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Tuneable Recombinant Spider Silk Protein Hydrogels for
Drug Release and 3D Cell Culture

Tina Arndt, Urmimala Chatterjee, Olga Shilkova, Juanita Francis, Johan Lundkvist,
Daniel Johansson, Benjamin Schmuck, Gabriele Greco, Åsa Ekblad Nordberg, Yan Li,
Lars U Wahlberg, Maud Langton, Jan Johansson, Cecilia Götherström, and Anna Rising*

Hydrogels are useful drug release systems and tissue engineering scaffolds.
However, synthetic hydrogels often require harsh gelation conditions and can
contain toxic by-products while naturally derived hydrogels can transmit
pathogens and in general have poor mechanical properties. Thus, there is a
need for a hydrogel that forms under ambient conditions, is non-toxic,
xeno-free, and has good mechanical properties. A recombinant spider silk
protein-derived hydrogel that rapidly forms at 37 °C is recently developed. The
temperature and gelation times are well-suited for an injectable in situ
polymerising hydrogel, as well as a 3D cell culture scaffold. Here, it is shown
that the diffusion rate and the mechanical properties can be tuned by
changing the protein concentration and that human fetal mesenchymal stem
cells encapsulated in the hydrogels show high survival and viability.
Furthermore, mixtures of recombinant spider silk proteins and green
fluorescent protein (GFP) form gels from which functional GFP is gradually
released, indicating that bioactive molecules are easily included in the gels,
maintain activity and can diffuse through the gel. Interestingly, encapsulated
ARPE-19 cells are viable and continuously produce the growth factor
progranulin, which is detected in the cell culture medium over the study
period of 31 days.
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1. Introduction

Biomaterials are crucial for tissue engineer-
ing as they provide structural support for
cells to attach, grow, proliferate, and differ-
entiate.[1–5] In general, hydrogels are known
to: i) mimic the fibrillar network of the ex-
tracellular matrix,[6,7] ii) allow diffusion of
nutrients and waste products,[8] and iii) be
versatile as they can be modified to contain
cell adhesion sites, or biopharmaceutics
such as growth factors, hormones, enzymes
or cytokines.[9–13] In some applications, hy-
drogel encapsulation of bioactive molecules
is essential to avoid their degradation or
to provide cues to surrounding cells. In
addition, hydrogels can often be used for
3D bioprinting which enables the manufac-
ture of specific and complex structures, in
some cases even containing live cells.[14–18]

Hydrogel formation is generally induced
by either chemical crosslinking that co-
valently link polymers,[19] or by physi-
cal crosslinking whereby temperature,
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Figure 1. Production of bioactive hydrogels. NT2RepCT is produced at high yields in a bioreactor and purified with a semi-automated FPLC system. To
form bioactive gels, the NT2RepCT proteins are mixed with cells or GFP and incubated at 37 °C for 120 min to encapsulate the cells or GFP, respectively,
within the hydrogel. Created with BioRender.com.

vortexing, or sonication induce chain entanglements, hydropho-
bic interactions, and/or hydrogen bonding.[20–22] A major draw-
back of both chemical and physical crosslinking is the risk of
damaging incorporated cells and/or bioactive substances, as well
as surrounding tissue if performed in vivo.

Hydrogels can be made from synthetic polymers, which in
general are well-defined and economically affordable. However,
their synthesis may include the use of organic solvents and if
the polymerization is incomplete, tedious and expensive purifi-
cation protocols are needed to remove toxic components and
crosslinkers.[23–25] In addition, toxic degradation products and
the lack of cell-attachment sites may cause problems with cell
viability. Naturally derived polymers like collagen, gelatin, and
chitosan are generally biodegradable and provide good support
for cells.[26] However, also naturally derived materials are associ-
ated with drawbacks, e.g., product impurities, batch-to-batch vari-
ations, and inferior mechanical properties. Recombinant spider
silk protein hydrogels are emerging as a new promising biomate-
rial that can address these problems.[22,27–30] However, poor me-
chanical properties and long gelation times remain major chal-
lenges.

Artificial spider silk is a promising biomaterial, provided that
it can be manufactured from proteins produced in heterologous
hosts. Previously, a biomimetic spider silk production method
was developed, which enables the production of artificial spi-
der silk proteins and fibers without involving harsh organic
solvents.[31] This was made possible by the design of a small spi-
der silk protein (spidroin) called NT2RepCT that is as soluble as
native spider silk proteins (30–50% w/v) in aqueous buffers and
recapitulates important features of native spider silk dope.[31–34]

A big advantage of NT2RepCT is that it can be produced in large
quantities (14.5 g purified protein per liter culture in bioreac-
tors) and is possible to purify in a semi-automated process.[35]

Recently, we discovered that NT2RepCT and a wide range of ad-
ditional recombinant spidroins form hydrogels within minutes
if incubated at 37 °C, i.e., without the use of crosslinkers.[27]

The temperature and time range for NT2RepCT gel formation

are compatible with most bioactive agents and living cells, which
make the gels interesting for the development of injectables in-
tended to polymerize in situ and/or for 3D bioprinting under
physiological conditions.

Herein, we characterize the NT2RepCT hydrogels and ex-
plore their use as cell culture scaffolds and drug release systems
(Figure 1). We find that diffusion rates and mechanical proper-
ties can be tuned by changing the NT2RepCT concentration. Hu-
man fetal mesenchymal stem cells (hfMSC) showed high sur-
vival and viability when encapsulated for 21 days and 7 days, re-
spectively. Green fluorescent protein (GFP) can be mixed with
the NT2RepCT solution and remain active after gelation, and
upon incubation in buffer, GFP diffuses out of the gel. Further-
more, we show that progranulin overexpressing ARPE-19 cells, a
spontaneously immortalized retinal pigment epithelia (RPE) cell
line,[36] could be encapsulated in the hydrogels and continued to
produce progranulin which was released from the gels for at least
31 days. These data, together with the gels’ mechanical proper-
ties indicate that they are good candidates for the development of
drug release systems and 3D cell culture scaffolds.

2. Results and Discussion

2.1. Mechanical Properties of NT2RepCT Hydrogels can be
Tuned by Varying the Protein Concentration

A key strategy in tissue engineering is to design biomaterials
with mechanical properties that can mimic different extracel-
lular environments, as tissue stiffness has various effects on
cells including morphology and differentiation fate.[37–47] To char-
acterize the mechanical properties of the hydrogels, we per-
formed unconfined compression tests on NT2RepCT hydrogel
disks (1 cm height x 1 cm diameter), (Figure 2; Figure S1, Sup-
porting Information). The stress at fracture ranged from 4 kPa
(50 mg mL−1 hydrogel) to 123 kPa (200 mg mL−1 hydrogel)
positively correlating with the protein concentration (Figure 2a;
Table S1, Supporting Information). Notably, the strength of the
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Figure 2. Mechanical properties of NT2RepCT hydrogels at 50, 100, 150, and 200 mg mL−1 determined by unconfined compression tests. a) Strength, b)
Strain at break, c) Compressive modulus and d) Comparison of the compression modulus of hydrogels characterized in this study and the compression
modulus of different tissues.[51,52] The error bars represent the standard error of mean. *p<0.05; **p < 0.01; no asterisks are shown for p > 0.05.

200 mg mL−1 hydrogels is at least 2 times higher than that of
collagen hydrogels.[48,49] The strain at break decreased with in-
creased protein concentration (Figure 2b; Table S1, Supporting
Information), but was always higher than mammalian skeletal
muscle that typically shows strain at break values of 20%.[50] The
compression modulus, which is indicative of the stiffness of the
gel, increased from 14 kPa (50 mg mL−1 hydrogel) to 100 kPa
for the 100 mg mL−1 gel, to 317 kPa for the 150 mg mL−1 gel,
and to 792 kPa for the 200 mg mL−1 gel (Figure 2c; Movie S1–
S4, Supporting Information). The compression modulus of the
50 mg mL−1 hydrogel is in the range of an elastic hydrogel (1–
20 kPa) and in line with muscle tissue (25 kPa).[51]The more
concentrated gel samples had a stiffness that was more similar
to cardiac muscle (100 kPa).[51,52] and cartilage (240–850 kPa),
(Figure 2d).[53] Thus, the mechanical properties of NT2RepCT

hydrogels are tunable and in general superior to other protein-
based hydrogels.[48,49,54,55]

2.2. Recombinant Spider Silk Hydrogels have Tunable Diffusion
Rates and form A Dense Fibrillar Network

Efficient diffusion through hydrogels is important as it ensures
the exchange of nutrients, oxygen, growth factors, and waste
products. To determine the diffusion coefficients, we used flu-
orescence recovery after photobleaching (FRAP), which is based
on photobleaching of a fluorescent probe with a laser, after which
neighboring fluorescent molecules diffuse into the bleached area
at a rate that depends on the diffusion coefficient.[56] We ap-
plied FRAP on gels formed from NT2RepCT solutions with
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Figure 3. Diffusion and morphology of NT2RepCT hydrogels. a) Diffusion coefficients determined with FRAP of 50, 100, 200, and 300 mg mL−1 gels
with FITC-dextrans of different molecular weights (40, 70, and 250 kDa). Three separate samples for each combination of protein concentration and
FITC-dextran size were each measured three times. b) SEM images of NT2RepCT hydrogels at 50, 100, 200, and 300 mg mL−1 (scale bars are 1 μm). c)
Release profiles from GFP (1, 30, and 50 mg mL−1 final protein concentration) encapsulated in NT2RepCT hydrogels (50 mg mL−1). Gels were incubated
in 20 mM Tris-HCl buffer (pH 8) and samples were taken after 1, 5, 24, and 48 h. Y-axis shows % equilibrium where 100% is full equilibrium with the
surrounding buffer. Whiskers show standard deviation. d) SDS-PAGEs of GFP release from NT2RepCT (50 mg mL−1) hydrogels after 1, 5, 24, and 48 h
at 37 °C. GFP was encapsulated in NT2RepCT hydrogels at final concentration of 1, 30, and 50 mg mL−1.

concentrations of 50, 100, 200, and 300 mg mL−1 in the presence
of fluorescein isothiocyanate (FITC)-labeled dextran of different
molecular weights (40, 70, and 250 kDa). The results show that
the size of FITC-dextrans and NT2RepCT protein concentration
negatively correlated with the diffusion coefficient, i.e., higher
molecular weight FITC-dextrans and higher protein concentra-
tions result in lower diffusion coefficients (Figure 3a; Table S2,
Supporting Information). Hence, diffusion can be tuned by vary-
ing the NT2RepCT concentration to fit the intended application.
The diffusion coefficients in NT2RepCT hydrogels are lower than
in many other hydrogels[57–63] which would be ideal for the devel-
opment of a sustained drug release system or for encapsulating
cells.[64] The decreased macromolecular mobility in high concen-
tration hydrogels and the relatively slow diffusion are likely a con-

sequence of the dense NT2RepCT nano-fibrillar network in the
gels (Figure 3b).[27]

Since NT2RepCT gels form under mild conditions we spec-
ulated that other proteins may be mixed with the NT2RepCT
solution and maintain their activity after gelation. To test this,
we mixed GFP at different concentrations with NT2RepCT at
50 mg mL−1 final concentration, formed gels, added 20 mM Tris-
HCl, pH 8, and monitored the release of GFP over time. By
measuring the fluorescence intensity of released GFP, we found
that at all concentrations tested, GFP encapsulated in NT2RepCT
hydrogels reached equilibrium with the medium after 24 h
(Figure 3c), indicating that GFP maintains its fold and func-
tion after gelation and that GFP does not interact with the gel,
i.e., is not retained. Furthermore, no unpolymerized NT2RepCT
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Figure 4. hfMSC proliferation in 50 mg/mL NT2RepCT hydrogels. a) Cell seeding density versus fluorescence intensity of AlamarBlue in 10 and 100 μL
hydrogels. b) hfMSC proliferation over 21 days of two different cell seeding densities (2.5 and 5.0 × 104 cells μL−1) in 10 μL hydrogels. Whiskers show
standard deviation.

(33 kDa) was released from the hydrogels as seen by SDS-PAGE
(Figure 3d; Figure S2, Supporting Information) suggesting sta-
bility and complete polymerization of the gels.

2.3. Human Mesenchymal Stem Cells Survive and are Viable in
NT2RepCT Hydrogels

To test the hydrogels’ suitability as cell culture scaffolds, we
tested if mesenchymal stem cells (MSC) survive in the hydro-
gels. Treatments with MSC hold therapeutic relevance in regen-
erative medicine as they can differentiate into bone, cartilage,
muscle, and connective tissue.[65] Therefore, human fetal MSC
(hfMSC)[66] were encapsulated in NT2RepCT hydrogels formed
at 50 mg mL−1. To optimize culture conditions, cell seeding den-
sities of 0.1, 1.0, 2.5, and 5.0 × 104 cells mL−1 were mixed with
the protein solutions. The cell-protein mix was plated in 48-well
plates and either the bottom of the well was covered (100 μL)
or the mixture was deposited as a drop in the center of the well
(10 μL). After gelation, the cell culture medium was added to the
wells, and an AlamarBlue assay was performed on the following
day (Figure 4a). The fluorescence intensity measured in cell cul-
ture medium from wells with cells encapsulated in 10 μL gels
positively correlated with the cell seeding density. Cells encapsu-
lated in 100 μL gels had lower fluorescence intensity than cells
encapsulated in 10 μL gels which might be due to shorter dif-
fusion distance and proportionally larger contact surface to the
surrounding cell culture medium in 10 μL gels compared to the
100 μL gels.

Cell proliferation was therefore monitored for 21 days using
10 μL gels (50 mg mL−1) at 2.5 and 5.0 × 104 cells mL−1 cell
seeding densities (Figure 4b). Fluorescence intensity remained
mostly at the same level for the 21-day culture period, which
means that hfMSC survive in the gels, but that proliferation likely
is limited. To investigate if the protein concentration and thereby
the stiffness of the gels affects cell proliferation, we followed
hfMSC grown in 50, 100, and 150 mg mL−1 gels for up to 7 days,
but could detect no difference in proliferation rate (Figure S3,

Supporting Information). A possible explanation for this is that
the cells are physically entrapped by the dense fibrillar network of
the scaffolds (Figure 3b),[27] which could restrict the cells and pre-
vent them from proliferating and migrating through the gels. No-
tably, NT2RepCT hydrogels maintained their structural integrity
during the entire culture period and remained adherent to the
cell culture well (Figure S4, Supporting Information). A negligi-
ble number of cells grew outside the gels (Figure S5, Supporting
Information).

We next visualized hfMSC in the hydrogels after 7 days of
culture using live/dead staining (Calcein AM in green for live
cells and DRAQ7 in magenta for dead cells) by laser scanning
confocal microscopy (Figure 5). The hfMSC encapsulated in
50 mg mL−1 NT2RepCT hydrogels showed a spherical morphol-
ogy (Figure 5a), again likely due to the restricted space in the fib-
rillar network and possibly also due to the lack of cell adhesion
motifs in the gels[67,68] as has been observed before for several
other hydrogels and cell types.[29,68–73] The number of live and
dead cells was quantified and plotted as the cell viability on day 7
(Figure 5b). The mean viability was 53% and 67% for cell seeding
densities 2.5 and 5.0 × 104 cells mL−1, respectively which is lower
compared to other established hydrogels like collagen, gelatin,
or alginate (98%, 97%, and 80% respectively),[68,74,75] but in line
with previously described silk hydrogels (70% viability of fibrob-
lasts after 48 h).[29] Future studies addressing the suitability of the
gels for applications in regenerative medicine should explore the
differentiation capacity of the encapsulated hfMSC.

3D visualization of the cells in the hydrogels showed that cells
were well dispersed in the gels without cell clustering or aggre-
gation (Movie S5, Supporting Information). However, there was
a tendency for higher cell densities in the lower parts of some
gels, which means that the cells likely sink toward the bottom
prior to gelation (Figure 5c). A majority of the cells were alive,
in line with the gentle encapsulation process. Some dead cells
were located mainly in the upper part of the gel (Movie S6, Sup-
porting Information). Since the gel-formation and encapsulation
procedure demands that the gels are incubated in air for 2 h, we
speculate that the cells closest to the gel surface could have dried
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Figure 5. hfMSC show good viability when encapsulated in NT2RepCT hydrogels. a) Representative image of hfMSC stained with Calcein AM (green,
live cells) and DRAQ7 (magenta, dead cells) for cell seeding densities 2.5 and 5.0 × 104 cells mL−1. Scale bars are 50 μm. b) Quantification of cell viability
for the two different cell seeding densities. Whiskers show standard deviation. c) 3D representations of hfMSC in hydrogels.
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Figure 6. PGRN release from ARPE-19 cells alone or encapsulated in 50 mg mL−1 NT2RepCT hydrogels are similar. The release of progranulin from
ARPE-19 cells at the same seeding density during a 4 h pulse experiment was quantified with ELISA on day 3, 7, 14, and 31. Whiskers show standard
deviation. *p<0.05; **p < 0.01; ***p<0.001; ****p < 0.0001; ns–not significant.

out. To decrease the time required for polymerization, recombi-
nant silk proteins that are designed to be more prone to form
amyloid-like fibrils should be tested for their ability to form hy-
drogels faster.[76]

2.4. ARPE-19 Cells Encapsulated in NT2RepCT Gels Secrete
Human Progranulin

Encouraged by the findings that macromolecules are intact after
gelation and can diffuse out of the gel and that hfMSC survive
in the hydrogels, we investigated if cells that secrete bioactive
molecules can be encapsulated in the hydrogels. ARPE-19 cells
secrete human progranulin (PGRN) which is an ≈80 kDa gly-
cosylated growth factor associated with embryonic development,
tissue repair, and inflammation.[36,77,78] Due to its additional roles
that involve the regulation of neuronal survival and lysosomal
function, it is being investigated as a therapeutic target for neu-
rodegenerative diseases.[79] One therapeutic approach could be
to encapsulate PGRN producing cells in implantable medical de-
vices, as has been used for the delivery of nerve growth factors to
the brain.[80] Here, the ARPE-19 cells were encapsulated in the
NT2RepCT hydrogels and cultured for 31 days during which the
levels of PGRN released during a 4 h period were measured on
days 3, 7, 14, and 31 by sandwich ELISA (Figure 6). The cells con-
tinued to secrete PGRN that, despite its relatively large size, dif-
fused through the gels and was released into the medium where
it could be detected. PGRN levels increased over time and at the
same cell seeding density, the levels of PGRN released from en-
capsulated cells and control cells that were cultured under stan-
dard conditions (on cell culture plastic surfaces), were slightly
lower on day 7 and 14 but on the same level on day 3 and day 31,
indicating that encapsulation has little negative effect on the cells.
Possibly, this approach could be useful in applications where cells
should be encapsulated and protected in the gels over long peri-
ods to continuously release proteins. In line with this idea, the

use of silk gels for drug release was recently studied by Tross-
mann et al who used human embryonic kidney 293 cells that se-
creted a fusion protein composed of tumor necrosis factor recep-
tor 2 (TNFR2) and the Fc domain of IgG1.[73]

3. Conclusions

Herein, we report the development of a hydrogel that works as a
macromolecule release system as well as a cell culture scaffold.
The optical transparency and absence of autofluorescence facili-
tates the evaluation of cells by microscopy. Primary human cells
show high survival after being mixed with the protein solution
and encapsulated in the gels by incubation at 37 °C. This indi-
cates that the procedure does not harm the cells, and that the
gel is non-toxic and allows diffusion of nutrients and waste prod-
ucts. Moreover, cells can be entrapped in the gels forming a liv-
ing material that produces biologically active molecules that are
continuously released to the surrounding. Finally, by varying the
protein concentration, the mechanical properties of the gels can
be tailored to fit different tissues, and can even match those of,
e.g., cartilage.

4. Experimental Section
Protein Expression and Purification: The expression of NT2RepCT was

carried out using a fed-batch culture, exactly as described previously.[35]

Briefly, a day culture of E. coli BL21 (DE3) transformed with pT7-
NT2RepCT was grown in LB-medium (Kanamycin 50 μg mL−1) using a
baffled shake flask at 37 °C to OD600 5–10. The pre-culture was used to
inoculate 1 L of sterile semi-complex medium originally described by da
Silva and coworkers (experiment #4),[81] in a 3 L single-walled glass ves-
sel, which was connected to a BioBench modular controller unit (Solida
Biotech, Munich, Germany). After inoculation, the culture was grown at
29 °C until the OD600 approached 60. Then, the culture was cooled to
20 °C, before the expression of NT2RepCT was induced by the addition
of IPTG to a final concentration of 150 μM. Feeding with a semi-complex
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medium containing 40% glycerol according to da Silva et al.[81] was ini-
tiated once a spike in the pO2 profile was seen, which indicated that the
initial carbon source was depleted. Up to 500 mL of feed was consumed
using a feeding profile, which consisted of a linear increase from 11 mL
to 30 mL h−1 for 10 h, followed by constant feeding. The pH level was
adjusted continuously to pH 7 either by the addition of 25% NH3 or 3 M
H3PO4. The pO2 level was set to 30%, by adjusting the stirrer speed be-
tween 200–1200 rpm. 22 h post-induction, the culture was harvested by
centrifugation at 4000 xg. Finally, the supernatant was discarded, and the
wet cell pellet was diluted to a ratio of 1:2 in 20 mM Tris-HCl, pH 8, by
gentle agitation, and stored at −20 °C.

The thawed cell pellet resuspension was diluted with 20 mM Tris-HCl,
pH 8, to obtain a dilution ratio wet cell pellet to buffer of 1:10, before
adding DNAse I to a final concentration of 10 μg mL−1. Cell lysis was ex-
ecuted with a Cell disruptor (Constant Systems, Daventry, United King-
dom). The lysed cell suspension was centrifugated at 25,0000 xg, before
the supernatant was filtered through a 0.45 μm Filtropur S (Sarstedt, Nüm-
brecht, Germany). Then, NT2RepCT was purified from the lysate with an
Äkta Explorer liquid chromatographic system at 6 °C (GE Healthcare, Up-
psala, Sweden) and 2 × 20 mL HisPrep FF 16/10 columns (Cytiva, Upp-
sala). To maximize the productivity and process up to 2.5 L of lysate, the
instrument was programmed with Unicorn 5.1 to automate repeated load-
ing and elution, using the loop function. During each cycle, 250 mL lysate
was first passed over the column at 5 mL min−1 (loading), followed by
washing with 3.5 column volumes (CV) 20 mM Tris-HCl buffer, pH 8, and
washing with 4 CV with Tris-buffer containing 2 mM imidazole. NT2RepCT
was eluted with 2 CV 200 mM imidazole. The combined eluate was dia-
lyzed against 20 mM Tris-HCl pH 8, at 4 °C overnight, using a Spectra/Por
dialysis membrane with a 6–8 kDa molecular weight cutoff.

His-NT-QG-GFP was supplemented with 1 mM dithiothreitol and
cleaved using 3C protease in weight-to-weight ratio 50:1 overnight with ro-
tation at 4 °C. Cleaved protein was dialyzed against 20 mM Tris-HCl pH 8,
at 4 °C overnight, using a Spectra/Por dialysis membrane with a 6–8 kDa
molecular weight cutoff. Reverse immobilized metal affinity chromatog-
raphy (RIMAC) was performed using Hisprep™ Fast Flow 16/10 Cytiva
column. Cleaved GFP was collected in the flowthrough fraction.

Protein concentrations were determined with a spectrophotometer
and the purity was determined by SDS-polyacrylamide (4–20%) gel elec-
trophoresis and Coomassie Brilliant Blue staining. Proteins were concen-
trated to the indicated concentrations using centrifugal filter units (Vi-
vaSpin 20, GE healthcare) with a 10 kDa molecular weight cutoff at 4000
xg in rounds of 20 min.

The purified protein obtained by this method was used in all further ex-
periments related to the NT2RepCT hydrogels. The details regarding the
mechanisms and procedure of gel formation have been described previ-
ously by Arndt T, Jaudzems K et al.[27]

Uniaxial Unconfined Compression Tests: Gels were prepared at 37 °C in
steel cylinders with an inner diameter of 1 cm and a height of 5 cm. Gels
were removed with a pistil and cut with a scalpel into 1 × 1 cm cylinders.
The 50 mg mL−1 gels shrank to 8 mm in diameter. A texture Analyzer HDi
(Stable Micro Systems, UK) with a 500 N load cell and a 50 mm cylindri-
cal aluminum probe and a single column Instron-5940 with a load cell of
100 N were used for compression tests. Gels were compressed at a rate of
1 mm s−1 to 80% of their original size. Engineering stress and strain were
calculated considering the initial gauge length and the nominal area. The
compressive modulus was calculated by the slope of the linear part in the
stress strain curve. For each sample at least seven compression tests were
performed. Average and standard error of mean values were calculated.

Fluorescence Recovery after Photo Bleaching (FRAP): Ten microliters
of the NT2RepCT solutions at varying concentrations (50, 100, 200, and
300 mg mL−1) were mixed with 150 ppm FITC-dextrans and pipetted onto
imaging dishes (Zell-Kontakt, Germany), covered with cover slips, sealed
with mineral oil and incubated at 37 °C for gelation. An inverted Nikon
Eclipse Ti confocal microscope equipped with a 10x objective was used to
image the gels. At least three samples of every gel concentration and FITC-
dextran size were prepared and each sample was imaged in triplicates with
sufficient distance between the bleaching regions. Measurements were
performed in the center of the gel (y-direction) and the intensity of three

regions of interests (ROI’s) were measured; the actual bleaching region
(ROI 1), a reference region within the gel (ROI 2) to account for bleaching
due to imaging and a reference region outside the gel (ROI 3) for noise
and background subtraction. Images were collected with 512 × 512 pix-
els at zoom factor 5 yielding a pixel size of 0.49 mm. Each measurement
consisted of, 20 prebleach images, 2 bleach frames (100% laser power,
150 msec), and a recovery time of 2 to 10 min depending on the gel con-
centration and FITC-dextran size. Analysis was performed with EasyFRAP-
web in which the curves were averaged, double normalized and fitted with
the double term exponential equation.[82]

Scanning Electron Microscopy (SEM): Gels were cut into cubes of
≈2 × 2 × 2 mm and incubated in 2 mL 2.5% glutaraldehyde and 0.1%
ruthenium red over night at 4 °C. Gel cubes were washed 3 times for 10 min
in 20 mM Tris-HCl pH 8, fixed in 1% Osmium for 2 h and washed 3 times
for 10 min in dH2O. The water present in the gels were exchanged to in-
creasing concentration of ethanol which was then removed in a critical
point dryer to avoid shrinking of the gels. The fixated gels were fractured,
mounted on specimen stub using carbon tape and sputter coated with
gold for 5 × 30 s. The gels were then imaged with a FlexSEM 1000 II (Hi-
tachi, Tokyo, Japan) at 50 k X magnification under high vacuum, with an
acceleration voltage of 7 kV and a working distance of 6 mm.

GFP Release Assay: NT2RepCT and GFP were mixed such that the final
concentration of NT2RepCT was 50 mg mL−1 and that of GFP was 1, 30
and 50 mg mL−1 in the respective samples. One hundred microliters of
each sample were added per well of a 96-well plate (Nunc, standard black
opaque microwell plates). In addition, 100 μL of NT2RepCT (50 mg mL−1)
and 100 μL of GFP (1, 30, and 50 mg mL−1) were plated individually as con-
trols. All dilutions were done in 20 mM Tris-HCl pH 8. The plates were then
incubated at 37 °C, overnight. The incubator was kept humidified by plac-
ing a tray of water inside it to prevent the gels from drying. The next day,
100 μL of 20 mM Tris-HCl pH 8 was added to each well and the plate was
kept at 37 °C. After 1, 5, 24, and 48 h, 70 μL of the buffer/supernatant was
removed and transferred to another 96 well plate (Nunc, standard black
opaque microwell plates). Individual sets of samples were prepared for
each time point. The fluorescence intensity of the supernatant was mea-
sured using a microplate reader (SpectraMax) at excitation 470 nm and
emission 510 nm. To calculate when the equilibrium between gel and me-
dia was reached (100% equilibrium) the following formula was used:

%equilibrium = Fluorescence (FL) intensity of sample∕

FL intensity of the corresponding GFP solution

∗ 100 (1)

Each sample was done in triplicates and the experiment was repeated
thrice.

Cell Culture: Cell Culture—ARPE-19 cell culture and ELISA of PGRN
ARPE-19 cells, a spontaneously immortalized retinal pigment epithe-

lia (RPE) cell line that overexpresses and secretes human progranulin
(PGRN), was used. The cells (passage number P3) were grown in T-75
tissue culture flasks (Sarstedt) with Dulbecco ś modified Eagle medium
(DMEM, Glutamax, GibcoTM) supplemented with 10% fetal bovine serum
(FBS), (GibcoTM) and 1% antibiotics (Antibiotic-Antimycotic (100X),
GibcoTM) and incubated at 37 °C with 5.0% CO2 under humidified atmo-
sphere. At 90% confluency, the cells were passaged by detaching with 0.5%
Trypsin- Ethylenediaminetetraacetic acid (EDTA), (Sigma). To encapsulate
the cells within the gel, NT2RepCT protein solutions were mixed with the
cells in media to achieve a final seeding density of 1000 cells mL−1. One
hundred microliters of the protein-cell mixture were added to the wells and
allowed to gel at 37 °C with 5.0% CO2 in a cell culture incubator for 2 h.
After gelation, 100 μL of medium was added on top of the gel. The medium
was exchanged 3 times with fresh medium every 1 h for the first 3 h after
gelation. As a control, ARPE-19 cells were plated on standard wells of 96-
well tissue culture plates (Sarstedt) and cultured with 100 μL of medium.
Thus, the same number of cells in each well was used, but it should be
noted that proliferation rate of the cells growing in the gels and on plas-
tic surfaces was not determined, respectively. The cells were incubated at
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37 °C with 5.0% CO2 in a cell culture incubator with medium exchange
every 2–3 days. On collection days 3, 7, 14, and 31 the old medium was
removed, and fresh medium was added. After 4 h, aliquots of the fresh
medium were collected and diluted 200 times with phosphate-buffered
saline containing 1% bovine serum albumin (BSA) and 0.1% Tween20.
The diluted samples were used for enzyme linked immunosorbent as-
say (ELISA) to measure the amount of progranulin released by the cells,
against standards provided by the manufacturer. ELISA was performed us-
ing Human Progranulin DuoSet ELISA kit (R&D Systems) following the
manufacturer’s protocol. The optical density of each well was measured
using a microplate reader (SpectraMax) set to 450 nm and the amount of
PGRN present in each sample was calculated from the standard curve.
Each sample was done in triplicates and the experiment was repeated
twice.

Cell Culture—Primary cell culture
Human fetal Mesenchymal stem cells (hfMSC), (from fetal liver ob-

tained from Cecilia Götherström’s group at Karolinska Institutet, ethical
permits 428/01, 2006/308-32 and 2013/566-32) were grown in tissue cul-
ture treated standard flasks with complete DMEM – low glucose (DMEM –
LG) supplemented with 10% FBS and 1% Antibiotic/Antimycotic solution
(GibcoTM) at 37°C with 5.0% CO2 under humidified atmosphere. 0.5%
Trypsin-EDTA (Sigma) was used to detach the cells for passaging at 90%
confluency.

Cell Culture—Cell proliferation assay
AlamarBlue assay was used to monitor the proliferation of the cells

within the scaffolds during cell culturing. HfMSC, (P5) were cultured
in T-75 tissue culture flask (Sarstedt) and then plated on either 96-well
or 48-well standard tissue culture plates (Sarstedt) in complete cell cul-
ture medium without phenol red. To encapsulate the cells within the gel,
NT2RepCT protein solution was mixed with different number of cells in the
medium to achieve a final protein concentration of 50 mg/ml and seeding
densities of 1000, 10000, 25000, and 50000 cells per mL in the different
samples. Either 100 μL of the protein and cell mixture was added to each
well of a 96-well plate to cover the whole well bottom with the gel or 10 μL of
the mixture was carefully added at the center of either 96- or 48-well plates
to form an adherend drop. The solutions in the plates were allowed to gel
at 37 °C with 5.0% CO2 in a cell culture incubator for 2 h. After gelation,
100 μL media was added to the gels in the 96-well plate and 200 μL of me-
dia was added to the gels in the 48-well plate. The medium was changed
3 times every hour for the first 3 h after gelation and then continued for
further incubation at 37 °C with 5.0% CO2 in a cell culture incubator with
medium exchange every third day.

To assay for viability and proliferation, the pre-mixed AlamarBlue
reagent (Invitrogen) was added (10% of the volume in the well) to the
wells containing the gels with cells in complete cell culture medium with-
out phenol red and incubated for 4 h. Following incubation, 70 or 100 μL
of supernatant were collected (from 96- or 48-well plates respectively) and
transferred to a standard black opaque 96-well plate (Nunc) and the flu-
orescence intensity was measured with a microplate reader (SpectraMax)
using an excitation wavelength of 560 nm and an emission wavelength of
590 nm. Gels with cell culture medium but without cells were incubated
with AlamarBlue as a control and subtracted from all measurements.

After collecting the supernatant any remaining medium was removed
and the gels were washed 4 times for at least 1 h each time with medium
to remove any traces of AlamarBlue in the samples and the culture was
continued. This was performed on day 1, 3, 7, 14, and 21. Each sample
was done in triplicates and the experiment was repeated thrice.

An AlamarBlue assay was also performed on 10 μl gel drops in which
hfMSC (50000 cells mL−1) were grown for up to 7 days in hydrogels having
final protein concentrations of 50, 100, and 150 mg mL−1.

Cell Culture—Cell viability and confocal laser scanning microscopy
24-well imaging plates with 170 μm cover glass bottom (Zell-Kontakt

GmbH) were used for confocal imaging of the samples. NT2RepCT pro-
tein solutions were mixed with different number of cells (hfMSC, P5) in
HEPES buffer (20 mM, pH 7.4) to achieve a final protein concentration of
50 mg mL−1 and cell seeding densities of 25000 and 50000 cells mL−1 re-
spectively. Fifty microliters of the cell- protein mixture was carefully added
to the center of the well to form an adherend drop. Imaging plates were

placed in the CO2 incubator for 2 h for gelation after which 500 μL buffer
was added. The medium was changed 3 times every 1 h for the first 3 h
after gelation and then further incubated at 37 °C with 5.0% CO2 in a
cell culture incubator with medium change every 2–3 day. On day 7, Cal-
cein AM (Invitrogen) at a final concentration of 10 μM was added to the
medium and incubated for 15 min followed by 3 washes (10 min each) with
medium without phenol red. Five microliters of DRAQ7 (Invitrogen) was
added to each well to achieve a final concentration of 3 μM and incubated
for 10 min. The excess dye was washed with medium as before. The gel
with encapsulated cells was removed from the complete culture medium
without phenol red and imaged with an inverted Nikon Eclipse Ti confo-
cal microscope equipped with a 10x and 20x objective. Fluorophores were
imaged sequentially using a 488 nm laser and 515/30 filter and 640 nm
and 700/75 filter for Calcein AM and DRAQ7 respectively. NIS-Elements
High Content Analysis software (Version 5.41.01) was used for imaging.
Z-scans were performed every 5 μm starting from the bottom of the sam-
ple to the top of the gel. For analysis ImageJ (Version 2.0.0-rc-69/1.52p)
and NIS-Elements Basic Research software (Version 5.30.03) were used
for analysis including live/dead quantification. Each sample was done in
duplicates and the experiment was repeated twice.

Statistics: Statistical analysis was performed with Prism 9.4.1 using
one-way ANOVA where appropriate. Statistical significance was indicated
with asterisk *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

Amino acid sequences of constructs tested for hydrogel formation.

Name Amino acid sequence

NT2RepCT MGHHHHHHMSHTTPWTNPGLAENFMNSFMQGLSS
MPGFTASQLDDMSTIAQSMVQSIQSLAAQGRTSPN

KLQALNMAFASSMAEIAASEEGGGSLSTKTS
SIASAMSNAFLQTTGVVNQPFINEITQLVSM

FAQAGMNDVSAGNSGRGQGGYGQGSGGNAAAA
AAAAAAAAAAAGQGGQGGYGR

QSQGAGSAAAAAAAAAAAAAAGSGQGGYGGQGQGG
YGQSGNSVTSGGYGYGTSAAAGAGVAAGSYAGAVNRLSSA

EAASRVSSNIAAIASGGASALPSVISNIYSGV
VASGVSSNEALIQALLELLSALVHVLSSASI

GNVSSVGVDSTLNVVQDSVGQYVG*

His-NT-QC-
GFP

MGHHHHHHMSHTTPWTNPGLAENFMNSFMQG
LSSMPGFTASQLDDMSTIAQSMVQSIQSLAAQGR

TSPNKLQALNMAFASSMAEIAASEEGGGSLSTKTSSI
ASAMSNAFLQTTGVVNQPFINEITQLVSMFAQAGM

NDVSAGNSKGEELFTGVVPILVELDGDVNGHKFSVSGEG
EGDATYGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCF

SRYPDHMKQHDFFKSAMPEGYVQERTIF
FKDDGNYKTRAEVKFEGDTL

VNRIELKGIDFKEDGNILGHKLEYNYNSHNVYIMADKQ
KNGIKVNFKIRHNIEDGSVQLADHYQQNTPIGD

GPVLLPDNHYLSTQSALSKDPNEKRDHMVLLEFVTAA
GITLGMDELYKLIN*
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