
 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑓𝑓𝑓𝑓𝑆𝑆 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑆𝑆𝑓𝑓 =  
𝑆𝑆𝑆𝑆𝑓𝑓(𝑓𝑓 = 1) − 𝑑𝑑𝑓𝑓𝑑𝑑(𝑓𝑓 = 1)

𝑑𝑑𝑓𝑓𝑑𝑑(𝑓𝑓 = 1)
 

 

(3) 

𝐴𝐴𝐴𝐴𝐴𝐴 =  
𝑑𝑑𝑓𝑓𝑑𝑑(𝑓𝑓 = 0)
𝑆𝑆𝑆𝑆𝑓𝑓(𝑓𝑓 = 0)

 

 

(4) 

 
Ordinary one-way ANOVAs with multiple comparisons were then performed per gel-type (GelMA, 
SF, and SilkMA) for the Sol fraction, swelling factor, and AMF. 
 
2.8 Degradation kinetics test 
 A degradation kinetics test was performed by casting 5 mm by 2 mm hydrogel disks in a 
sterile environment. Hydrogels were made without EVs or meshes, and degradation kinetics tests 
were performed for GelMA and SilkMA crosslinked through UV with LAP for 10 minutes, and SF 
crosslinked through concentrated visible light with Rb/SPS for 25 minutes. Samples were weighed, 
then suspended in 1ml of PBS, after which they were left to degrade in a 37 ºC incubator for the 
selected time periods (1, 2, 4, 7, 14, 21, and 28 days). For each batch of gel, 3 samples were kept 
separate and immediately weighed and freeze-dried to ascertain the actual macromer fraction. After 
the degradation period had passed, PBS was removed from the Eppendorf and the hydrogel disk was 
freeze-dried and weighed. Dry weight at t=t and the relevant actual macromer fraction were used to 
calculate the dry weight of the sample at t=0 and compared to t=t in order to assess the rate of 
degradation. Degradation was defined as the % loss of dry mass, which consists mainly of the 
polymer part of the hydrogel and less so of the photoinitiator. This was calculated using the following 
formula: 
 
 
 

 

% 𝑑𝑑𝑆𝑆𝑆𝑆𝑓𝑓𝑓𝑓𝑑𝑑𝑓𝑓𝑓𝑓𝑓𝑓𝑆𝑆𝑓𝑓 = 100 ∗
𝑑𝑑𝑓𝑓𝑑𝑑(𝑓𝑓 = 0) − 𝑑𝑑𝑓𝑓𝑑𝑑(𝑓𝑓 = 𝑓𝑓)

𝑑𝑑𝑓𝑓𝑑𝑑(𝑓𝑓 = 0)    

= 100 ∗
(𝑆𝑆𝑆𝑆𝑓𝑓(𝑓𝑓 = 0) ∗ 𝐴𝐴𝐴𝐴𝐴𝐴) − 𝑑𝑑𝑓𝑓𝑑𝑑(𝑓𝑓 = 𝑓𝑓)

𝑆𝑆𝑆𝑆𝑓𝑓(𝑓𝑓 = 0) ∗ 𝐴𝐴𝐴𝐴𝐴𝐴
 

 

 
(5) 

 
A two-way ANOVA with multiple comparisons was subsequently performed for all degradation 
kinetics tests, where p = 0.05. 
 



2.9 EV release (fluorimetry and nanoparticle tracking analysis) 
 In order to assess the EV release window from our gels, an EV release test was performed. 
Sterile GelMA + LAP and SF + Rb/SPS samples with and without EVs and meshes were cast (n=3 
per condition). Samples were transferred to individual Eppendorf tubes with 500 µl sterile PBS. At 
pre-selected time points (GelMA: 4h, 1d, 2d, 4d, 7, & 14d; SF: 4h, 1d, 3d, 7d, & 14d), 250 µl fluid 
was removed per Eppendorf and frozen, while 250 µl sterile PBS was added to the samples to keep 
the volume into which EVs could release constant. Fluids were then transferred to a 96-well plate 
(250 µl per well) and analysed using a Multimode plate-reader detecting PKH26, EV concentrations 
were determined by comparing fluorescence to an EV standard curve made in the same well plate 
with known concentrations. Before these tests were done, it was determined whether our 
photoinitiators could cause interference. For LAP, it was already known that this photoinitiator caused 
little to no interference when detecting PKH26, but for Riboflavin there was some uncertainty. Thus, 
a standard curve with known concentrations of Rb was made and analysed. Unfortunately, when 
detecting fluorescence of wavelengths 520±8-567±8 nm riboflavin generated a significant amount of 
noise. Thus, for the actual EV release tests, well plates with SF + Rb/SPS always contained samples 
with and without EVs so that an estimate of noise generated by the riboflavin may be made and 
subtracted from the values of EV-loaded samples. Cumulative and individual EV-release was then 
calculated per time-point, accounting for dilution through the following formulae: 
 

𝐼𝐼𝑓𝑓𝑑𝑑𝑓𝑓𝐼𝐼𝑓𝑓𝑑𝑑𝐼𝐼𝑓𝑓𝑆𝑆 𝐸𝐸𝐸𝐸 𝑓𝑓𝑆𝑆𝑆𝑆𝑆𝑆𝑓𝑓𝑟𝑟𝑆𝑆 (𝑓𝑓 = 𝑓𝑓)

= 100 ∗  
𝑓𝑓𝐼𝐼𝑛𝑛𝑛𝑛𝑆𝑆𝑓𝑓 𝑆𝑆𝑓𝑓 𝐸𝐸𝐸𝐸𝑟𝑟 (𝑓𝑓 = 𝑓𝑓) + 0.5 ∗ 𝑓𝑓𝐼𝐼𝑛𝑛𝑛𝑛𝑆𝑆𝑓𝑓 𝑆𝑆𝑓𝑓 𝐸𝐸𝐸𝐸𝑟𝑟(𝑓𝑓 = 𝑓𝑓 − 1)

𝐸𝐸𝐸𝐸 𝑆𝑆𝑆𝑆𝑓𝑓𝑑𝑑
 

 

(6) 

𝐶𝐶𝐼𝐼𝑛𝑛𝐼𝐼𝑆𝑆𝑓𝑓𝑓𝑓𝑓𝑓𝐼𝐼𝑆𝑆 𝐸𝐸𝐸𝐸 𝑓𝑓𝑆𝑆𝑆𝑆𝑆𝑆𝑓𝑓𝑟𝑟𝑆𝑆 (𝑓𝑓 = 𝑓𝑓) = 𝐼𝐼𝑓𝑓𝑑𝑑𝑓𝑓𝐼𝐼𝑓𝑓𝑑𝑑𝐼𝐼𝑓𝑓𝑆𝑆 𝐸𝐸𝐸𝐸 𝑓𝑓𝑆𝑆𝑆𝑆𝑆𝑆𝑓𝑓𝑟𝑟𝑆𝑆 (𝑓𝑓 = 𝑓𝑓) + 𝐶𝐶𝐼𝐼𝑛𝑛𝐼𝐼𝑆𝑆𝑓𝑓𝑓𝑓𝑓𝑓𝐼𝐼𝑆𝑆 𝐸𝐸𝐸𝐸 𝑓𝑓𝑆𝑆𝑆𝑆𝑆𝑆𝑓𝑓𝑟𝑟𝑆𝑆 (𝑓𝑓
= 𝑓𝑓 − 1) 

 

(7) 

Where EV load is always 1.50E+10 particles/ml, and the number of EVs is calculated by first 
generating a trendline for the EV standard curve, and then inputting sample fluorescence into the 
generated equation for that trendline. For SF gels, an additional step is necessary in calculating the 
number of EVs, where the average fluorescence of samples without EVs matching other conditions of 
the relevant sample is subtracted to account for Rb interference before calculating the true number of 
EVs. Sadly, even with these steps taken to correct for  Rb interference, it was deemed impossible to 
accurately gain EV counts from SF samples through fluorescent plate reading. Thus, EV counts were 
instead garnered through nanoparticle tracking analysis (NTA) using a NanoSight NS300 machine. 5 
captures of 60 seconds each were taken in triplicate per condition using standard measurements, with 
initial screen gain set to 4.0 and camera level set to 9. For processing, screen gain was set to 5.0, and 
detection threshold was set to 26. Two-way ANOVAs were performed on EV release data from 
GelMA and SF with and without meshes in GraphPad Prism on both cumulative and individual (EV 
release per time point) data. Time points were 4 hours, 1 day, 2 days, 4 days, 7 days, and 14 days.  
 

The NanoSight’s own software calculated mean and standard error for particle concentration 
for each test. Since each test contained the same number of captures (N=5), measurements done in 
triplicate were averaged according to the following equations: 

µcombined = 1
3
 (µ1 + µ2 + µ3) (8) 

σcombined = �
(𝑆𝑆𝑆𝑆1∗√5)2+(𝑆𝑆𝑆𝑆2∗√5)2+(𝑆𝑆𝑆𝑆3∗√5)2

3  
(9) 

SEcombined = 𝜎𝜎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

√3
 (10) 

 



2.10 Dynamic EV release 
A dynamic EV release test was performed using an MTS Criterion universal testing machine 

fitted with a parallel plate system and a 50N sensor. 6x2mm SF hydrogel discs were placed into a 
2mL PBS bath (consisting of 3D printed PLA generated with an Ultimaker S3) and subjected to cyclic 
loading with a frequency of 1 Hz at a maximum strain of 10% to simulate cardiac compression. This 
was done in order to investigate whether the dynamic environment of the heart might affect the EV 
release window. Due to time and material constraints this test was limited to SF + Rb/SPS gels with 
and without meshes, as these are the focus of our research. As a control, half of the gels (n=3 per 
condition) were placed in the PBS bath but not subjected to cyclic loading. After a 15-minute period 
of cyclic loading, the PBS was removed from the bath, transferred to an Eppendorf tube and frozen. 
The water bath was then emptied, rinsed with PBS, dried, and re-used. PBS samples were analysed 
through NTA with a NanoSight NS300 machine in order to ascertain the level of EV release. All 
NanoSight settings were identical to those used for the EV release test described in the previous 
section, generating 5 captures of 60 seconds in triplicate per condition. As with the EV release test 
described in 2.9, measurements done in triplicate were averaged according to formulae 7-9. Data was 
analysed using GraphPad Prism through ordinary two-way ANOVAs. 
 
 
2.11 Mechanical and rheological properties 
 
2.11.1 Compression 
 Unconfined compression tests were performed using an MTS Criterion universal testing 
machine fitted with a parallel plate system and a sensor with a maximum capacity of 50N. 
Compression tests were run using 6 x 2 mm cylindrical cast hydrogels which were deformed to a 
maximum strain of 85% at a speed of 0.003 mm/s. Hydrogel samples were cast at the RMCU in 
Utrecht, then transported to a TU/e lab in Eindhoven for overnight storage at 4 ºC, before being used 
for testing. Tests were performed with between 3 and 6 replicates for each condition.  
 Data gathered from compression tests conducted as described in the methods section were 
analysed in R, outliers were removed, and Young’s moduli and yield strengths were calculated. In 
order to obtain yield strength, a function was created which generated linear models over the data per 
replicate, varying endpoints of the linear models from 1% to 85% strain (the cut-off strain for our 
compression tests) in steps of 0.1%. The function then selects the linear model with the highest r 
squared (the best fit). The function then defines the yield point/strength as the stress value 
corresponding to the measured strain value which is closest to the endpoint which generated the 
highest r squared. Young’s moduli can then be derived as the coefficient of the linear model with the 
highest r squared.  
After Young’s moduli and yield strength were collected for each replicate per gel type with and 
without mesh, groups were compared using Student’s T-tests. 
 
2.11.2 Stress-relaxation 
 Unconfined stress-relaxation tests was performed using an MTS Criterion universal testing 
machine fitted with a parallel plate system and a sensor with a maximum capacity of 50N. Hydrogel 
samples were transported identically to those used for the compression tests. Stress relaxation tests 
were run using 6 x 2 mm cylindrical cast hydrogels, generating 6 replicates for each condition. 
Hydrogels were tested while submerged in PBS. Following a 0.1 N pre-load, hydrogel samples were 
subjected to a strain ramp with a maximum strain of 15%, ramping up at 0.01 mm/s. After 15% strain 
was reached, strain was kept constant for 15 minutes and changes in force were measured. τ1/2, which 
was defined as the time it took after reaching 14.9% strain (defined as t=0) to halve the stress found at 
t=0, was calculated from our data by finding the intercept of the average stress at t=0 per gel type x 
0.5 with each replicate’s stress-time curve in RStudio. As our data contains a lot of noise due to the 
low loads measured as compared to the sensitivity of the sensor used, we elected to clean our data by 
making calculations over a rolling mean with window-size 25. This window-size was selected as it 
removes outliers and reduces variation without compromising too much on reliability of our data. 
 



2.11.3 Amplitude sweep 
 Amplitude sweeps were conducted using TA Instruments’ Discovery HR-2 rheometer fitted 
with 20mm parallel aluminium plate geometry. Temperature of the hydrogel was kept at a constant 20 
ºC with the help of a Peltier plate. Data was acquired through TRIOS software. Hydrogel samples 
were cast as 6 x 2 mm cylindrical discs, and 6 replicates were generated for each condition (gel type, 
concentration, and mesh presence). Frequency was kept constant at 1 Hz, while strain was increased 
to a maximum of 1500%. Graphs were generated and data was analysed in RStudio, outliers were 
removed, resulting in 3-6 samples per group. 
 
2.11.4 Frequency sweep 
 Frequency sweeps were conducted using TA Instruments’ Discovery HR-2 rheometer fitted 
with 20mm parallel aluminium plate geometry. Temperature of the hydrogel was kept at a constant 20 
ºC with the help of a Peltier plate. Data was acquired through TRIOS software. Using data from the 
amplitude sweeps and compression tests, 1% strain was deemed appropriate for the frequency sweeps, 
while frequency was increased to a maximum of 15Hz. Hydrogel samples were cast as 6 x 2 mm 
cylindrical discs, and 6 replicates were generated for each condition (gel type, concentration, and 
mesh presence), however, only on average half of those replicates yielded usable results. Graphs were 
generated and data was analysed in RStudio, outliers were removed, resulting in 3-6 samples per 
group. 
 
  



3. Results and discussion: 
 
3.1 Hydrogel formation:  
 

No significant differences were found between Sol fractions, likely due to high variance, as 
can be derived from figure 2.A. Even so, it seems that higher concentrations result in a lower Sol 
fraction for silk-based hydrogels, whereas Sol fraction increases with higher polymer concentration 
for GelMA. This may suggest that low concentrations of GelMA and higher concentrations of silk-
based hydrogels require less time to photo-crosslink fully. The reliability of the results obtained are 
dubious however, as significant differences in Sol fractions dependent on gel concentration have been 
observed in past research and were thus expected. The high variance observed in our samples is likely 
due in part to scale inaccuracies, as sample weights were very small, testing the limitations of the 
supposedly microgram-accurate scales. In order to alleviate this issue, samples were weighed thrice, 
and average weight was noted. In addition, hydrogel formation tests were done with 3 x 52µl hydrogel 
discs per Eppendorf tube. However, this increase in sample weight may not have been enough to 
produce reliable scale results. In future, heftier samples should be used (or more 52µl hydrogel discs) 
to reduce the effect of scale inaccuracies.  

For the swelling factor, the only significant differences were found between different 
concentrations of SF, whereas GelMA and SilkMA of different concentrations showed no significant 
difference. Mean swelling factor for the different concentrations of SF ranged from 5.985 to 18.56, 
whereas GelMA and SilkMA ranged from 9.718 to 11.15 and from 11.31 to 13.85 respectively. For 
all gels, however, a higher concentration of polymer seemed to result in a lower swelling factor. This 
makes sense, as an increase of polymer concentration increases the number and density of crosslinks 
within the hydrogel, negatively affecting the gel’s ability to take up water. In the case of GelMA, the 
lack of difference in swelling factors according to polymer concentration may be due to the increase 
in Sol fraction at higher concentrations, which may indicate that a higher percentage of polymer did 
not crosslink/gelate. Therefore, the crosslink density in the higher concentrations of GelMA would not 
be as high as expected and the higher concentrations of GelMA would not affect the swelling factor as 
much as anticipated. 

As for the actual macromer fraction, the only significant difference found between gels of 
different concentrations was between GelMA_3% and GelMA_12%, with means ranging from 0.0623 
to 0.1109.  

   

 
 

Figure 2. hydrogel formation tests conducted on EV-less, mesh-less gels: sol fraction (A), 
swelling factor (B), and actual macromer fraction (C) are noted as ratios on the y-axis, while 
different gel types are denoted as coloured bars. Significance in factor between gel 
concentrations of the same hydrogel type (GelMA, SF, and SilkMA) is denoted with asterisks. 



3.2 Degradation kinetics: 
Relatively few of the comparisons were statistically significant, likely in part due to the high 

variability between replicates, which can be seen in figure 3.A-I. This may be due to a number of 
factors including the difficulty of obtaining accurate and consistent results when weighing due to the 
very slight weight of the samples (hence the decision to add 3 x 52µl samples per Eppendorf as 
opposed to the initial 1 sample), as well as human error due to inexperience. In addition, the scales 
may not be consistent over time. Samples dry weightst=t were noted on the day those samples finished 
freeze-drying rather than weighing all samples together, which may have yielded more variation due 
to inconsistencies in the scale used over time (in particular, the unexpectedly high degradation of 
SilkMA samples on day 4 jumps out). Regardless, an indication of degradation over time can certainly 
be observed through the scatter plots in figure 3. Although most comparisons did not yield a 
significant result due to the high variability, by day 21, the difference between GelMA_3% and the 
silk-based hydrogels is so stark that even though there is high variability, a significant difference is 
observed. In addition, from day 21 onwards, GelMA_3% also shows a significantly higher 
degradation than higher concentrations of GelMA. By day 28, there is also a significant difference in 
degradation between GelMA_12% and both SilkMA_8% as well as SilkMA_12%, where 
GelMA_12% has lost a higher percentage of its dry mass. For more info on which comparisons 
generated significant results, see supplementary table 1. It seems likely then, that GelMA_3% is unfit 
for the purposes of prolonged EV release, as hydrogels of this concentration do not seem to last much 
longer than 4 days, whereas we are aiming for a release window of 14 days. The concentration of 
hydrogel precursor seems to have a significant effect on GelMA hydrogels, and less so for SF-based 
hydrogels. Whereas GelMA_3% reached complete degradation by day 4, GelMA_6% and 
GelMA_12% reached a mean degradation of 45.34% and 39.65% by day 28 respectively. Silk-based 
hydrogels, on the other hand, all reached an end mean degradation below 25%, and thus seem to be 
more stable over time than GelMA. As we hope to achieve a relatively consistent rate of EV release 
over our 14-day release window, the superior stability of silk-based hydrogels are expected to make 
them a more attractive choice over GelMA for our purposes. Although significant differences were 
not found in many instances, they are also not necessarily expected in all groups. The high 
degradation of GelMA_3% as compared to the degradation of higher concentrations of 
GelMA is to  be expected, as these gels were observed to be much weaker and more 
challenging to get to crosslink successfully. Proportionally, gels made at a concentration of 
3% GelMA are mostly water, even more so than the higher concentrations of GelMA. 
Because of this, and the subsequent difficulties in crosslinking, these crosslinks may also fail 
more easily over time than with GelMA hydrogels at higher concentrations. For GelMA_6% 
this seems to not be the case, perhaps the presence of GelMA in these hydrogels has reached 
a point at which crosslinks are more prevalent, stable, and thus more difficult to break and 
less prone to degradation over time. If so, then a reduction in degradation as a result of 
increasing the percentage of GelMA beyond 6% would not be expected. SF-based gels have 
been shown to have higher mechanical strength, and thus may not need as high a 
concentration of hydrogel precursor solution as GelMA due to the strength of their bonds. It 
is then unsurprising that raising SF or SilkMA concentration does not result in significantly 
reduced degradation, especially since degradation of SF and SilkMA at the lowest 
concentrations investigated is already fairly low. 
 
 
 



 

 
Figure 3. Degradation of all different gels tested over time, separated by gel-type and 
concentration. None of these gels contained either EVs or meshes. A-C show data from GelMA 
hydrogels, D-F show data from SF gels, and SilkMA data is shown in G-I. Mean values are 
indicated with a dash. From these graphs we can see that GelMA degrades much quicker than 
silk-based hydrogels, approaching 100% degradation whereas silk-based hydrogel degradation 
tends to stay below 40% even by day 28. 
 



3.3 EV release: 
 
3.3.1 Fluorescent microplate reading: 

 
ANOVA results suggested that the effects of mesh addition on EV release are limited, as the 

only significant differences in individual releases due to the addition of a mesh were found for 
GelMA_3% on days 1 and 2 (when looking at individual release figures per time point, not when 
looking at cumulative release), and for GelMA_6% on day 14 (individual release). For all three 
occurrences where mesh addition had a significant effect, EV release was higher in gels without 
meshes. Gel precursor concentration, on the other hand, seemed to have a more extensive effect on 
EV release patterns, as significant differences were found between the three concentrations for most 

 
Figure 4. Cumulative (A&C) and individual (B&D) release of EVs from GelMA with (A&B) 
and without (C&D) meshes over a period of 14 days. Graphs B and D show that there is a 
peak in EV release within the first 4 days, after which (except for GelMA6% without mesh) EV 
release reduces over time. From graphs A and C, we gather that the addition of a mesh seems 
to increase EV release somewhat for GelMA 3% and 12%. 



time points, especially so when raising GelMA concentration from 3% to 6%. For all groups (with the 
exception of GelMA_6% without mesh), individual release was highest on day 1 or 2 and decreased 
to between 3% and 7% EV release per day at day 14. The marked increase in release for GelMA_6% 
at day 14 (and less so at day 7) seems unusual and may be a product of some error in the preparation 
of the microplate analysed. In general, although all concentrations of GelMA showed a peak of EV 
release within the first week, increasing GelMA concentration seemed to produce a gel that released 
EVs consistently more rapidly than low concentration gels, as individual EV release stabilised more 
rapidly. In terms of reducing burst-release of EVs, it seems that GelMA_6% performs best. More info 
on which comparisons between groups yielded significant results can be found in supplementary 
tables 2.A and 2.B, which show results on ordinary two-way ANOVAs for both data from individual 
and cumulative EV release. 

Previous research suggests that high stiffness may increase EV release, especially when also 
featuring stress relaxation, regardless of hydrogel degradation (Lenzini et al., 2020). It is thus 
expected that there is a play-off between degradation, stiffness, and stress relaxation in reaching 
optimal EV release patterns. This may explain why, for both highest and lowest concentration GelMA 
hydrogels, EV release is higher than the medium concentration. From the degradation kinetics test in 
section 3.2 we found that degradation is significantly higher in GelMA 3%, and from the amplitude 
sweep in section 3.4.3 and stress-relaxation test in section 3.4.2 we found that all gels exhibited stress-
relaxation (which is due to the physical nature of the crosslinks in the hydrogel rather than covalent 
bonds) and higher concentrations of hydrogel led to increased stiffness as well as shortened relaxation 
periods. It is thus likely that with GelMA 6%, a compromise is reached between EV release through 
hydrogel degradation, and EV release through permeability caused by stress relaxation behaviour and 
stiffness, therefore exhibiting the lowest degree of EV release overall. 

 

3.3.2 Riboflavin interference: 
 
Prior to EV release testing, a standard curve with known concentrations of Rb was generated 

to indicate whether Riboflavin would cause interference during the actual EV release test. If all 
riboflavin in a hydrogel sample were to leech into a fluid sample destined for plate reading through 
fluorescence, this fluid would have a Rb concentration of 0.416 mM. At 0.416 mM, the influence of 
Riboflavin to fluorescence in the wavelength-range exhibited by PKH26 is in the order of ±8*104. The 
fluorescence exhibited by fluid containing EVs at a concentration representative of 100% release from 
a hydrogel sample, on the other hand, is in the order of ±1*104. Due to this fact, it was expected that 
the addition of Riboflavin to SF gels would cause considerable noise, and therefore samples without 
EVs (but with Rb) were assessed alongside samples with EVs to account for noise caused by 
Riboflavin. However, the influence of Rb was seen to be so extensive that it was found to be 
impossible to accurately ascertain EV counts from amongst the noise. Therefore, EV release samples 
for SF hydrogels were saved and instead assessed via nanoparticle tracking analysis (NTA). 



  
 
3.3.3 Nanoparticle tracking analysis: 
 

ANOVA results on particle diameter size comparisons between samples with and without 
EVs yielded no significant results, suggesting that particles released from samples without EVs 
followed a similar size distribution to particles released from samples with EVs. Particle diameters 
were all mostly in the range expected according to the EV size distribution found by our colleagues in 
Portugal, which were also analysed through NTA (for reference, the particle size distribution we 
found for groups without EVs was 235.3 ± 122.6 nm, for groups with EVs it was 207.1 ± 87.4 nm, 
and for the particles analysed by the Portugal group it was 195.4 ± 62.8 nm). There were also no 
significant differences found in particle diameter between groups with or without meshes, suggesting 
that the diameter of the hexagons in the meshes’ hexagonal microstructure was not so small as to limit 
the release of particles at the higher end of the range of diameters found in groups without meshes.  

Oddly enough, although gradual particle release was found in groups containing EVs, large 
numbers of particles were also released in control groups that weren’t supposed to contain EVs (see 
figure 6 and supplementary figure 1). This is unexpected, especially in light of the results from the EV 
dynamic release experiment described in section 3.3.4, where particle release was lower in groups 
without EVs. Multiple theories could be devised as to why this may have occurred, but it is unsure 
which if any is the case. For one, samples in this test were rescued from microwell plates in our initial 
experiment with fluorescent microscopy described in section 3.3.1, meaning that these samples 
experienced more exposure to light and room temperatures than GelMA samples from the fluorescent 
microscopy EV release study. In addition, samples went through an extra freeze-thaw cycle, which 
may have caused bursting of a portion of the EVs. These factors may have caused figures of particle 

0.0 0.5 1.0 1.5
0

50000

100000

150000

200000

250000

Riboflavin interference

Riboflavin concentration (mM)

Fl
uo

re
sc

en
ce

 
Figure 5. Riboflavin fluorimetry standard curve generated to ascertain influence on EV 
release tests with Rb-containing hydrogels via fluorimetry. Fluorimetry settings were 
tuned to excitation and emission values expected from our PKH26-affixed EVs. The 
graph indicates a great deal of interference due to Rb presence. 



release to be closer together between EV and blank groups. However, this does not account for the 
unexpectedly high number of particles in the blank groups. This may have been a result of 
contamination. Although the risk of contamination was quite low as samples spent most of their time 
in closed Eppendorf tubes, and the only times where Eppendorf tubes were opened, and fluid samples 
were taken were done in the sterile environment of a flow hood in an ML-2 lab. However, since 
hydrogels spent a maximum of 14 days in a 37 ºC incubator, it is not unreasonable to think that a 
contamination might have occurred, and the contaminating particles may have proliferated in the 
incubator. One way in which contamination might have occurred, and this seems reasonable 
considering that particle release from blank groups is unexpectedly high from the first time point 
onwards, is that one or more of the ingredients used in hydrogel formation was insufficiently 
sterilised. A likely candidate is the silk fibroin itself, as finding a way to sterilise this material has 
been challenging throughout this study, and although the solution was sterilised by UV exposure for 
30 minutes, this may have been insufficient in this case. Even so, from NTA videos it was unclear 
what type of particles these might then have been since all particles viewed were similarly round in 
shape. Were it a contamination with some sort of bacteria, this might have been deduced if we had 
seen rod-shaped particles in addition to the expected spherical particles, for example.  

Even in light of this unfortunate circumstance, we can see from the graphs in figure 6 and 
supplemental figure 1 that there are slight differences in release patterns (for more information about 
which comparisons yielded significant differences through ANOVA testing, see supplemental figures 
3.A-C. For one, particle release patterns in blank groups were much more similar between groups than 
particle release patterns in groups containing EVs, where differences were much more pronounced. In 
addition, there are differences in particle release from SF_3% with meshes between blank and EV 
groups, where blank groups released particles at a consistent rate whereas the EV groups resulted in 
significant differences in release from timepoint to timepoint (see figure 6.B). This group also 
released a substantial number of particles more for groups with EVs than without EVs, suggesting that 
EVs make up a large amount of this difference. There is also a significant peak in particle release that 
can be observed in SF_9% without meshes on day 7, which is absent from the group without EVs. 
This is promising, as bacteria are expected to have different release patterns from hydrogels than EVs. 
EV groups consistently showed that high concentrations of hydrogel resulted in an increase in particle 
release, which holds with our results from EV release studies from GelMA (where the medium 
concentration resulted in the lowest EV release). In addition, all SF groups that did not contain a mesh 
resulted in a very slightly increased particle release, although this difference was only considered 
significant for  SF_3% with EVs at 4 hours. Different to our results from the EV release study in 
GelMA, the medium concentration did not result in the lowest degree of particle release. Instead, 
particle release was lowest for the lowest concentration of SF and increased monotonically with an 
increase in hydrogel concentration. Whereas most GelMA groups showed a large peak in EV release 
around day 1, this peak was delayed in SF groups to day 3 for all groups except SF_9% without mesh 
(which showed a peak at day 7). To add to this, with an exception for GelMA_3% without meshes, 
GelMA seemed to release EVs at a more consistent rate, whereas there were many significant 
increases and decreases in particle release from SF (see figure 7), although this may be confounded by 
a possible contamination. The contaminating particles may have either a differing release pattern (if 
the contamination happened during hydrogel formation), or proliferation pattern.  

Interesting to note is that, even with a possible contamination, the number of particles 
released for most EV groups from our samples derived from SF is substantially lower than that of our 
GelMA EV release studies. This is true for most groups except when comparing the highest 
concentrations of both groups, which both yielded an end cumulative release of around 60%, and an 
exceptionally large difference can be seen when comparing the cumulative release of lowest 
concentrations (where GelMA release was around 70% and SF release was around 30%). Although 
our results are not completely reliable due to the odd particle release from our blank SF groups, it thus 
seems likely that SF hydrogels would be better suited to reducing the burst release of EVs than 



GelMA hydrogels, and a low concentration of SF without mesh would be expected to result in the 
longest EV release window. Extrapolating from our data, assuming that all particles counted in the 
release study of EV laden SF_3% without meshes were actually EVs, that no EVs were lost, and 
assuming that release remains similar to the first 14 days, it would take around 51 days for SF_3% to 
reach a release of 100%, far more than our initial goal of 14 days. The actual number of days it would 
take to reach 100% release would of course be expected to be lower, but the results remain promising. 

 

 
Figure 6. These graphs show EV release patterns from SF hydrogels, either cumulative 
release over time (A) or individual release per time point observed (B). Data was derived 
through nanoparticle tracking analysis. In addition, mean and standard error of particle 
diameters observed through NTA can be seen in graphs C (for hydrogels without meshes) 
and D (for hydrogels with meshes). In graphs C and D, particle diameters can be compared 
between hydrogel samples with (red) and without (black) EVs. No significant differences 
were found. For particle release graphs of control samples without EVs (blanks), see 
supplementary figure 1. 



 
3.3.4 Dynamic EV release 
 As can be seen in figure 8, statistically significant differences were found between dynamic 
control groups without EVs and their respective concentration’s groups with EVs for at least one 
comparison for all concentrations of SF analysed, indicating that a significant amount of EVs were 
indeed released from our hydrogel samples. For a full breakdown of all significant comparisons found 
via ordinary two-way ANOVA, please consult supplementary table 4. No significant differences were 
found in particle diameters between groups with and without extracellular vesicles. This is in line with 
the results with regards to particle diameter differences found in section 3.3.3. Concerning the 
difference in release between samples containing meshes or not, under static circumstances there 
seemed to be a small decrease in EV release as a result of mesh addition depending on SF 
concentration, where larger concentrations of gel enjoyed a larger decrease proportionally, although 
these differences were not deemed to be statistically significant according to an ordinary two-way 
ANOVA. The presence or absence of a mesh also didn’t yield a significantly different result in 
particle release for groups  subjected to dynamic loading, where only 2/6 groups show an increase in 
particle release for groups with a mesh as compared to their respective concentration under dynamic 

 
Figure 7. This bar graphs shows the release of EVs from GelMA and SF per group per time point 
based on individual release per time point (A and B), and cumulative data (C and D). Please note 
that significance has only been noted in the form of asterisks between time points that directly 
follow each other in order to keep the graphs somewhat legible. 



loading without meshes. This is in line with our findings from the GelMA EV release tests described 
in 3.3.1 and most of our findings from the SF EV release tests described in 3.3.3, where the 
presence/absence of a mesh in the sample was found to have little to no effect on EV release.  

 As for differences in EV-release as a result of dynamic loading of the hydrogel samples, 
significant increases in particles released were only found between static and dynamic groups of the 
middle concentration of SF (6%), for both gels with and without meshes. In fact, SF_6% with meshes 
that were subjected to dynamic loading resulted in a highly significant (p < 0.0001) increase in EV-
release as compared to gels with meshes subjected to dynamic loading of either lower or higher 
concentrations of SF. That this group performs worse in regard to delaying burst-release is unexpected 
from the results of our other tests, since SF_6% with mesh doesn’t exhibit either significantly higher 
degradation, nor a significantly higher stiffness than other concentrations of SF with meshes from our 
degradation and amplitude sweep tests. 

 It is promising that there seems to be no significant difference in EV release depending on 
dynamic loading for both the higher and lower concentrations of SF, either with or without mesh, as 
this would mean that the dynamic environment of the heart would be unlikely to significantly affect 
the release of EVs from an end product made with SF of those concentrations, and further testing can 
be done on the release of EVs in light of that fact without having to take into account dynamic 
loading. This is good news, as dynamic loading, at least within the confines of the RMCU and the labs 
at the TU/e, is not possible to do within a completely sterile environment, as they do not have any 
universal testing machine, rheometer, or other machine capable of dynamic loading which can be 
placed and operated under a flow hood. Results from these dynamic release tests must then also be 
viewed critically with that fact in mind, that some variation may have crept into our data due to 
possible contamination. Although there were no significant differences observed in particle size, the 
aforementioned may have happened for example, with one or more samples of SF_6% dynamic with 
EVs and mesh. Even so, removing the highest concentration sample from that group’s data set does 
nothing to reduce significance of the increase in EV-release between that group and groups within the 
same concentration, or samples under dynamic loading containing both EVs and meshes but with 
different concentrations. 



  

 
Figure 8. A. Bar plot showing EV-release % for dynamic release tests, bars in grey are static 
controls, while coloured bars denote results from samples subjected to dynamic loading (reds 
are controls without EVs while blues denote samples with EVs). Note that EV-release % is 
calculated based on EV-load of samples containing EVs even for those groups not containing 
EVs. Significance is shown between groups within the same concentration as well as between 
identical groups apart from concentration (e.g., two groups that both contain EVs and meshes 
and were subjected to dynamic loading, but do not have the same concentration). For a full 
breakdown of significant groups, see supplementary table 4. B. Bar plot showing mean and 
error for particle diameter for particles observed during dynamic release tests. Groups are the 
same as for A. No significant differences were found in particle diameter between groups. 



3.4 Mechanical and rheological testing 
 
3.4.1 Compression test 

Unfortunately, very few of the groups compared showed any significance (only GelMA_3% 
vs GelMA_12% without mesh, and SF_6% with mesh vs SF_6% without mesh). This is likely due to 
the high standard deviation we found (shown in supplementary figure 2 along with mean values per 
gel type), which in turn is likely due to the variation in values we can observe between replicates 
(shown in supplementary table 5). It is unclear what may be the reason for this high variation between 
replicates, although it may be due in part to differences in hydrogel temperature. Gel samples were 
cast on day 0 and transported to the lab in Eindhoven, where they were stored in the fridge. Then, at 
the start of day 1, gels were removed from the fridge and kept near the Criterion UTM for testing. 
This means that over time, gel temperature should have steadily increased to room temperature from 4 
ºC. On each testing day, testing was begun with the lowest concentration of hydrogel, for which all 
replicates were then generated before moving on to the second-lowest concentration of hydrogel. As 
temperature differences between hydrogel samples should then be observed most between the samples 
tested at the start of the day (before room temperature had been reached), the highest variation 
between replicates, and therefore the highest standard deviation for the corresponding gel’s Young’s 
modulus, should then be observed in low-concentration gels. From viewing the standard deviations of 
our Young’s moduli in figure 10, however, we can see that there is no such trend. It then remains 
unclear what caused the variation between replicates. 

Although the differences between our groups are in general not significant (the only 
significant differences were found between GelMA_nomesh_3% vs. GelMA_nomesh_12% and 
between SF_nomesh_6% vs. SF_mesh_6%), we can see that mean Young’s modulus for GelMA 
seems to increase with increased gel precursor concentration, and we can see a higher mean Young’s 
modulus for each gel type when a mesh is added, where gels with higher concentrations of polymer 
seem to have a smaller increase in Young’s modulus when a mesh is added as opposed to gels with 
low concentrations of polymer. This is in line with our expectations, as the addition of a mesh to our 
hydrogel should bring the Young’s modulus of a gel closer to that of the mesh itself. In addition, 
increasing hydrogel concentration is expected to increase Young’s modulus as well as increased 
polymer crosslinking density should logically increase stiffness of the construct. 

Differences in yield strength seem to be negligible for most groups. Although the yield 
strength for both GelMA_12% groups seem to be a lot higher than for other groups, this is 
accompanied by an increase in standard deviation, so no conclusions can be reliably drawn from this 
data except that all our gels seem to have low deformation resistance. This makes sense as hydrogels 
consist mostly of water, which is purely viscous. 

In addition to low deformation resistance our gels seem to show high ductility. Ductility 
seems higher for SF based gels as compared to GelMA gels, as GelMA gels show fracturing at higher 
strains, whereas the stress-strain curves of SF gels tell us that they experience more gradual failure 
with increased strain. 

Even though the standard deviations of our results is high, the values we found for the 
Young’s moduli of GelMA without meshes is in line with literature. For example, in the study done 
by Wu et al. (2019), who studied photo crosslinked GelMA with concentrations ranging from 5% to 
30%, found Young’s moduli that ranged from 3.08 kPa for 5% GelMA to 184.52 kPa for 30% 
GelMA. This study also found that, with increased stiffness of hydrogel constructs, the adhesion rate, 
viability, and spreading of cells is decreased, with 10% GelMA hydrogels being optimal for 
supporting the regeneration of PC12 cells. Whether this concentration would also be the ideal 
concentration for our purposes is unclear, as there is a significant difference between the Young’s 
moduli of PC12 cells and cardiomyocytes, whereas PC12 cells have been found to have an average 
Young’s modulus of 0.425 ± 0.03 kPa, the stiffness of cardiomyocytes is much higher even for a 
healthy heart with an average Young’s modulus of around 18 kPa which can be increased to 2.5 MPa 
for pathological tissue (Allijn et al., 2020; Gopal et al., 2008). 



 
 

 
Figure 9. Stress-strain curves showing results of the compression tests for each gel-type 
with and without meshes. Note that these graphs show averages of each replicate, for more 
detailed graphs, see supplementary figure 2. 



 

 
Figure 10. Boxplots showing five-number summaries of young’s moduli for each gel type with 
and without meshes, calculated from results of compression tests. The only significant 
difference found (through T-testing) was found between GelMA_3% and GelMA_12% without 
meshes. 
 

 
Figure 11. Boxplots showing the five-number summaries of yield strains per gel type with and 
without mesh. Derived from compression tests. No significant differences were found. 



 
3.4.2 Stress-relaxation test 
 According to research done by Chaudhuri et al. (2016), a decrease in relaxation period 
(defined as the time it takes for stress to decrease from the starting value by half and denoted as τ1/2) 
causes an increase in both cell proliferation and spreading. This is likely due to the increase in 
permeability that a decrease in relaxation period denotes. On the other hand, an extended τ1/2 of above 
1 hour was found to suppress cell proliferation and spreading, which would be considered 
unacceptable for our product. In addition, stress relaxing hydrogels have been found to more readily 
release EVs (Lenzini et al., 2020). As can be seen in figure 12, none of our gels reached a τ1/2 that 
would be expected to suppress cell proliferation and spreading. A logarithmic scale was selected in 
visualising these graphs, as most relaxation occurs within the first minute or two for all groups. 
Visualising the data on a non-logarithmic scale results in graphs where the relaxation behaviour is 
difficult to compare. Examples of this have been shown with a representative sample (non-averaged 
data) in supplementary figure 5. 
 Through performing t-tests it was found that for SF, increasing the gel precursor 
concentration significantly decreases the relaxation period τ1/2 for samples without meshes while 
increasing the relaxation period for SF samples with a mesh. Some differences may have been 
obscured due to the high variance, especially in the case of GelMA_6% without meshes (see figure 
12). Significant differences in τ1/2 for GelMA were only found between GelMA_3% and GelMA_12% 
without meshes, and between GelMA_12% with and without meshes. In each case of significance, the 
addition of a mesh increased the relaxation period. This is expected, as the addition of a mesh is 
expected to reduce elasticity and increase rigidity. This increased relaxation period indicates a lower 
permeability of the construct, and we therefore expected groups with a longer relaxation period to 
show a more prolonged EV release window. This seems to be the case in lower concentrations of 
GelMA when we take into account the results of the GelMA EV release tests, as the lowest 
concentration of GelMA correlates with a very high EV release. The release window seems to have 
less of an effect on SF hydrogels, although our results from their EV release tests remain muddled. 
From the results of these stress-relaxation tests, we may infer that the permeability and related EV 
release windows and cell spreading qualities of our construct may be tuned by careful selection of gel 
precursor concentration as well as addition of a PCL mesh. Our results also indicate that the impact of 
either permeability-tuning method differs according to hydrogel-type. For SF-based hydrogels, the 
presence of a mesh has a greater effect than adjusting gel prepolymer concentration, whereas the 
opposite seems true for GelMA hydrogels. It may be that this is because the relaxation behaviour of 
GelMA by itself is already similar to that of the PCL mesh, whereas SF exhibits quite a different 
relaxation pattern, and that adding a mesh to GelMA thus doesn’t change that pattern very much, 
while changes caused by adjusting its concentration are more obvious. In other words, the effect of 
adding a mesh may be just as grand in pulling the relaxation behaviour towards a certain pattern in 
both gels, but because the relaxation behaviour of GelMA is already more similar to that of the PCL 
mesh, the effect seems lesser than in SF hydrogels. 

As an aside, as we can see in figure 12 that stress at 15% strain is lower for higher gel 
concentrations at the beginning of each stress-relaxation test for all groups, indicating a higher 
stiffness. This is expected and in line with the results from compression tests and amplitude sweeps, 
which both suggest that higher concentrations of gel result in a stiffer hydrogel. In addition, as in the 
other tests indicating structure stiffness, we can see that the addition of a mesh increases stiffness 
most for low concentration GelMA, while the effect of the addition of a mesh on SF seems to be less 
pronounced.  
  



 

 
Figure 12. A.&B. Averaged stress-relaxation curves of GelMA + LAP hydrogel samples. 
C.&D. Averaged stress-relaxation curves of SF + Rb/SPS hydrogel samples. For all groups, 
strain was kept constant at 15%. Increasing gel concentration clearly increases relaxation 
time for all groups except SF without meshes. For more detailed plots per replication, view 
supplementary figure 4. 
 



 
 

 
 
  

 
Figure 13. Boxplots showing the five-number summaries of τ1/2 in seconds per gel-type calculated 
from results of the unconfined stress-release tests done on gel samples without EVs submerged in 
PBS. Significant differences in τ1/2 were found between lowest and highest concentrations for each 
gel-type, between SF_3% and SF_6% without meshes, between GelMA_6% and GelMA_12%, and 
between all concentrations of SF with meshes. The addition of a mesh was found to significantly 
increase τ1/2 for GelMA_12% and for all concentrations of SF. Black asterisks are used to denote 
significance between gel concentrations, while red asterisks are used to denote the significance of 
the absence/presence of the MEW mesh for that gel-type and concentration. 
 



3.4.3 Amplitude sweep 
 

For all gels, storage modulus (G’) in the linear viscoelastic region (LVER) was higher than 
the loss modulus, indicating that our structures may be labelled as viscoelastic solids, and they behave 
as gel-like structures, which is expected. The LVER can be used as a measure of stability of the 
construct, where stability is dependent on LVER length (Rahali et al., 2017). Differences in LVER 
length can be observed between all groups, where in general longer LVERs can be observed in higher 
gel concentrations, gels without meshes, and SF gels vs GelMA (see figure 14). This indicates that SF 
gels are in general more stable than GelMA, which holds with the results of both the compression and 
degradation kinetics tests. LVER is difficult to ascertain in low concentration GelMA without mesh, 
which makes sense as these samples were extremely soft and often difficult to handle without 
breaking. 

A decrease in G’ indicates the start of decomposition of the internal structure of the construct, 
where a sharp downturn in the graph indicates a more brittle construct. Apart from the lowest 
concentration of GelMA (and less so for the lowest concentration of SF) without meshes, all our 
groups show this sharp downturn upon reaching their yield point, especially so for SF based gels. This 
means that our gels show a more brittle behaviour as a response to shear and indicates that they tend 
to break into multiple larger pieces rather than showing homogenous breakage. This is also expected, 
as homogenous breakage would be typical of i.e., a liquid or cream. Inhomogeneous breakage makes 
sense for hydrogels, as strain is increased beyond the yield strength, microfractures start to appear in 
the construct as crosslinks are broken. As these microfractures develop, energy is lost, and we see a 
gradual increase in the loss modulus (G”). As long as G’>G”, the structure is held together somewhat 
in one piece, but as the strain increases a microfracture develops, the structure ruptures, and we can 
see a crossover point in the moduli (G’=G”) as the structure enters a flowing state. 

In addition, the height of G’ in the LVER can be used as a measure of strength/stiffness. In 
our results, we can see that an increase in gel concentration for gels without meshes produces a 
significant increase in gel strength. Increasing gel concentration beyond 6% in SF doesn’t seem to 
produce a significant further increase in gel strength, however. The addition of a mesh seems to 
significantly increase construct strength for both GelMA and SF hydrogels, with a greater effect for 
low gel concentrations. This is in line with the conclusions suggested from our compression test 
results. 

The crossover point strain is significantly decreased for gels without meshes at higher gel 
concentrations for both gel-types (where crossover occurs at significantly greater strains for SF gels 
vs GelMA). This may be due to the increased stiffness that comes with the increase in crosslinks for 
higher gel percentages. Structures containing meshes also showed a significant decrease in the 
crossover point strain, likely due to the added stiffness provided by the mesh. Interestingly, low 
concentration gels seem to be more affected by the addition of a mesh in this regard than high 
concentration gels, although the crossover point was lower for each group with mesh compared to its 
corresponding gel type and concentration without mesh. 

When comparing our results of the amplitude sweep test with those of the compression test, it 
seems as though the effect of the addition of a mesh is much higher in the amplitude sweep tests. It 
seems likely that this is due to the manner in which strain is applied to the hydrogel sample in relation 
to the mesh. In the compression test, compression is applied in a vertical manner, perpendicular to the 
mesh. On the other hand, in this amplitude sweep, samples are strained through rotation of the upper 
contact point with the rheometer, thus creating shear stress that is parallel with the mesh. Because of 
this, it is likely that the mesh itself has stiffer properties in the horizontal axis than in the vertical axis, 
and thus has a larger effect on our outcomes when being strained horizontally, especially for low 
concentration hydrogels. 



 

Figure 14. Shows storage and loss moduli depending on strain, for each gel type. This data was 
gathered through amplitude sweeps. For more detailed graphs, see supplementary figure 6. Note 
that the scale of the y-axis differs for gels with and without meshes, as otherwise these graphs 
would be unreadable. 



 
3.4.4 Frequency sweep 
 
 From results from compression testing and amplitude sweeps, it was determined that 1% 
strain would be appropriate for the conductance of the frequency sweeps, as this value seems to be 
within the LVER for all groups (Rahali et al., 2017). As we can see from the results of the frequency 
sweeps in figure 15, the storage modulus is higher than the loss modulus for all groups throughout the 
test, indicating the solid nature of the structures. It seems as though these values are not particularly 
dependent on frequency, as the values for both G’ and G” stay relatively constant with increased 
frequency. A striking exception to this is GelMA_3% without meshes, which shows a small decrease 
followed by a steady increase in G’. This observation may be due to the very small value of G’ for 
GelMA_3% when compared to other groups, most of which have storage moduli which hover around 
a couple hundred Pa. A larger proportion of the values and differences over time/frequencies for G’ is 
therefore due to noise, and it is difficult to draw conclusions for it. 
 For all groups except GelMA without meshes,  there seems to be a very slight decrease in G’ 
at high frequencies for the highest concentrations. These decreases are accompanied by minute 
increases in G”, which indicates that due to the brittle nature of these higher concentrations of gels 
may cause the appearance of microfractures in the structure at high frequencies. This indicates that 
these high-concentration gels may not be as stable as lower concentration gels over long periods of 
time where the structures are subjected to movements such as those that our structures may experience 
in the dynamic cardiac environment.  

Additionally, the absence of any crossover points between G’ and G” indicates that our gels 
feature a tangled fibrous network and is thus non-reversibly crosslinked (Stojkov et al., 2021). In 
addition, the storage modulus was always higher than the loss modulus, indicating that the hydrogel 
have a solid-like structure due to physical crosslinking. As with the amplitude sweep, the height of the 
G’ plateaus is a measure of stiffness of the construct, and we can see that our assessments of the 
different groups’ stiffnesses from the previous amplitude sweep are corroborated by the results of this 
test. Once again, we can see that stiffness is dependent on gel type, concentration, and mesh presence, 
and could conceivably be tuned by adjusting these. 
  
  



 

 
 
Figure 15. Curve showing frequency dependence for storage and loss moduli of all 
different conditions (gel type, concentration, mesh/no mesh). Curves show averaged 
data from replicates, for graphs showing individual curves per replicate, please view 
supplementary figure 7. Please note that y-axis scales differ between groups with and 
without meshes in order to maintain legibility. 



4. Conclusions  
Our research question pertained to the feasibility of EV release tuning. From our results, it seems 

clear that the EV release window from hydrogels can be tuned by adjusting the mechanical and 
degradation properties of the hydrogel. Our expectations were that use of silk-based hydrogels at 
lower concentrations without a MEW mesh would result in the longest EV release window, while 
GelMA hydrogels at higher concentrations with a MEW mesh, especially within a dynamic 
environment, would feature a reduced EV release window. In light of the results discussed, our 
hypotheses that EV release patterns are dependent on hydrogel selection, concentration, MEW mesh 
presence, and dynamic loading all hold. Factors which had a particularly large impact on EV release 
were hydrogel degradation, construct stiffness, and a dynamic environment. Low and high (3% and 
12%) concentrations of GelMA seem not to be ideal for the delay of EV release, and GelMA 
hydrogels in general seem to cause significant burst release of EVs around day 1-2 of incubation. For 
GelMA, the addition of a mesh caused no significant differences in EV release overall. When 
selecting GelMA, 6% seems to perform best in delaying EV release, likely due to the balance between 
degradation patterns and stiffness that this concentration of GelMA displays. Although there were 
significant issues with the measurements of EV release from SF, it seems likely that EV release from 
SF is slower than in GelMA, as peak EV release is delayed by 1-5 days and particle release was found 
to be lower in general. For SF, there seems to be a very weak relationship between EV release and 
mesh presence, where the addition of a mesh resulted in slightly fewer particles being release, though 
not significant. For SF it is difficult to ascertain which concentration would be ideal for delaying EV 
release. SF_3% performed best within the EV release tests proper, however, this test had significant 
issues (likely due to contamination and repeated freeze-thaw cycles) and results from this test are thus 
not completely trustworthy. When regarding the dynamic release test of EVs from SF, it would 
conversely appear that high concentrations of SF perform best with regards to delaying EV release. 
Regardless, silk fibroin hydrogels seem to be the superior choice both in terms of stability and 
mechanical properties, even at low concentrations. An extremely important factor in terms of EV 
release, especially with regards to the envisioned cardioprotective purposes of the proposed 
constructs, is the (dynamic) environment within which the hydrogel constructs reside. Dynamic 
loading of the hydrogel clearly causes an increase in EV release, although this effect is much smaller 
for high concentrations of SF.  
 

5. Future research 
In future research, EV release tests should be done on silk fibroin hydrogels to confirm the 

suggestion from our research that these hydrogels have lower and slower EV release patterns. It 
would be especially interesting to study the effects of dynamic loading on EV release from these 
hydrogels more long-term and within an environment that resembles the cardiac environment better. 
This could be especially important to investigate in order to select the ideal concentration of silk-
based hydrogel, as in our frequency sweep test it was found that higher concentrations of hydrogel are 
more brittle and may exhibit microfractures when exposed to dynamic loading over a longer period of 
time. Although within our dynamic loading test we found the highest concentration of SF to release 
the lowest percentage of EV release, it would be interesting to see if this pattern persists when the 
hydrogel is subject to dynamic loading for a longer period to investigate whether these microfractures 
have an unwanted effect on EV release. 

From our research, the effects of mesh presence have seemed minimal, and this may be due to 
their small volume in proportion to the volume of hydrogel used. As such, it might be interesting for 
future researchers to investigate the effects of the addition of a larger MEW mesh on mechanical and 
EV release properties.  

In addition, the EV release properties of the hydrogels used could in theory be tuned further 
through adjusting the photoinitiator concentrations, as a preprint study done by Born et al. (2021) 
indicated that LAP concentrations of 0.1% w/v in  mesenchymal stem cell-derived EV-laden GelMA 
resulted in a significant burst release of EVs from the construct, whereas higher concentrations of 
LAP resulted in a prolonged EV release window. EV release properties, and potentially cell viability, 
may also be tuned by the creation of an interpenetrating network. The creation of an interpenetrating 



network containing both a SF-based hydrogel and GelMA may result in a hydrogel that is stronger 
and has a longer degradation period than GelMA provides on its own, without foregoing the 
biological cues that are provided by GelMA. Increasing GelMA may increase speed of degradation, as 
well as cell adhesion. An added advantage to mixing in GelMA with a SF based hydrogel is that the 
gelation period is significantly decreased. Overall, the creation of a hydrogel containing both GelMA 
and SilkMA would increase tunability for a wide array of mechanical and rheological characteristics, 
resulting in a construct that is better adapted to the successful delayed delivery of EVs (and possibly 
cardiomyocytes and cardiac fibroblasts) to cardiac tissue than a single component hydrogel would be. 

Although EV uptake studies and HUVEC tube formation assays were outside the scope of this 
research, these studies could give important information on the effectiveness of the proposed 
constructs support and promotion of angiogenesis and cardiomyocyte proliferation, as well as 
shedding more light on the therapeutic window of EVs. For this purpose, the constructs could be 
further loaded with cardiomyocytes and cardiac fibroblasts. Based on results from these tests, 
hydrogel properties could be tuned further using the information gathered in this research. 

In future, the best application method for this construct to the heart could also be investigated. 
One  feasible method in which to apply a cardiac patch to the heart may be through a catheter-like 
tube followed by affixation through the application of fibrin glue around the edges of the construct. 
This method has been shown to be suitable for the application of cardiac patches, showing no major 
complications in tests on porcine model organisms, and having the added benefit of removing the 
need for open-heart surgery (Montgomery et al., 2017). This method is suitable for a construct that is 
on the softer and weaker side, such as is the case with most hydrogels. A stronger and more resilient 
construct on the other hand, could feasibly be sutured to the cardiac surface. For our gels, their 
mechanical strength is thus that application with fibrin glue is the more realistic option. 

Lastly, the avenue of extrusion printing of the hydrogel portion of our constructs would be 
interesting to be investigated, especially if the avenue of MEW mesh insertion into the hydrogel 
construct is to be followed, as the RegenHU printer through which the MEW meshes were created 
would allow for the production of the construct to be done solely via the RegenHU printer, and this 
streamlined process could save time, logistics, and money, while enabling the creation of custom 
shapes for the construct without necessitating creation of specific Teflon moulds. 
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7. Supplementary material: 
 

 
  

Day Significant groups  
(greater %-degradation denoted in bold) 

Significance 

1 SF_9% vs SilkMA_8% * 
2 n/a  
4 SF_3% vs SilkMA_12% * 

SilkMA_4% vs SilkMA_12% * 
7 GelMA_12% vs SF_9% * 

GelMA_12% vs SilkMA_4% * 
GelMA_12% vs SilkMA_8% ** 
GelMA_12% vs SilkMA_12% ** 
SF_9% vs SilkMA_4% * 
SilkMA_4% vs SilkMA_8% * 
SilkMA_4% vs SilkMA_12% * 

14 n/a  
21 GelMA_3% vs GelMA_12% ** 

GelMA_3% vs SF_3% ** 
GelMA_3% vs SF_6% ** 
GelMA_3% vs SF_9% ** 
GelMA_3% vs SilkMA_4% * 
GelMA_3% vs SilkMA_8% ** 
GelMA_3% vs GelMA_12% * 
SilkMA_4% vs SilkMA_8% * 
SilkMA_4% vs SilkMA_12% ** 

28 GelMA_3% vs GelMA_6% * 
GelMA_3% vs GelMA_12% * 
GelMA_3% vs SF_3% ** 
GelMA_3% vs SF_6% ** 
GelMA_3% vs SF_9% * 
GelMA_3% vs SilkMA_4% ** 
GelMA_3% vs SilkMA_8% * 
GelMA_3% vs SilkMA_12% ** 
GelMA_12% vs SilkMA_8% * 
GelMA_12% vs SilkMA_12% ** 

Supplementary table 1. This table shows significant results from an ordinary two-way 
ANOVA comparing %-degradation between gel-types per day. Non-significant 
comparisons were left out. For each comparison, significance is given with asterisks, and 
the group featuring greater degradation is made bold to make overview easier. 



 

 

Time Significant groups  
(higher EV concentration denoted in bold) 

Significance 

4 hours n/a  

1 day Mesh_6% vs. Nomesh_12% * 

 Nomesh_6% vs. Nomesh_12% * 

2 days Mesh_6% vs. Nomesh_12% * 

 Nomesh_6% vs. Nomesh_12% * 

4 days Mesh_3% vs. Mesh_6% * 

 Mesh_6% vs. Nomesh_12% * 

 Nomesh_6% vs. Nomesh_12% * 

7 days Mesh_3% vs. Mesh_6% ** 

 Mesh_3% vs. Nomesh_6% * 

 Mesh_3% vs. Nomesh_12% * 

 Mesh_6% vs. Nomesh_12% * 

 Nomesh_6% vs. Nomesh_12% * 

14 days Mesh_3% vs. Mesh_6% ** 

 Mesh_3% vs. Nomesh_12% * 

Supplementary table 2. A. This table shows significant results from an ordinary two-way 
ANOVA done on cumulative data from GelMA EV release tests assessed via fluorimetry. 
Groups compared were obtained from gels either with or without mesh (nomesh). Significance 
is denoted with asterisks. Groups featuring the higher of concentrations within the comparison 
are noted in bold. 



 

Time Significant groups  
(higher EV concentration denoted in bold) 

Significance 

4 hours Mesh_3% vs. Mesh_12% * 
 Mesh_12% vs. Nomesh_3% ** 
 Mesh_12% vs. Nomesh_3% * 
 Nomesh_3% vs. Nomesh_12% * 

1 day Mesh_3% vs. Nomesh_3% **** 
 Mesh_3% vs. Nomesh_6% * 
 Mesh_6% vs. Mesh_12% ** 
 Mesh_6% vs. Nomesh_3% **** 
 Mesh_12% vs Nomesh_3% *** 
 Mesh_12% vs Nomesh_6% *** 
 Nomesh_3% vs. Nomesh_6% **** 
 Nomesh_3% vs. Nomesh_12% **** 

2 days Mesh_3% vs. Mesh_6% *** 
 Mesh_3% vs. Nomesh_3% *** 
 Mesh_3% vs. Nomesh_12% *** 
 Mesh_6% vs Nomesh_3% *** 
 Nomesh_3% vs. Nomesh_6% *** 
 Nomesh_3% vs Nomesh_12% * 

4 days Mesh_3% vs. Mesh_6% ** 
 Mesh_3% vs. Nomesh_3% ** 
 Mesh_3% vs. Nomesh_6% * 
 Mesh_3% vs. Nomesh_12% * 

7 days n/a  
14 days Mesh_3% vs. Nomesh_6% **** 

 Mesh_6% vs. Nomesh_6% **** 
 Mesh_12% vs. Nomesh_6% **** 
 Nomesh_3% vs Nomesh_6% **** 
 Nomesh_6% vs. Nomesh_12% **** 

Supplementary table 2. B. This table shows significant results from an ordinary two-way 
ANOVA done on individual data from GelMA EV release tests assessed via fluorimetry. Groups 
compared were obtained from gels either with or without mesh (nomesh). Significance is denoted 
with asterisks. Groups featuring the higher of concentrations within the comparison are noted in 
bold. 
 



 

Time Significant groups 
(higher EV concentration denoted in bold) 

Significance 

4 hours Blank_nomesh_3% vs. Blank_nomesh_12% **** 

 Blank_nomesh_3% vs. Blank_mesh_12% **** 

 Blank_nomesh_3% vs. EV_nomesh_3% **** 

 Blank_nomesh_3% vs. EV_nomesh_6% * 

 Blank_nomesh_3% vs. EV_nomesh_12% * 

 Blank_nomesh_6% vs. Blank_nomesh_12% **** 

 Blank_nomesh_6% vs. Blank_mesh_12% **** 

 Blank_nomesh_6% vs. EV_nomesh_3% **** 

 Blank_nomesh_12% vs. Blank_mesh_3% *** 

 Blank_nomesh_12% vs. Blank_mesh_6% * 

 Blank_nomesh_12% vs. EV_mesh_3% *** 

 Blank_nomesh_12% vs. EV_mesh_6% *** 

 Blank_nomesh_12% vs. EV_mesh_12% *** 

 Blank_mesh_3% vs. Blank_mesh_12% **** 

 Blank_mesh_3% vs. EV_nomesh_3% *** 

 Blank_mesh_6% vs. Blank_mesh_12% *** 

 Blank_mesh_6% vs. EV_nomesh_3% * 

 Blank_mesh_12% vs. EV_mesh_3% **** 

 Blank_mesh_12% vs. EV_mesh_6% **** 

 Blank_mesh_12% vs. EV_mesh_12% **** 

 Blank_mesh_12% vs. EV_nomesh_6% * 

 Blank_mesh_12% vs. EV_nomesh_12% * 

 EV_mesh_3% vs EV_nomesh_3% *** 

 EV_mesh_6% vs. EV_nomesh_3% *** 

 EV_mesh_12% vs. EV_nomesh_3% ** 

Supplementary table 3.A. This table shows significant results from an ordinary two-way 
ANOVA done on cumulative data from SF EV release tests via NTA. Groups compared 
were obtained from gels either containing EVs or controls without EVs (noted as Blank), 
and either with or without mesh (nomesh). Significance is denoted with asterisks. Groups 
featuring the higher of concentrations within the comparison are noted in bold. 



 

Time Significant groups  
(higher EV concentration denoted in bold) 

Significance 

1 Day Blank_nomesh_9% vs. Blank_mesh_3% ** 

 Blank_nomesh_9% vs. EV_mesh_3% * 

 Blank_nomesh_9% vs. EV_mesh_6% *** 

 Blank_nomesh_9% vs. EV_mesh_9% *** 

 Blank_nomesh_9% vs. EV_nomesh_6% ** 

3 Days Blank_nomesh_3% vs. Blank_nomesh_6% ** 

 Blank_nomesh_3% vs. Blank_nomesh_9% *** 

 Blank_nomesh_3% vs. Blank_mesh_3% **** 

 Blank_nomesh_3% vs. EV_nomesh_9% * 

 Blank_nomesh_6% vs. Blank_mesh_9% *** 

 Blank_nomesh_6% vs. EV_mesh_9% * 

 Blank_nomesh_6% vs. EV_nomesh_6% * 

 Blank_nomesh_9% vs. Blank_mesh_6% **** 

 Blank_nomesh_9% vs. EV_mesh_3% ** 

 Blank_nomesh_9% vs. EV_mesh_9% ** 

 Blank_nomesh_9% vs. EV_nomesh_6% *** 

 Blank_mesh_3% vs. Blank_mesh_6% **** 

 Blank_mesh_3% vs. Blank_mesh_9% ** 

 Blank_mesh_3% vs. EV_mesh_3% **** 

 Blank_mesh_3% vs. EV_mesh_6% ** 

 Blank_mesh_3% vs. EV_mesh_9% **** 

 Blank_mesh_3% vs. EV_nomesh_3% ** 

 Blank_mesh_3% vs. EV_nomesh_6% **** 

 Blank_mesh_6% vs. EV_nomesh_9% *** 

 EV_nomesh_6% vs. EV_nomesh_9% * 

Supplementary table 3.B. This table shows significant results from an ordinary two-way 
ANOVA done on cumulative data from SF EV release tests via NTA. Groups compared 
were obtained from gels either containing EVs or controls without EVs (noted as Blank), 
and either with or without mesh (nomesh). Significance is denoted with asterisks. Groups 
featuring the higher of concentrations within the comparison are noted in bold. 



 

Time Significant groups  
(higher EV concentration denoted in bold) 

Significance 

7 Days Blank_nomesh_3% vs. Blank_mesh_9% ** 

 Blank_nomesh_6% vs. Blank_nomesh_9% * 

 Blank_nomesh_6% vs. Blank_mesh_9% ** 

 Blank_nomesh_9% vs. EV_mesh_6% ** 

 Blank_mesh_3% vs. Blank_mesh_9% **** 

 Blank_mesh_3% vs. EV_nomesh_9% * 

 Blank_mesh_9% vs. EV_mesh_6% **** 

14 
Days 

Blank_nomesh_6% vs. EV_nomesh_3% * 

 Blank_nomesh_9% vs. EV_nomesh_3% * 

Supplementary table 3.C. This table shows significant results from an ordinary two-way 
ANOVA done on cumulative data from SF EV release tests via NTA. Groups compared 
were obtained from gels either containing EVs or controls without EVs (noted as Blank), 
and either with or without mesh (nomesh). Significance is denoted with asterisks. Groups 
featuring the higher of concentrations within the comparison are noted in bold. 



 

Significant groups  
(higher EV concentration denoted in bold) 

Significance 

SF_3% static_nomesh vs. SF_6% dynamic_EV_nomesh ** 
SF_3% static_nomesh vs. SF_6% dynamic_EV_mesh **** 
SF_3% static_nomesh vs. SF_9% static_EV_mesh * 
SF_3% static_mesh vs. SF_6%_dynamic_EV_nomesh ** 
SF_3% static_mesh vs. SF_6%_dynamic_EV_mesh **** 
SF_3%_dynamic_control_nomesh vs. SF_6%_dynamic_EV_nomesh ** 
SF_3%_dynamic_control_nomesh vs. SF_6%_dynamic_EV_mesh **** 
SF_3%_dynamic_control_nomesh vs. SF_9% static_EV_mesh * 
SF_3%_dynamic_control_mesh vs. SF_3%_dynamic_EV_nomesh * 
SF_3%_dynamic_control_mesh vs. SF_6%_dynamic_EV_nomesh *** 
SF_3%_dynamic_control_mesh vs. SF_6%_dynamic_EV_mesh **** 
SF_3%_dynamic_control_mesh vs. SF_9%_static_EV_mesh ** 
SF_3%_dynamic_EV_nomesh vs. SF_6%_static_EV_nomesh * 
SF_3%_dynamic_EV_nomesh vs. SF_6%_dynamic_EV_mesh *** 
SF_3%_dynamic_EV_nomesh vs. SF_9%_dynamic_control_nomesh * 
SF_3%_dynamic_EV_mesh vs. SF_6%_dynamic_EV_mesh **** 
SF_6%_static_EV_nomesh vs. SF_6%_dynamic_EV_nomesh *** 
SF_6%_static_EV_nomesh vs. SF_6%_dynamic_EV_mesh **** 
SF_6%_static_EV_nomesh vs. SF_9%_static_EV_mesh ** 
SF_6%_static_EV_mesh vs. SF_6%_dynamic_EV_mesh **** 
SF_6%_dynamic_control_nomesh vs. SF_6%_dynamic_EV_mesh **** 
SF_6%_dynamic_control_mesh vs. SF_6%_dynamic_EV_nomesh ** 
SF_6%_dynamic_control_mesh vs. SF_6%_dynamic_EV_mesh **** 
SF_6%_dynamic_control_mesh vs. SF_9%_static_EV_mesh * 
SF_6%_dynamic_EV_nomesh vs. SF_9%_static_EV_nomesh * 
SF_6%_dynamic_EV_nomesh vs. SF_9%_dynamic_control_nomesh ** 
SF_6%_dynamic_EV_nomesh vs. SF_9%_dynamic_control_mesh *** 
SF_6%_dynamic_EV_nomesh vs. SF_9%_dynamic_EV_nomesh ** 
SF_6%_dynamic_EV_nomesh vs. SF_9%_dynamic_EV_mesh * 
SF_6%_dynamic_EV_mesh vs. SF_9%_static_EV_nomesh **** 
SF_6%_dynamic_EV_mesh vs. SF_9%_static_EV_mesh ** 
SF_6%_dynamic_EV_mesh vs. SF_9%_dynamic_control_nomesh **** 
SF_6%_dynamic_EV_mesh vs. SF_9%_dynamic_control_mesh **** 
SF_6%_dynamic_EV_mesh vs. SF_9%_dynamic_EV_nomesh **** 
SF_6%_dynamic_EV_mesh vs. SF_9%_dynamic_EV_mesh **** 
SF_9%_static_EV_mesh vs. SF_9%_dynamic_control_mesh ** 

Supplementary table 4. This table shows significant results from an ordinary two-way 
ANOVA done on dynamic EV-release data obtained via NTA. Groups compared were 
obtained from gels either containing EVs or controls without EVs (noted as control), and 
either with or without mesh (mesh/nomesh). Significance is denoted with asterisks. Groups 
featuring the higher of concentrations within the comparison are noted in bold. 



 

Supplementary figure 1. These graphs show the individual (B) and cumulative (A) release 
patterns of particles from the SF EV release tests done with nanoparticle tracking analysis. 
The groups represented are control groups without EVs. Please note that the degree of 
particle release (%) has been calculated as though samples had the same load of EVs as test 
samples in order to draw comparisons between samples with and without EVs. 



 
 
Supplementary figure 2. Shows individual and mean results from compression tests for each 
gel type. Grey lines denote each replicate, while red lines represent the mean of replicates for 
that gel type. Note that a rolling average of 25 has been applied over each sample’s 
measurements. 



 

 

Gel-type Young’s modulus (kPa) Yield strength (kPa) 
GelMA 3% no mesh 4.9882 ± 3.9731 0.1653 ± 0.2517 
GelMA 6% no mesh 102.2125 ± 109.886 1.4357 ± 1.5661 

GelMA 12% no mesh 151.7501 ± 39.7993 16.9933± 32.9258 
SF 3 % no mesh 121.622 ± 55.3376 0.3479 ± 0.0906 
SF 6 % no mesh 119.1404 ± 67.9628 0.5591 ± 0.4643 
SF 9% no mesh 171.0325 ± 153.7611 1.4783 ± 2.7390 

GelMA 3% with mesh 157.452 ± 183.9022 0.2699 ± 0.2417 
GelMA 6% with mesh 130.2543 ± 66.3869 0.2879 ± 0.3161 

GelMA 12% with mesh 157.6814 ± 48.2938 15.7380 ± 37.4156 
SF 3% with mesh 374.9167 ± 323.1705 0.1562 ± 0.1140 
SF 6% with mesh 246.5074 ± 95.2028 0.4772± 0.3491 
SF 9% with mesh 232.5998 ± 74.6307 0.5296 ± 0.3214 

 
Supplementary table 5. Mean and standard deviation of Young’s moduli and 
yield strengths computed from results of compression tests per gel type with and 
without mesh. 

 

 
Supplementary figure 3. Box plots showing five-number summaries of yield strengths for 
each gel type with and without meshes, calculated from results of compression tests. 
 



 

 
 
  

 
Supplementary figure 4. Stress-time curves showing results of stress-relaxation tests showing 
each replicate per gel-type with and without meshes. Note that a rolling average of 25 has been 
applied over each replicate’s measurements. 



  

Supplementary figure 5. Graphs showing a representative stress-relaxation curve from an 
individual sample (so not averaged) on a non-logarithmic scale. A. Shows stress-relaxation 
curves for samples without meshes. B. Shows stress-relaxation curves for samples with 
meshes. It is difficult to compare relaxation periods using a non-logarithmic scale, as most 
relaxation occurs within the first minute or so. 



 

 

 
Supplementary figure 6. Shows the values for storage and loss moduli dependent on strain, 
gel-type, gel concentration, and mesh presence during the amplitude sweeps. Lighter colours 
indicate replicate values, while darker colours indicate means. Please note that the scale of the 
y-axis differs between gels with and without meshes, this avoid illegibility of the graphs. 



 

 
 
Supplementary figure 7. Curves showing frequency dependence for loss and storage moduli 
per gel type with and without meshes, kept under a constant 1% strain. Lighter colours 
indicate replicate values, while darker colours indicate means. Please note that y-axis differ 
in scale for samples with and without meshes in order to maintain legibility. 
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