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ABSTRACT: The application of stem cell-derived secretome in regenerative
therapies offers the key advantage that instead of the stem cells, only their effective
paracrine compounds are in vivo delivered. Ideally, the secretome can be steered by
the culture conditions of the stem cells. So far, most studies use stem cells cultured
on stiff plastic substrates, not representative of their native 3D environment. In this
study, cells are cultured inside synthetic polyisocyanide (PIC)-based hydrogels,
which are minimal, tailorable, and highly reproducible biomimetic matrices.
Secretome analysis of human adipose-derived stem cells (multiplex, ELISA) displays
that matrix manipulation is a powerful tool to direct the secretome composition. As
an example, cells in nonadherent PIC gels secrete increased levels of IL-10 and the
conditioned media from 3D culture accelerate wound closure. In all, our PIC-based
approach opens the door to dedicated matrix design to engineer the secretome for
custom applications.

KEYWORDS: synthetic extracellular matrices (ECM), stem cell secretome, polyisocyanide hydrogels, interleukin-10 (IL-10),
wound healing

1. INTRODUCTION

The stem cell secretome is attracting an increasing amount of
attention due to its use in cell-free regenerative therapies.1

Experimental studies show that the regenerative capacity of
human adipose-derived stem cells (hASCs) is likely to be
dependent on the paracrine activity and less so on their
engraftment,2−4 which suggests that therapies in regenerative
medicine can be implemented through tissue conditioning
without cell implantation. The stem cell secretome is defined
as the collection of soluble paracrine factors secreted by stem
cells. These mixtures include cytokines, chemokines, cell
adhesion molecules, growth factors, hormones, exosomes,
microvesicles, serum and extracellular matrices (ECM)
proteins, proteases, and lipid mediators.1,5 This complex
mixture influences cellular functions such as proliferation,
differentiation, and communication6 and is an important
contributor to therapeutic processes such as wound recovery
and wound healing.3,7,8 Ideally, one would like to optimize the
components in the secretome toward specific applications.
Conditioned media (CM) are media that are harvested from

cultured cells after a specified period. Many groups started
studying CM collected from cells cultured on two-dimensional
(2D) substrates9,10 and also demonstrated that the culture
dimension11,12 impacts on the outcome: different culture
dimension conditions correlated with changed cell functions,13

including paracrine activities. CM studies from 3D grown cells

are scarce, although the 3D environment represents the natural
niche of (stem) cells.14 So far, the studies have focused
primarily on matrices of natural polymer gels,11 on cell
aggregates,15 on their combinations,16 or on electrospun fiber
scaffolds.17 This approach is hampered by the use of natural
biomatrices that often contain multiple partly defined
components, including growth factors and cytokines. As
such, the role of the matrix properties in the modulation of
paracrine factors remains unclear also due to the lack of
tunability of matrices used in the research.
Synthetic matrices, in contrast to their biological counter-

parts, can be more freely designed. The molecular structure,
functionalization, and gel architecture can be used to
manipulate (stem) cell behavior.18 We hypothesize that the
stem cell secretome can be tuned by culture in different 3D
synthetic matrices. As a model, we employed the synthetic
polyisocyanide (PIC) hydrogel with fully controllable proper-
ties. The fibrous structure provides the gels with the porous
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architecture and (nonlinear) elasticity which is common for
biogels of structural biopolymers, such as collagen and fibrin,
that (partially) comprise the natural extracellular matrix.19 This
property is often termed “strain-stiffening”, and the sensitivity
and responsiveness to external stress can be tuned by changing
various parameters,20,21 including the polymer length.22 For
PIC gels, the molecular weights are readily varied and,
additionally, biologically relevant moieties such as cell-adhesive
peptides, including the well-known Gly-Arg-Gly-Asp-Ser
(GRGDS), are introduced straightforwardly via a copper-free

strain-promoted azide-alkyne cycloaddition (SPAAC).23 The
RGD motif enables cells to adhere to the PIC hydrogels by
integrin-mediated binding. This simple and minimal PIC-based
system provides the possibility to modulate cell adhesion
capacity, cell motility, proliferation, vascularization, and
cytocompatibility, which can be manipulated to produce
different micromilieus.24,25 Moreover, the cells in the PIC
hydrogel network can generate internal stresses resulting in the
ability to change the local mechanical microenvironment.22

Table 1. PIC Hydrogels Used for Stem Cell Encapsulatione

hydrogels polymers Mv (kg/mol)a Lc (nm)b c (mg/mL−1)c D (μM)d G′ (Pa) σc (Pa)

S1 P1-N3 398 158 1 141.1 10.6
S2 P1-RGD 398 158 1 28.5 62.8 7.7
S3 P2-N3 576 229 1 325.3 29
S4 P2-RGD 576 229 1 28.5 181.9 19.9

aMv = viscosity-based molecular weight of azide-appended polymers. bAverage contour length based on Mv.
cPolymer concentration. dDensity of

conjugated RGD peptide. eMolecular weights of precursor PIC-N3 polymers were measured. The mechanical properties of S1 and S3 have been
measured in triplets and show overlapping curves (Figure S1).

Figure 1. Synthetic fibrous hydrogels used in this study. (a) 4 polymer gels (S1−S4) are used, namely a combination between short/long polymers
and decoration with/without RGD peptides. (b) Thermosensitive behavior of PIC gels. The solution state and the gel state of PIC are reversible by
changing the temperature. (c) Structure of the PIC−GRGDS with a DBCO−PEG4 linker. Note that ∼1% of all monomers is functionalized with
the RGD peptide. (d) Storage modulus G′ as a function of temperature. Gels form approximately at 15 °C. (e) Differential modulus K′ as a
function of applied stress. The polymer concentration is fixed at 1 mg/mL and freshly dissolved in α-MEM cell culture medium.
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In this work, we take advantage of the customizable nature
of PIC gels, which provides the possibility to tune the cellular
3D microenvironment and ultimately produce different stem
cell secretomes. We studied four different gels (stiffsoft,
RGDno RGD) to culture hASCs and found clear differences
in the secretomes by immunoassays. We then exploited the
different secretomes and applied these CM in functional
wound healing assays. Importantly, the rate of wound closure
depends on the CM applied, showcasing the advantages of the
3D synthetic matrices in tuning stem cell secretome.

2. RESULTS AND DISCUSSION
2.1. Synthesis and Functionalization of Polymers. For

this study, we prepared four different culture matrices based on
polymers where we vary the polymer contour length LC and
presence of cell-adhesive peptides. To obtain materials of
different contour lengths, we carried out PIC polymerizations
with varying monomer to catalyst ratios,22 yielding polymer P1
and P2 with LC = 160 and 230 nm, respectively (Table 1).
Note that in the polymerization 3.3% azide, (N3)-appended
monomer was copolymerized for postmodification. The cell-
adhesive RGD peptide was equipped with a DBCO-terminated
PEG spacer and conjugated to P1 and P2 through the highly
efficient SPAAC reaction;22 such that, on average, 1% of the
monomers in the polymer chain carries a peptide, which
corresponds to an average theoretical spacing of 10 nm

between adjacent peptides along the polymer chain (Figure
1a,c). Details are given in the Supporting Information.
To prepare hydrogels, polymers were dissolved in α-MEM

(concentration 1 mg/mL) at low temperatures (5 °C) and
subsequently heated to 37 °C where the gel is formed instantly.
The mechanical properties of the gels were measured using
oscillatory shear rheology. The rheology experiments clearly
show that all polymer gels possess a lower critical solution
temperature or gelation temperature of approximately 15 °C
(Figure 1b,d). In the linear viscoelastic (LVE) regime, all gels
are considered relatively soft with a stiffness or storage
modulus G′ between 50 and 350 Pa. Comparison between
different gels shows that the gels that are prepared from
polymers with a reduced polymer length are softer, which is in
line with the previous results.22 Besides, the introduction of
low amounts of RGD also reduces the stiffness of the gel
(Table 1).
In a prestress protocol, we measured the mechanical

properties of the hydrogels under stress and find the critical
stress σc where the mechanical response changes from the LVE
to the stiffening regime. The results are given as the differential
modulus K′ ≡ ∂σ/∂γ, which more accurately describes the
material’s stiffness at a specific stress (Figure 1e). The softer
gels have lower critical stresses; that is, at much lower applied
stress, they will transfer into a mechanical stiffening regime.
Consequently, at higher stresses, the stiffness of all gels

Figure 2. Stem cell behavior is influenced by matrix properties. (a) Representative bright field images (top) and z-stacks of LIVE/DEAD imaging
(bottom) show morphology and viability of stem cells at day 7 (bright field) and day 8 (LIVE/DEAD) in all conditions, respectively. Stem cells
show the most pronounced spreading in gels functionalized with cell adhesive peptides and with shorter polymers (S2). (b) WST-1 assay and
PicoGreen DNA quantification assay show metabolic activities and proliferation of cells in all conditions, respectively. A similar trend in both assays
confirms that cell-adhesive peptides promote cell proliferation in 3D culture.
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Figure 3. Stem cell secretome is influenced by matrix properties. (a) Quantification of the stem cell secretome by the multiplex assay. The heat map
(left) shows fold increase in cytokine expression of S2, S3, and S4 in comparison to S1. Cytokines with marked higher expressions in RGD-
appended matrices are labeled in pink; IL-10, which is higher expressed in inert matrices, is labeled in dark green. The bar chart (right) shows the
absolute concentrations of cytokines in S1 and the medium control. See Figure S2 for the absolute expression levels. Cell density: 500,000 cells/
mL; conditioned medium was refreshed every 2 days, and the medium at day 6 was collected for the measurement. (b) ELISA reveals the average
concentration of IL-10 in CM (left) and normalized per cell (right) for all samples. Cell density: 200,000 cells/mL; conditioned medium was
refreshed on day 1, 3, and 7; the medium at day 7 was collected for the measurement.
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converges, and at relatively low stress of 30 Pa, all materials
display uniform mechanics, as clear from the overlapping K′
data.
2.2. Morphology, Metabolism, and Proliferation of

Stem Cells are Regulated by Gel Properties. hASCs were
encapsulated and cultured in four different gels as well as on
tissue culture plastic as a 2D control. Within the 7 day culture,
the stem cells adapted an elongated morphology in RGD-
appended gels S2 and S4, with a more pronounced spreading
in short-polymer gel S2. In contrast, the cells in the non-RGD-
modified materials displayed no significant protrusion, which is
consistent with our previous findings in gels with higher
polymer concentrations (Figure 2a top row).22 LIVE/DEAD
imaging confirms the good viability of stem cells in all
conditions (Figure 2a bottom row). The WST-1 proliferation
assay reveals that stem cells show an increased metabolic
activity throughout the 7 day culture in RGD gels and on 2D
surfaces, whereas in the “inert” gels, the metabolic activity
remains constant, suggesting the absence of proliferation
(Figure 2b left panel). The PicoGreen DNA quantification
assay, in line with the WST-1 results, reveals that the amount
of total DNA increases from day 3 onward in the RGD-
containing PIC gels and on 2D surfaces but does not show any
increase (even a small decrease) in the inert gels (Figure 2b
right panel). Together, the data suggest that human stem cells
require sufficient cell−matrix adhesion in their 3D micro-
environments to display a proliferative phenotype.
2.3. Culture Dimensionality and Cell Adhesion Sites

Influence the Secretome of Stem Cells. The major
differences between morphologies and metabolisms of
hASCs in the 4 cultures, particularly between adherent and
nonadherent matrices, prompted us to screen the secretomes.
In a first approach, we performed a multiplex assay (panel of
41 bioactive factors) on all 3D samples (S1, S2, S3, and S4) to
study whether the observed differences translate into an altered
paracrine content in the corresponding CM. The expression
levels of different molecules are summarized in Figure 3. We
present the absolute concentrations in S1 and the control
medium in a bar chart and the relative difference of S2−S4 to
S1 in a heat map (Figure 3a and Table S1 for all absolute
values). Among the 41 molecules in the panel, the
concentrations of eotaxin, GRO, IL-6, IL-7, IL-8, IL-10,
MCP-1, and vascular endothelial growth factor (VEGF) in CM
from 3D cultures are several orders of magnitude higher than
the control, suggesting an active production of these cytokines
by stem cells in response to their PIC surrounding. While most
of these proteins are expressed more in the RGD-function-
alized gels (S2, S4) than in inert matrices (S1, S3) or at least
show similar expressions, IL-10 is the only exception that is
upregulated in the inert matrices. To acquire a comprehensive
understanding of IL-10 expression, we performed ELISA on all
samples (Figures 3b and S2). Indeed, we detected higher
expressions of IL-10 from all 3D conditions compared with the
2D culture and the highest concentrations in inert gels S1 and
S3. The effect is even stronger when the IL-10 expression is
normalized to the number of cells considering the reduced
proliferation in these conditions (Figure 3b).
IL-10 is a pleiotropic cytokine, involved in immune

modulation as it has anti-inflammatory properties and prevents
autoimmunity.26−28 Moreover, in vivo studies have shown that
IL-10 is involved in enhanced and scarless wound healing. This
observation, however, was mainly achieved by IL-10-mediated
immune cells modulation.29−31 Meanwhile, earlier studies on

stem cell-expressed IL-10 mainly used genetic modifications to
overexpress the cytokine.32,33 We note that Stucky et al.
encapsulated mesenchymal stem cells (MSCs) in alginate
microspheres but did not observe a significant change in IL-10
expression in comparison with a monolayer culture.34 Our
results show that IL-10 expression of MSCs can be effectively
upregulated using a (nonadherent) 3D matrix. The (small)
increase in expression of IL-10 for gels prepared from a short
polymer gel (S1) compared to S3 disappears after normal-
ization to the cell number.
In the absence of cell adhesion peptides, the mechanical

confinement by the ECM has been reported to dominate
cytokine expression from cells. Along the same lines, Lee et al.
has reported an altered secretion of IL-1β by chondrocytes in
inert alginate gels with different viscoelastic properties that
translated to various degrees of cell volume restriction in the
3D microenvironment.35 Jain and Vogel suggested that
cytokine-associated biophysical pathways in macrophages
impacted by spatial confinement include lipopolysaccharide
(LPS)-activated transcriptional programs and nuclear trans-
location of MRTF-A.36 In the context of our study, we
speculate that cell volume restriction, inhibition of actin
polymerization, a lack of cell−matrix, and cell−cell interactions
all contribute to the activation of IL-10 production via already
known or not yet discovered biophysical signaling pathways.
We note that currently, the conditions for IL-10 production by
mesenchymal stem cells are debated. Primarily, the uncertainty
is the result of a lacking consistency in experimental
conditions.37 Synthetic ECM models such as PIC are able to
better control the experimental variables.
Interestingly, we did not observe any significant difference

between short and long polymer gels functionalized with RGD
peptides despite the clear difference in the stem cell
morphology. There is a general consensus that the nonlinear
mechanics of fibrous ECMs enable the embedded contractile
cells to actively modulate the stiffness of microtissues, via
actin-myosin contractility.38,39 In light of this, we consider that
the stem cells are able to actively stiffen the matrix to a desired
value, regardless of the initial stiffness of PIC−RGD gels.
Consequently, the difference in mechanical properties between
the short and long polymer gels is minimized after the cellular
intervention. In macroscale shear rheology, an overlap of gel
stiffness is seen for all gels already at modest (external)
stresses. We propose that the encapsulated cells in gels
similarly exert (internal) stresses that can drive gel mechanics
into a similar level. Moreover, cell−cell contact can be
observed in both the 2D culture and 3D cultures with RGD,
where IL-10 expressions are both low, which supports the
aforementioned hypothesis.
Another signaling protein from the panel, VEGF, also raised

our interest because of its crucial role in promoting
vascularization. ELISA was performed on the VEGF, and we
observed a higher expression in 2D culture than all 3D cultures
(Figure S2). We hypothesize that a plethora of stimuli,
including culture dimensionality, substrate stiffness, and cell−
cell interactions, influence the secretion of paracrine molecules,
and each different molecule has its own favored combination
of stimuli. Because of the key role of IL-10 in wound healing
and large expression differences, we continued our study on IL-
10.

2.4. CM from 3D Inert Gels Promote Wound Healing
of Fibroblasts and IL-10 Plays a Role. As an example to
demonstrate the functional effects of the collected secretomes,
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we applied the CM in a fibroblast wound healing assay. Briefly,
two islands of fibroblasts were cultured on tissue culture plastic
separated by a well-defined barrier (500 μm). Then, the barrier
was removed and the medium was replaced by CM from the
stem cell experiments. The closure of the artificial wound was
then monitored for 48 h (Figure 4a). The results reveal that
CM from all 3D stem cell cultures induce a much faster and
more complete wound closure than CM from the 2D culture.
Statistically, the CM from the 3D stem cell cultures in RGD-
free conditions (with increased IL-10 levels) show a similar
wound closure rate compared with CM from cells in matrices
with RGD (Figure 4b,c). The results suggest that culture
dimensionality (2D vs 3D) dominates over the influence of
paracrine effects or nonlinear mechanics of the gels. See Figure
S3 for an overview of bright field images used for wound
closure quantification.
To confirm that the observed differences in the wound

closure rate are not simply due to nutrient depletion, we

supplemented the CM with fresh α-MEM medium (3:1) and
repeated the assay. For 3D cultures, we observe no significant
differences, suggesting that nutrient depletion does not play a
role. Only for the CM of the 2D control, we observe that the
wound closure rate increases for the α-MEM-supplemented
CM. After 48 h, however, wound closure is still slower than in
any CM of the 3D hASC cultures (Figure 4d,e). A WST-1
proliferation assay was performed on fibroblasts incubated in
CM from all culture conditions after 48 h, and no statistical
difference could be observed among 3D conditions (Figure
S4). All these data confirm that the difference in wound closure
between samples is most likely caused by components in the
CM and not by the nutrient consumption.
To validate the role of IL-10, we employed an IL-10

neutralizing antibody (nAB) in the CM from the RGD-free gel
S1. Results suggest that, indeed, the nAB retards wound
healing (Figure 4f). Interestingly, we did not observe
significantly faster wound healing in α-MEM media (with 1%

Figure 4. Fibroblast wound healing assays. (a) Representative bright field images show a wound closure with time. The area of wound is analyzed
by ImageJ. (b) Wound closure in undiluted CM with time in all conditions. (c,d) Wound closure in undiluted (c) and diluted (d) CMs after 48 h.
(e) Comparison between undiluted and diluted CMs in all conditions. (f) Comparison between wound closure in CMs S1 and S1 + IL-10 nAB
after 24 h. For comparisons between condition variants, a one-way ANOVA with a Tukey post hoc test for pairwise comparisons was used (*P ≤
0.05). For comparisons between S1 and S1 + IL-10 nAB, a two-tailed, student-t-test was used (*P ≤ 0.05). Note that we used a volume of 400 μL
for the CM in the 2D condition. n = 3 independent experiments.
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FSC) supplemented with IL-10 compared with control culture
media (Figure S5). In the field of regenerative medicine, the
overexpression of IL-10 has been proved highly beneficial in
scarless wound healing by regulating the fibroblast function
and ECM remodeling.30 Our findings once again confirm the
key role of IL-10 in tissue regeneration but also strongly
indicate that IL-10 works in concert with other factors present
in the CM. We hypothesize that fibroblasts need specific
biochemical cues to accelerate wound healing and that these
cues are absent in normal culture medium. Future research
needs to investigate which factor is key to the process.

3. CONCLUSIONS
In this study, we demonstrate that the secretome of stem cells
is readily tuned by their (3D) culture conditions. In the
example of hASC-laden PIC gels that lack cell-adhesive
peptides, we observe an increased IL-10 production, which is
involved in wound healing and has a therapeutic potential.
Zooming out beyond the current study where we focused on

simple cell−gel interactions and immunological responses, we
believe that this work marks the advent of new approaches to
generate customized CM. The application of well-defined,
synthetic matrices is crucial. They offer the opportunity for
highly controlled manipulation of the network architecture and
physical and mechanical properties of the hydrogel. Maybe,
more importantly, they allow for the introduction of bioactive
factors to stimulate stem cells, beyond the simple RGD cell-
binding peptide that we varied in this example. As such,
synthetic matrices, such as the PIC gel, will allow virtually
endless variations of structures and properties to ultimately
generate an optimized conditioned medium.
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