
RESEARCH ARTICLE
www.afm-journal.de

Photocrosslinked Silk Fibroin Microgel Scaffolds for
Biomedical Applications

Fatemeh Karimi,* Nona Farbehi, Farzaneh Ziaee, Kieran Lau, Marzieh Monfared,
Marija Kordanovski, Habib Joukhdar, Thomas G. Molly, Robert Nordon,
Kristopher A. Kilian, Martina H. Stenzel, Khoon S. Lim, and Jelena Rnjak-Kovacina*

Silk fibroin hydrogels are extensively explored for tissue engineering and
regenerative medicine as an artificial extracellular matrix (ECM) that can
support tissue growth. However, the nanometer pore size of hydrogels limits
adequate cell, tissue, and vascular infiltration. Microgel scaffolds are an
emerging class of microporous biomaterials formed by annealing small
microscale hydrogels (microgels) into a 3D construct. In this work, silk
microgels are generated using a microfluidic device that allows tuning of the
microgel diameter (100–400 μm) and are stabilized via visible light-initiated
photo-crosslinking of native tyrosine residues in silk. Microgels are then
covalently annealed using silk solution as glue and the same cytocompatible
visible light-initiated crosslinking to form microgel scaffolds. Unlike the
nano-porosity of bulk photo-crosslinked silk hydrogels, the microgel scaffolds
have an average pore diameter of 29 ± 17 or 192 ± 81 μm depending on the
microgel size, with enhanced mechanical properties compared to bulk
hydrogels. This microporosity supports enhanced cell spreading and
proliferation in vitro and increases scaffold remodeling in vivo, encouraging
improved tissue infiltration and matrix deposition. The microgel size and
material format also affect inflammatory responses in vivo. This work
demonstrates that silk microgels and microgel scaffolds are promising
candidates for tissue engineering and regenerative medicine applications.
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1. Introduction

Engineered polymeric hydrogels are widely
researched and utilized as medical de-
vices, artificial matrices for cell and tis-
sue culture, biosensors, and drug deliv-
ery systems.[1–3] Traditional bulk hydrogels
have nano-scale pores that permit the dif-
fusion of small molecules but limit cell
and vascular infiltration, properties essen-
tial for successful tissue integration and
regeneration post-implantation.[4] Various
processing techniques have been utilized
to introduce micro-scale porosity into bulk
hydrogels, with most focusing on sacri-
ficial templating, where ice crystals, salt,
or polymers are introduced into the hy-
drogel network and removed to leave be-
hind micro-scale pores.[5,6] However, the
harsh nature of these processing meth-
ods often makes them incompatible with
the encapsulation of cells and the inclu-
sion of growth factors in the hydrogels. Al-
ternatively, biodegradable crosslinks have
been incorporated into hydrogels to al-
low protease-based degradation and cellular
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infiltration over time. However, fine-tuning hydrogel degra-
dation is difficult and often results in either hydrogel loss
before tissue repair or slow degradation that results in fibrotic
encapsulation.[7,8] Rapid hydrogel degradation can also com-
promise the mechanical stability and utility of hydrogels. Thus,
despite the recent progress in hydrogel materials and technolo-
gies, nano-scale pores of traditional bulk hydrogels can limit
their widespread success in tissue engineering and regenerative
medicine applications.

An alternative approach to the traditional bulk hydrogels is
engineering hydrogels with suitable micron-sized pores where
the path for the cellular infiltration is not contingent on hydrogel
degradation, as was recently demonstrated via annealed micro-
gel scaffolds.[4,9] Microgels are hydrogel microparticles that can
be fabricated into a variety of shapes and sizes (≈1–1000 μm)
using techniques such as batch emulsions, microfluidics, elec-
trodynamic spraying, and lithography.[4] Microgels have unique
properties compared to traditional bulk hydrogels, including
shear-thinning behavior that permits injection through small
gauge needles and tunable properties that allow for the mixing
of multiple microgel populations with varying composition,
size, and content to create tailored materials. Recently, microgels
have been engineered into annealed microgel scaffolds where
the microgel building blocks are imperfectly annealed to one an-
other via functional groups on the microgel surface to generate
scaffolds with interconnected micropores that can be easily tra-
versed by infiltrating cells. The porosity of microgel scaffolds can
be tuned by the size and packing density of microgels.[4,10] The
advantage of this system is that cell loading and pore formation
within scaffolds can occur simultaneously by mixing cells with
microgel building blocks prior to annealing. To date, microgel an-
nealed scaffolds have been generated from synthetic and natural
polymers including polyethylene glycol (PEG),[11,12] hyaluronic
acid,[9,13–17] chitosan,[18] and gelatin,[19] and have been annealed
using a range of chemistries including carbodiimide,[17,19]

enzymatic (human factor XIII)),[9,15,17] photo-initiated (via
Eosin Y),[17] tetrazine-norbornene click,[13,16] and copper-free
azide-alkyne reactions,[12] as well as electrostatic,[18] and guest-
host molecular interactions.[11,14] Microporous microgel scaf-
folds have been used successfully for cell encapsulation,[20]

delivery of growth factors,[18] tissue repair,[21] wounding
healing,[9] and regeneration of neural,[15,18] and cardiac
tissue.[14,22]

Bombyx mori silk fibroin (referred to as silk throughout)-based
biomaterials have been explored extensively for tissue engineer-
ing and regenerative medicine applications due to their tun-
able physicochemical properties, excellent cytocompatibility, low
inflammatory profile, and excellent mechanical properties.[23,24]

Traditionally, bulk silk hydrogels have been formed via physi-
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cal crosslinking by inducing 𝛽-sheets in the aqueous silk solu-
tion through sonication, electrical current, modulation of pH,
or addition of alcohol.[25,26] 𝛽-sheet-stabilized silk microgels have
also been also fabricated via batch emulsion,[27] microfluidic
devices,[28] solvent coagulation,[29] and high-voltage electrostatic
field.[30] These microgels have been used for growth factor[30] and
drug[27,28] delivery and for tissue regeneration.[28,29] Silk micro-
gel scaffolds with high compression modulus (≈18 MPa) have
been fabricated by annealing silk microgels using silk solution
and 𝛽-sheet formation (physical crosslinking) for bone regenera-
tion applications.[29] However, the physically crosslinked silk mi-
crogels are typically brittle and are not easily remodeled by cells
due to their highly crystalline and nano-porous nature.[31,32] In ad-
dition, encapsulation of cells within these hydrogels or scaffolds
is limited due to the harsh nature of the fabrication process, typ-
ically involving alcohols, sonication, or drastic pH changes. In
recent years, covalent di-tyrosine bond formation between silk
polymer chains has gained popularity as an alternative cytocom-
patible approach to silk hydrogel formation, providing crosslink-
ing in the absence of 𝛽-sheet formation and effective cellular en-
capsulation during hydrogel formation.[33,34] Formation of cova-
lent di-tyrosine crosslinks in silk can be induced by a range of
approaches, including enzymatic,[35,36] Fenton,[37,38] and photo-
initiated reactions.[34,39–43] The use of photo-initiated crosslink-
ing has the advantage of the rapid and controlled formation of
hydrogels with tunable stiffness and compatibility with various
biofabrication approaches[26,34,39–43] and due to the abundance of
tyrosines in native silk, the reaction can occur without the need
to modify silk with additional reactive moieties. One of the most
popular approaches to photo-initiated crosslinking of unmodi-
fied silk to form di-tyrosine bonds involves the photo-initiator
ruthenium(II) hexahydrate (Ru(II)(bpy)32+) (Ru) and sodium
persulphate (SPS) as the electron acceptor. Photocrosslinking us-
ing this method results in rapid silk gelation (<1 min) into op-
tically transparent gels that support high-density encapsulation
of cells.[34] This method also supports simple and effective bio-
functionalization of silk biomaterials with bioactive molecules,
and in the case of proteins, supports covalent crosslinks be-
tween the protein of interest and silk while maintaining protein
bioactivity.[34,44] While the utility of phot-crosslinking has been
demonstrated in generating bulk hydrogels and silk biofabrica-
tion, to the best of our knowledge, the photo-crosslinking method
has not been used for the formation of silk microgels or an-
nealed microgel scaffolds for tissue engineering and regenerative
medicine applications.

In this study, we have developed the first microporous silk mi-
crogel scaffolds using di-tyrosine crosslinking via visible light-
initiated chemistry. This system has two unique advantages, in-
cluding (i) the formation of covalently crosslinked silk microgels
without the need to chemically modify silk polymer or to add ad-
ditional functional groups and (ii) the use of silk solution as a glue
to anneal microgels together and engineer microporous microgel
scaffolds using tsimple and cytocompatible visible light-initiated
crosslinking method. Microporous silk microgel scaffolds com-
posed of either small or large microgels were generated and
their properties were compared with traditional bulk silk hydro-
gels in terms of morphology, mechanical properties, handling,
cell encapsulation, and tissue interactions in vivo. The unique
properties of this fabrication approach and the resultant tunable
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Figure 1. Silk microgel formation. A) Schematic representation of silk microgel formation in a microfluidic device and crosslinking through di-tyrosine
formation via the Ru/SPS photo-initiated reaction. B) Small (S) and large (L) microgel formation in the microfluidic device. Scale bars are 400 μm.
C) Fluorescently labeled S and L microgels. Scale bars are 200 μm. D) Size distribution of small and large microgels in oil and PBS. E) Average diameter
and the volumetric swelling ratio (Qv) of S and L microgels after collection in oil (pre-swelling) and after washing and storage in PBS (post-swelling).
Data are mean ± SD, N = 53–82.

material platform will find a wide range of applications in
the field of biomaterials, tissue engineering, and regenerative
medicine.

2. Results and Discussion

2.1. Silk Microgel Preparation and Characterization

Silk microgels were fabricated using a water-in-oil emulsion ap-
proach within a flow-focusing microfluidic device made from
polydimethyl siloxane (PDMS) (Figure 1A; Figures S1–S3, Sup-
porting Information). A schematic representation of the mi-
crofluidic device and the production of microgels are shown in
Figure 1A. One aqueous stream of silk hydrogel precursor solu-
tion (3% w/v) containing the ruthenium (Ru) photo-catalyst and
the sodium persulfate (SPS) initiator and one oil stream con-
taining Span-80 were used. The microscale droplets of silk were
formed by pinching the silk aqueous stream by the oil stream and
were stabilized against coalescence by Span-80 surfactant before
crosslinking. Two sizes of silk droplets (small and large ) were
produced using microfluidic devices with two different channel

sizes as shown in Figure 1B. Apart from the channel size, the size
of silk droplets was also controlled by regulating the flow rate of
oil to the aqueous phase. The collected microscale silk droplets
were exposed to a visible light source to stabilize the shape of
silk microgels through the crosslinking of silk polymer chains
by the formation of di-tyrosine crosslinks initiated by Ru/SPS
(Figure 1A; Figure S4, Supporting Information). Silk fibroin con-
tains tyrosine residues (≈5% of all amino acid residues)[23] in its
polymer chain which enables radical coupling of phenol moieties
without further modification of the polymer chain.[34] The high
efficiency and rapid reactivity of Ru/SPS-based photo-initiated
system allowed for the quick formation of stable silk microgels.
In addition, this system provides the ability to produce stable
and elastic microgels in one step without any further process-
ing such as vacuum or alcohols which are necessary for the sta-
bilization of microgels made by the traditional physical 𝛽-sheet
crosslinking.[28,29]

The microgels were stabilized via photo-crosslinking in oil and
then washed with PBS multiple times to remove oil residues
and surfactant. While the di-tyrosine crosslinking of bulk silk
hydrogels using Ru/SPS is well established in the literature,[33,34]
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we have also confirmed the presence of the typical fluorescence
of di-tyrosine bonds when excited under UV light, which is not
observed in uncrosslinked silk (Figure S5A, Supporting Infor-
mation). The collected and isolated silk microgels were imaged
and their diameter was measured (Figure 1C; Figure S6, Support-
ing Information). The size range and the average size of micro-
gels after stabilization in oil and after washing in PBS are shown
in Figure 1D and E, respectively. The small and large microgels
demonstrated an average diameter of 109 ± 9 and 423 ± 46 μm
in oil (pre-swelling), respectively, which was slightly reduced to
98 ± 18 and 375 ± 28 μm after washing in PBS (post-swelling).
The use of microfluidic devices generated microgels with a nar-
row size distribution in oil which did not change by changing the
environment to PBS due to the homogenous swelling process.
The volumetric swelling ratio of microgels (Qv) was determined
as 0.7 for both small and large microgels, demonstrating a slight
reduction in their size after changing their environment into PBS
possibly due to the rearranging of the silk polymer chains.

2.2. Formation of Microporous Silk Microgel Scaffolds

Small or large silk microgels were annealed to one another to
form microporous microgel scaffolds. A schematic representa-
tion of scaffold formation is presented in Figure 2A. Silk solu-
tion (3% w/v) was used to anneal the silk microgels together via
light-mediated crosslinking of di-tyrosine bonds between the ty-
rosine residues of the silk polymer solution and the remaining
tyrosine residues on the surface of silk microgels. In the absence
of the silk solution or photo-initiator, the microgels did not an-
neal to form a scaffold (data not shown). The advantage of this
system is the use of the same polymer for microgel formation
and as a glue to anneal microgels, paired with the use of cytocom-
patible Ru/SPS and visible light crosslinking system,[34] allowing
cell encapsulation during scaffold formation. It is worth men-
tioning that the silk solution has previously been used to anneal
microgels made from PEG or silk (crosslinked by 𝛽-sheets) us-
ing crosslinking driven by 𝛽-sheet formation; however, this phys-
ical 𝛽-sheet based crosslinking process is not compatible with cell
encapsulation and scaffolds lacked microporosity.[29,45] We have
confirmed that the microgel annealing in our system is not due to
the spontaneous formation of 𝛽-sheets between the microgels, as
the microgel scaffolds remain intact when incubated in lithium
bromide under the conditions used to disrupt 𝛽-sheets and resol-
ubilize native silk fibers[46] (Figure S5B,C, Supporting Informa-
tion).

A syringe was used to template cylindrical microgel scaffolds
as shown in Figure 2B. This provided an easy and accessible
system for scaffold formation and transfer, a feature particu-
larly useful during scaffold implantation in vivo. The annealed
scaffolds were porous with interconnected pores (Figure 2C,D).
Despite using Ru/SPS crosslinked silk as the “glue” in the in-
terstitial space, we observed microporosity between the micro-
gels, with only silk fibers observed between individual micro-
gels (Figure 2C). We hypothesize that this is due to the absorp-
tion of the silk solution into the microgel surface, thus facili-
tating bond formation between microgels without obstructing
pores between them, as well as likely less efficient crosslink-
ing of silk between microgels (Figure S10B,C, Supporting In-

formation). Due to the random settling/packing of the micro-
gels, a range of pore sizes was achieved (Figure 2E). With an in-
crease in the size of microgel building blocks from 98 μm (small)
to 375 μm (large), the average pore diameters increased from
29 ± 17 to 192 ± 81 μm (Figure 2F), demonstrating tunability.
To demonstrate pore interconnectivity and void fraction of the
silk microgel scaffolds, small and large microgel scaffolds were
incubated with a high molecular weight FITC-dextran (150 kDa)
which can diffuse the scaffold’s micron-sized pores but not the
nanopores of the microgel building blocks (Figure 2G). Increas-
ing microgel size correlated with an increase in the microgel
scaffold void fraction (Figure 2H). Together, these data highlight
that silk-annealed microgel scaffolds with interconnected and
micro-scale pores can be formed by annealing the silk micro-
gels of varying sizes using di-tyrosine crosslinking. In addition,
the high porosity of scaffolds compared to bulk hydrogels is ex-
pected to provide a faster mass transfer rate and more opportu-
nity for cell-material interactions and infiltration which is neces-
sary for maintaining cell viability, tissue engineering, and tissue
regeneration.[4,9]

2.3. Tunability of Microporous Silk Microgel Scaffolds

One of the key advantages of microporous microgel scaffolds
is the ability to mix multiple microgel populations of varying
compositions or loaded with different cargo. Thus, in order to
demonstrate the tunability of our system, two different types
of fluorescent-tagged bovine serum albumin (BSA) were used
as model cargo to encapsulate within the silk microgels dur-
ing their fabrication. Fluorescent-tagged BSA was successfully
loaded in the silk microgels as expected. One type of microgels
was prepared with BSA-Alexa fluor 594 conjugate (red) and the
other with BSA-Alexa fluor 488 conjugate (green) (Figure 3A). Af-
ter fabrication, different ratios of green and red microgels were
mixed together in order to generate microgel scaffolds with dif-
ferent compositions of green or red BSA (Figure 3A). Depending
on the blending ratios, we were able to control the distribution of
the loaded cargo in the final microgel scaffolds as confirmed by
confocal images (Figure 3B). This demonstrates a simple fabri-
cation approach to generate microporous scaffolds with a highly
tunable distribution of cell binding or signaling molecules; a fea-
ture that is difficult to achieve in the more traditional microp-
orous scaffolds generated via sacrificial templating approaches,
or in bulk hydrogels. Additionally, like BSA, any proteins with ty-
rosine residues can be covalently immobilized in the microgels,
allowing them to remain stable in the microgel scaffolds for pro-
longed periods of time.[44,47]

Therefore, this system allows microgel building blocks loaded
with a variety of molecules such as cell binding moieties, drugs,
cytokines, and growth factors to be mixed in different ratios to
build highly tunable microporous scaffolds. The properties of
each microgel population can be controlled individually without
impacting the total properties of the microgel scaffold. For exam-
ple, microgels with different shapes, sizes, or crosslinking den-
sities can be prepared to control the release rate of the loaded
molecules, thus allowing both spatial and temporal control over
their delivery, making this a robust biomaterial platform.
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Figure 2. Fabrication of small (S) and large (L)microporous silk microgel scaffolds. A) Schematic representation of S and L microporous silk microgel
scaffold formation via Ru/SPS photo-initiated crosslinking and using silk as a glue to anneal silk microgels. B) Formation of the cylindrical-shaped
microgel scaffolds using a mold made from a syringe. C) SEM images of small and large microgel scaffolds. Scale bars are 250 μm. Insets show that silk
glue forms a fibrous, non-continuous network between the microgels (red arrows), leaving open void spaces/pores between microgels (white arrows).
D) Fluorescently labeled S and L microgel scaffolds. Scale bars are 200 μm. E) Pore diameter distribution in S and L microgel scaffolds. F) Average pore
diameter of S and L microgel scaffolds. G) Schematic representation and confocal images of the diffusion of FITC-dextran solution (150 kDa) within the
micron size pores of microgel scaffolds. Scale bars are 200 μm. H) Average void fraction percentage of S and L microgel scaffolds. Data are mean ± SD,
N = 74–137 (E,F), and N = 6 (H).
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Figure 3. Fabrication of heterogenous microporous silk microgel scaffolds. A) Fabrication of small silk microgels by encapsulating BSA-Alexa fluor 594
conjugate (red) and BSA-Alexa fluor 488 conjugate (green) and fabrication of microporous silk microgel scaffolds by mixing different ratios of red and
green small microgels (8:2 and 2:8 red to green in the top and bottom image, respectively). B) Confocal images of small microgel scaffolds generated
by mixing different ratios of red and green silk microgels. Scale bars are 200 μm.

2.4. Comparison of the Swelling and Degradation Properties of
Bulk Hydrogels and Microgel Scaffolds

The swelling ratio and degradation rate of small and large micro-
gel scaffolds were measured and compared with traditional bulk
silk hydrogels (Figure 4). No difference was observed between
the swelling ratio of small microgel scaffolds and bulk hydro-
gels. However, large microgel scaffolds demonstrated a higher
swelling ratio than the bulk hydrogel (p < 0.01) (Figure 4A). This
can be explained by the two-scale matrix structure, consisting of
the intraparticle crosslinked matrix of each individual microgel
and the interparticle microporous matrix. While bulk hydrogel
swelling is limited by the swelling capacity of their polymer ma-
trix, the microgel scaffolds can swell further into the interstitial
space of the packed microgels,[4] as observed with the large mi-
crogel scaffolds here.

Degradation of bulk silk hydrogels and microgel scaffolds was
assessed using Protease XIV over 8 days (Figure 4B). Protease
XIV is a cocktail of bacterial proteolytic enzymes, providing a
useful analytical tool to compare the relative degradation rate
of silk-based biomaterials in an accelerated in vitro degradation
model.[48] Bulk hydrogel and microgel scaffolds both showed a

low degree of mass loss in PBS within the first 2 days of incu-
bation after which the mass remained stable. This initial mass
loss in PBS is likely due to the loss of uncrosslinked silk poly-
mer in the hydrogels and scaffolds. In Protease XIV, both small
and large microgel scaffolds showed similar degradation rates
(with almost complete degradation after 8 days) which was faster
than the degradation rate of the bulk hydrogels (14% mass re-
mained after 8 days) (p<0.01). The small and large microgel
scaffolds have microporosity and high surface area that provide
faster penetration and enhanced contact of the enzyme with the
surface of microgels, resulting in an increased rate of microgel
scaffold degradation. However, bulk hydrogels have nanoporos-
ity and low surface area which limits the penetration rate of the
enzyme within the hydrogels. Thus degradation likely occurs
mostly through surface erosion and this reduces the degrada-
tion rate of the bulk hydrogels compared to microgel scaffolds.
Therefore, the fabrication of microporous silk microgel scaffolds
allows tuning of the material degradation not only via controlling
the crosslinking density of the hydrogel or microgel but also via
controlling the pore size of the scaffolds. This plays an important
role in in vivo degradation of microgel scaffolds compared to bulk
hydrogels.

Figure 4. Swelling and degradation properties of bulk hydrogel and small (S) and large (L)microgel scaffolds. A) Swelling ratio of bulk hydrogel and
S and L microgel scaffolds. B) Mass loss percentage of bulk hydrogel and S and L microgel scaffolds over 8 days in PBS and Protease XIV. Statistically
significant differences indicated are relative to bulk hydrogel in Protease XIV. Data are mean ± SD, N = 5.
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2.5. Mechanical Properties of Bulk Hydrogels, Microgels, and
Microgel Scaffolds

Jammed microgel suspensions have distinct viscoelastic proper-
ties that are useful for the injection of these materials. These
properties include shear thinning, where the viscosity of the so-
lution drops with increased force and shear rate, and having a
critical yield stress, where a threshold of force must be surpassed
to induce flow. Therefore, rheological analysis was performed
to confirm these behaviors in the small and large microgels be-
fore annealing (Figure 5A,B; Figure S8, Supporting Information).
Both the small and large microgel suspensions behaved as solids
until yielding at 1.1 kPa (1.6% strain) and 1.7 kPa (2.2% strain)
of stress, respectively (Figure 5A). A strain rate sweep (0.01–10
1 s−1) confirmed that both microgel suspensions are shear thin-
ning and able to flow at high applied shear rates (Figure S8A,
Supporting Information). Cyclic strain sweeps of high and low
shear strains demonstrated that the small and large microgels
can self-heal and recover once the high shear strain is removed
(Figure 5B). Here, when high force was applied quickly, the silk
microgel suspension underwent a rapid transition to a liquid-like
state before subsequently reverting to a solid-like state once the
force was released. It is important to note that both small and
large silk microgels exhibited ≈1000 times higher storage mod-
uli and viscosities (Figure 5B; Figure S8, Supporting Informa-
tion) than other non-annealed microgels used as injectables.[9,17]

This may be due to the higher stiffness of the individual silk
microgels fabricated in this study (shown in Figure 5G) com-
pared to PEG, hyaluronic acid, or gelatin microgels with lower
stiffness.[9,11,12,14,15,19] This shows that silk microgels have the cor-
rect rheological behavior required for an injectable jammed sus-
pension. Previous work has demonstrated the tunability of the
Ru/SPS-based crosslinking of silk, allowing control over the me-
chanical properties of silk hydrogels[34] suggesting that the me-
chanical properties and rheological behavior of silk microgels
can be tuned with the right combination of silk concentration
and crosslinking density to engineer injectable suspensions and
printable materials for a variety of applications.

To investigate the mechanical properties of microgel suspen-
sions post-annealing (i.e., microporous microgel scaffolds), com-
pression tests were performed on cylindrical bulk hydrogels and
microgel scaffolds (Figure 5C–F). The bulk hydrogels and small
and large microgel scaffolds had a compressive modulus of
52 ± 5, 18 ± 5, and 44 ± 10 kPa, respectively (Figure 5D). No dif-
ference was observed between the compressive modulus of bulk
hydrogel and the large microgel scaffold; however, both showed
higher compressive modulus than the small microgel scaffold
(p < 0.05). The high compressive modulus of the bulk hydro-
gel can be attributed to its homogeneity, allowing it to uniformly
distribute stress during compression. The comparatively high
modulus of the large microgel scaffolds demonstrates that the
large microgels are strongly annealed together, suggesting that
the incorporation of large micron-scale pores within the scaffold
has little impact on the scaffold’s compressive modulus. How-
ever, when microgel size was reduced, pore sizes were reduced
and a significant reduction in the compressive modulus was ob-
served. This indicates that the scaffold’s compressive modulus
(or stiffness) can be modulated by varying the size of microgels.
Both small and large microgel scaffolds were significantly softer

than microgel scaffolds made using 𝛽-sheet crosslinked silk mi-
crogels (3% silk, ≈503 μm diameter individual microgels, scaf-
fold compressive modulus ≈18 MPa),[29] demonstrating that the
di-tyrosine crosslinking supports the formation of softer materi-
als and tunable mechanical properties via control over individual
microgel properties and their annealing into microgel scaffolds.
Bulk hydrogel and microgel scaffolds showed similar yield stress
but different deformation strain (p < 0.05) (Figure 5E,F). Inter-
estingly, the yield strain of the bulk hydrogels was 71%, lower
than that of the small (76%) and large (84%) microgel scaffolds
(Figure 5F). This is likely due to the microgels shifting and fill-
ing the void spaces as the scaffolds are compressed, allowing
higher compression strains, less material deformation, and the
ability to return to their original state post-compression. This was
further illustrated when both small and large microgel scaffolds
were manually handled; microgel scaffolds were compressed be-
tween two fingers (to half their height) and then released (Figure
S9, Supporting Information). As shown in Figure S9 (Support-
ing Information), the microgel scaffolds maintained their origi-
nal height once released. Interestingly, SEM images (Figure S10,
Supporting Information) taken after the compression test show
that microgels maintained their original morphology following
compression, while bulk hydrogels ruptured and deformed. This
demonstrates that the microgels are robust and can endure high
forces and implies that even in an environment where they are
subjected to the high sheer rates within a syringe or needle, these
microgels will not burst and most likely will maintain their struc-
ture. These data along with the rheological data demonstrate the
ability of both small and large microgel scaffolds to be handled
and resist deformation.

Microgel suspensions are complex composite materials with
the mechanics of individual particles that can differ from the
properties of the bulk jammed suspension. These local proper-
ties are particularly important to study as cells constantly sense
their local mechanical microenvironment and this plays a large
role in directing cell behavior. As such, bulk rheology and macro-
scale compression tests are insufficient to properly characterize
the entire mechanical landscape seen by individual cells. AFM-
based nanoindentation analysis was performed on individual par-
ticles (Figure 5G). No difference was observed between the mean
modulus of bulk hydrogels and both the small and large micro-
gels (≈150 kPa). Combining these data with the compression re-
sults suggests that the elastic modulus of the microgel scaffolds
can be controlled independently from the stiffness of individual
microgels. Notably, the local stiffness of silk microgels prepared
in this study is significantly higher than the local stiffness ob-
served for other microgels made from natural polymers such as
hyaluronic acid (with a local stiffness of ≈800 Pa),[17] likely due
to the high strength and stiffness of silk polymers. These unique
and tunable mechanical properties make silk microgels an im-
portant addition to the microgel biomaterial landscape.

2.6. Cellular Interactions with Microgel Scaffolds

To assess cell interactions with bulk and microporous silk hydro-
gels, human dermal fibroblast cells were encapsulated by mixing
the cells with hydrogel precursor or microgel building blocks fol-
lowed by crosslinking (Figure 6A). This allowed for the uniform
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Figure 5. Mechanical properties of bulk hydrogel, small (S) and large (L) microgels, and microgel scaffolds. A) Schematic representation of rheological
analyses on silk microgels, data showing the changes in storage and loss modulus over increasing shear stress (%) for Sand L microgels. Strain amplitude
sweep tests were performed under oscillatory shear (frequency of 1 Hz) with a log ramp-up rate from 0.2% to 400% shear strain over 8 min. B) Shear-
thinning and recovery measurements of S and L microgels performed with an oscillatory 0.2% shear strain for 2 min (1 Hz frequency) followed by a 200%
shear strain (1 Hz frequency) for 2 min, repeated over 12 min. C) Schematic representation of compression testing and data showing representative
stress-strain curves. D) Compressive moduli of bulk hydrogels and S andL microgel scaffolds. E,F) Deformation stress and deformation strain (%) for
bulk hydrogels and microgel scaffolds. G) Schematic representation of AFM-based nanoindentation and stiffness measurements of bulk hydrogels and
S and L microgels. Data are mean ± SD, N = 5-11.

Adv. Funct. Mater. 2024, 2313354 2313354 (8 of 19) © 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 6. Cell encapsulation and proliferation within the bulk hydrogel and microgel scaffolds. A) Schematic representation of cell encapsulation within
the microgel scaffold. B) Confocal images of encapsulated human dermal fibroblast cells within bulk hydrogel and small (S) and large (L) microgel
scaffolds at 1, 4, and 7 days. Live cells are stained with Calcein-AM (green) while the microgels are red. Scale bars are 200 μm. C) Proliferation of human
dermal fibroblast cells encapsulated within the bulk hydrogel and S and L microgel scaffolds over 7 days measured by the alamarBlue cell proliferation
assay. Data are mean ± SD, N = 6.

distribution of cells within the hydrogel and in the pores of the
microgel scaffolds. The cell morphology and proliferation after 1,
4, and 7 days were observed by staining live cells with Calcein-AM
(Figure 6B). At day 1 post-seeding, cells assumed a rounded mor-
phology within the bulk silk hydrogels and small microgel scaf-
folds but were highly spread on the microgel surface and within
the pores of the large microgel scaffolds. This is likely due to
the larger diameter (375 μm) and pore size (192 μm) available in
the large microgel scaffold which allows for the better spreading

of cells compared to the small microgel scaffold (with microgel
size of 98 μm and pore size of 29 μm) and bulk hydrogels (with
nanopores). No cell spreading and proliferation were observed
within the bulk hydrogels over 7 days, likely due to the nano-scale
pores and the slow degradation rate of the bulk hydrogel. How-
ever, after 4 days, cell spreading was improved within the small
microgel scaffolds compared to that on day 1, and cells prolifer-
ated within both small and large microgel scaffolds. Interestingly,
in the small microgel scaffolds, the cells spread within the pores

Adv. Funct. Mater. 2024, 2313354 2313354 (9 of 19) © 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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or spanned the surface of more than one microgel, with only a
small number of cells spreading on the surface of a single micro-
gel. This is likely due to the small size of the microgels and small
pore sizes available between them which are in the size range of
single-spread cells. In the large microgel scaffolds, on the other
hand, multiple cells were typically found on the surface of a single
microgel, and networks of cells were spreading within the scaf-
fold pores. This is in line with previous work on cell spreading on
hyaluronic acid microgels crosslinked to form microgel scaffolds
by PEG, where cells wrapped around large particles and adopted
a more spread/flattened shape.[16] After 7 days, cells proliferated
within the pores of the microgel scaffolds and covered the sur-
face of the microgels. Cell proliferation was quantified using the
alamarBlue cell metabolic assay after 1, 4, and 7 days. As shown
in Figure 6C, cell metabolic activity was higher within the small
and large microgel scaffolds compared to the bulk hydrogels at
each time point (p < 0.01). Over the 7-day period, cells prolifer-
ated within the small and large microgel scaffolds, but not in the
bulk hydrogels. This demonstrates that silk microgel scaffolds
can support cell interactions in vitro, including cell encapsula-
tion, adhesion, spreading, and proliferation. Bulk hydrogels on
the other hand supported cell encapsulation and survival, but the
cells remained largely rounded and did not proliferate over the
7-day period. As the two material types are made using the same
crosslinking chemistry, these effects are ascribed to the microp-
orous nature of the microgel scaffolds, where cells are not rely-
ing on silk degradation to remodel their microenvironment but
where relying on the micron size pores that allow for cell prolifer-
ation and material remodeling. Therefore, silk microgel scaffolds
provide a compelling material platform for tissue engineering.

2.7. Microgel Scaffolds Support Improved Tissue Infiltration and
Material Remodeling In Vivo Relative to Silk Bulk Hydrogels

To test the effect of hydrogel morphology on tissue responses
and integration in vivo, silk bulk hydrogels, small and large mi-
crogel suspensions (unannealed), and small and large microgel
scaffolds (annealed) were implanted in subcutaneous pockets in
mice for 4 weeks (Figure 7A). All animals survived the surgical
procedure and showed no signs of irritation in the implant area
over the course of the study. At the 4-week timepoint, samples
were adhered to the skin, with bulk hydrogels, microgel scaffolds,
and large microgel suspensions easily located for explantation
(Figure 7B), while small microgel suspensions were harder to lo-
cate as in some animals they appeared to have dispersed over a
large surface area relative to other samples. This is one of the
key advantages of annealed scaffolds over microgel suspensions
when used in tissue regeneration, as annealing provides stabi-
lization in wet or mobile environments, such as with tissue im-
plants or wound grafts.[4]

The silk samples and the surrounding skin were explanted
and processed for histological and immunohistochemical anal-
yses, including staining with H&E for overall tissue mor-
phology, Masson’s trichrome for collagen deposition and tis-
sue remodeling, and immunostaining for CD68 (macrophages),
MHCII and CD206 (broadly M1 and M2 macrophages, respec-
tively). Gross morphological examination showed the mouse skin
(Figure 7C) and panniculus carnosus muscle overlaying the im-

plants (Figure 7D–H). The implants occupied a similar volume
in the subcutaneous pockets as determined by the cross-sectional
implant area (Figure S11, Supporting Information). However,
small microgel suspensions were more heterogeneous in their
distribution and some samples appeared to have dispersed over
a wider area than the bulk and microgel scaffold samples. In
fact, in some small microgel suspension samples, the micro-
gels were found in two distinct areas within the subcutaneous
pocket with adipose tissue between them, confirming sample dis-
persion. However, overall microgels remained close to one an-
other with cells and tissue between them even in microgel sus-
pension samples (Figure 7E,F). As expected, the bulk silk hydro-
gels supported minimal tissue ingrowth over the 4-week period,
with most of the sample remaining acellular and surrounded by
a collagen-rich fibrous capsule (Figures 7D and 8A). Only mi-
nor and inconsistent areas of tissue infiltration into bulk hy-
drogels were observed and appeared to be due to mechanical
damage to the hydrogel during implantation resulting in a con-
duit for tissue ingrowth, rather than consistent hydrogel degra-
dation (Figure 7D). On the other hand, both small and large
silk microgel suspensions supported cell ingrowth and tissue de-
position between individual microgels throughout the implants
(Figure 7E,F). There were however differences between small and
large microgel suspensions, with tighter packing of small micro-
gels allowing less space between individual particles. The overall
cellularity within the implant area (Figure 8F,G) demonstrated
the highest level of cellularity associated with large microgel sus-
pension samples, which was significantly higher than that of bulk
hydrogels (p < 0.05). While other samples did not show signifi-
cant differences in the overall cell number associated with the im-
plant, there was an obvious difference in cell distribution, where
all cells associated with the bulk hydrogels were in the fibrous
capsule on the periphery of the implant, while microgel-based
samples supported cell infiltration into the construct (Figure 8F).
Both small and large silk microgel scaffolds supported cell in-
filtration, with cell and tissue observed infiltrating from the pe-
riphery toward the sample center (Figure 7G,H). However, the
tissue infiltration was not as pronounced and homogenous as
that observed in microgel suspensions. While there was colla-
gen deposition surrounding the samples, there was a less obvi-
ous multicellular fibrous encapsulation response associated with
microgel samples (Figure 8B–E), with small microgel suspen-
sions and large microgel scaffolds having significantly thinner
fibrous capsules relative to bulk hydrogels (Figure 8H). All mi-
crogel samples, in particular, microgel suspensions had collagen
deposition and small capillaries between microgels, demonstrat-
ing implant remodeling (Figure 8B–E). While a higher number
of blood vessels was observed in microgel samples relative to the
bulk hydrogel (Figure 8I), this difference was not statistically sig-
nificant. However, unlike in bulk hydrogels, where the blood ves-
sels were confined to the fibrous capsule, in the microgel sam-
ples, the blood vessels were found in the implant, between micro-
gels. Overall, microgel implants supported blood vessels and tis-
sue infiltration into the implant, supporting collagen deposition
between the microgels and implant remodeling, with greater cell
and tissue distribution seen in the microgel suspensions relative
to microgel scaffolds (Figure 8J). This may be due to the closer
packing of annealed microgels or due to the fibrous silk intersti-
tial network. We hypothesize that over longer incubation times,
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Figure 7. Implantation of silk hydrogels with different morphologies. A) Silk bulk hydrogels, small (S) and large (L) microgel suspensions, and S and
L microgel scaffolds were implanted in subcutaneous pockets in mice for 4 weeks. B) Representative images of explants at 4 weeks, showing samples
(white arrowheads) adhered to the mouse skin. C) Schematic representation of the mouse skin showing labels relevant to subsequent histological
sections. D–H) Representative H&E-stained sample showing gross morphology of silk hydrogel implants, with the dashed outline showing sample
boundaries and black arrowheads pointing to cell and tissue infiltration into the sample. D) Bulk hydrogel, E) S Microgels, F) L Microgels, G) S Microgel
Scaffold, and H) L Microgel Scaffold. Scale bars are 400 μm.
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Figure 8. Tissue response to silk hydrogels with different morphologies. Silk bulk hydrogels, small (S) and large (L) microgel suspensions, and S and L
microgel scaffolds were implanted in subcutaneous pockets in mice for 4 weeks and stained with Masson’s trichrome showing collagen deposition in
blue. A) Silk bulk hydrogel, B) S Microgels, C) L Microgels, D) S Microgel Scaffold, E) L Microgel Scaffold. Representative features of the implant, including
the fibrous capsule, immune cells, and blood vessels are indicated in the images via arrows as shown in the Key. Scale bars are 50 μm. F) Distribution of
cell nuclei in the implants. The red outline shows the implant border and the yellow indicates the tissue border. Scale bar is 500 μm. G) Quantification
of the implant area (including fibrous capsule) cellularity. H) Fibrous capsule thickness. I) Implant vascularization. J) Schematic representation of
the observations in Figures 7 and 8, showing overall tissue infiltration and vascularization is lowest in bulk hydrogels<Microgel Scaffolds<Microgel
suspensions. Data are mean ± SD, N = 3–5. Statistically significant differences are relative to bulk hydrogels.
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cells would degrade and remodel the silk, depositing more tis-
sue between microgels, with silk degrading completely over time.
The degradation rates of di-tyrosine crosslinked materials in vivo
are not well characterized in the literature and will be the focus
of our future studies. Additionally, as these microgels can be eas-
ily loaded with ECM proteins and growth factors, cell and tissue
ingrowth, as well as silk degradation, can be further modulated
via microgel biofunctionalization.

Immune cells including multinucleated cells were observed
in all the samples but were most pronounced in small micro-
gel suspensions (Figures 8 and 9). As macrophages play a ma-
jor role in the inflammatory response to biomaterial implants,
the macrophage distribution and phenotype in the implant area
were studied (Figure 9). CD68+ cells (pan-macrophage marker)
were found in all the samples, but their distribution and rel-
ative amount varied between the different hydrogel morpholo-
gies (Figure 9A,B). In bulk hydrogels, CD68+ cells were found
in the fibrous capsule surrounding the implant, an unsurprising
finding considering the role of macrophages in stimulating col-
lagen deposition and fibrous encapsulation.[49] In microgel sus-
pensions, CD68+ cells were found throughout the sample, but
their distribution differed. CD68+ cells were found in proxim-
ity to small microgel suspensions, but not completely surround-
ing them, rather distributed throughout the tissue between in-
dividual gels, while in large microgel suspensions, CD68+ cells
formed a single layer directly associated with each microgel sur-
face, but less obvious in the tissue between individual microgels
(Figure 9A, insets). Analysis of the proportion of CD68+ cells
in the implant area showed that bulk hydrogels and large mi-
crogel suspensions had the lowest percentage of CD68+ cells,
while small microgel suspensions had the highest (Figure 9B).
It was interesting to note that while small microgel suspensions
had significantly more CD68+ cells than large microgel suspen-
sions (p< 0.05), their microgel scaffold counterparts did not show
this difference, suggesting that the formation of the scaffolds
from the microgels modulated their individual inflammatory re-
sponse. Samples were also stained for major histocompatibility
complex class II (MHCII) (Figure 9C,D) and CD206 (Figure 9E,F)
positive cells in the implant area. MHCII is broadly associ-
ated with activated M1 macrophages (pro-inflammatory), while
CD206 is associated with M2 macrophages (anti-inflammatory)
involved in resolving the inflammatory response and tissue
healing.[50,51] Interestingly, small microgel suspensions showed
the highest percent of MHCII+ cells in the implant area, sig-
nificantly higher than that of the bulk hydrogels, large microgel
suspensions, and microgel scaffolds, all of which had a similar
lower response (Figure 9D). The distribution of MHCII+ cells
in bulk hydrogels and microgel scaffolds was similar to most
cells found surrounding the implant but with some positive cells
between microgels in the microgel scaffold samples. However,
small and large microgel suspensions showed an interesting dif-
ference in the distribution of MHCII+ cells that was opposite to
that of CD68+ distribution. MHCII+ cells were found predom-
inantly in a single layer on the implant surface of small micro-
gels, while they were not intimately associated with the microgel
surface, but rather distributed in the tissue between the micro-
gels in the case of large microgel suspensions (Figure 9C, in-
sets). It is important to note that not all MHCII+ cells are nec-
essarily macrophages, as dendritic cells,[52] B and activated T

cells[53] can express MHCII, but are typically CD68 negative.[54]

The role of dendritic cells and of the adaptive immune response
to biomaterial implants is much less well understood relative
to macrophages and will be the focus of our future investiga-
tions in this area. Regardless, the observed differences point to
the role of microgel size and format (suspension versus scaffold)
is modulating the inflammatory and immune response to im-
plants, allowing greater control over implant design without hav-
ing to change the biomaterial choice or chemical composition.
The advantages of annealed microgel scaffolds over microgel sus-
pensions and bulk hydrogels have been shown with other mate-
rial types. For example, in one study, PEG-based silk microgel
scaffolds promoted a regenerative tissue response in cutaneous
wounds, accelerating wound re-epithelialization and promoting
regeneration of hair follicles and sebaceous glands (structures
not seen in scar tissue) whereas such positive responses were not
observed with non-annealed microgels.[9] In another study, the
injection of hyaluronic acid-based microgel scaffolds in stroke
cavities in mice exhibited a tissue remodeling response by re-
ducing inflammatory response while increasing vascularization
compared to the bulk hydrogels.[15] These studies demonstrate
the utility of the annealed microgel scaffolds in tissue engineer-
ing and regenerative medicine and our current work offers an ad-
ditional versatile silk-based platform toward these applications.

Finally, bulk hydrogels expressed the highest percent of
CD206+ cells (Figure 9F), a result that is not unexpected as
these materials were further along the resolution stage of the
inflammatory response; however, they also did not support
good cell infiltration and tissue remodeling but instead re-
sulted in biomaterial encapsulation, a response not useful to
most tissue engineering approaches. The distribution of CD206+

cells in small and large microgel suspensions was like that of
CD68+ cells.

The dependence of foreign body immune response on the im-
plant size has been shown for a number of other materials includ-
ing alginate and poly-(DL-lactide-co-glycolide) (PLGA).[55,56] Im-
planted alginate microgels at the size of 1.5 mm and above signif-
icantly abrogated foreign body reactions and fibrosis compared
to the smaller spheres.[55] Poly-(DL-lactide-co-glycolide) (PLGA)
microparticles with the small size of 5.8 μm increased cellular
and macrophage influx and collagen deposition compared to the
large size microparticles of 29.8 μm, demonstrating the suitabil-
ity of the large microparticles for drug delivery applications.[56]

These studies and the current results show the important influ-
ence of size and material format on immune response for dif-
ferent applications, and in particular the utility of large microgel
suspensions and both small and large microgel scaffolds in tis-
sue engineering and regenerative medicine applications. Future
studies will focus on detailed tuning of microgel properties for
specific tissue responses, as well as their performance in func-
tional tissue injury models.

3. Conclusion

In this work, we have demonstrated a novel and cytocompati-
ble method to generate silk-based microgels with the ability to
load/encapsulate cells during microporous microgel scaffold for-
mation. Two sizes of small and large microgels with a final av-
erage diameter of 98 ± 18 and 375 ± 28 μm, respectively, were
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Figure 9. Inflammatory response to silk hydrogels with different morphologies. Silk bulk hydrogels, small (S) and large (L) microgel suspensions, and
S) and large L microgel scaffolds were implanted in subcutaneous pockets in mice for 4 weeks and stained with antibodies against CD68, MHCII, CD206
(red), and DAPI nuclear stain (blue). Scale bars are 100 μm in top rows and 50 μm in zoomed-in images. A) Expression of CD68, B) percent of CD68
positive cells, C) expression of MHCII, D) percent of MHCII positive cells, E) expression of CD206, F) Percent of CD206 positive cells in the implant
area. Data are mean ± SD, N = 3–5. Statistically significant differences are relative to the bulk hydrogel unless indicated otherwise.
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Figure 10. Summary of the advantages of the photocrosslinked silk microgels and microgel scaffolds developed in this work.

generated by flow-focusing microfluidic devices and were sta-
bilized via visible light-initiated crosslinking of native tyrosine
residues in silk. Small or large silk microgels were annealed
to one another using silk as a glue via visible light-initiated di-
tyrosine crosslinking to form small and large silk microgel scaf-
folds. Investigation of the mechanical properties showed that the
compressive modulus of microporous microgel scaffolds can be
modulated by varying the size of microgels and demonstrated
that the microgel scaffolds are easily handled and resist deforma-
tion. More importantly, we demonstrated that the system used in
this study enables in situ encapsulation of cells within the micro-
pores of silk microgel scaffolds during the formation of the mi-
croporous scaffold from individual microgels. We showed that
the silk without any modification/biofunctionalization can be
used as glue to anneal microgels to one another in the presence
of cells using a cytocompatible visible-light di-tyrosine crosslink-
ing method. In vivo studies also showed that the microporous
silk microgel scaffolds supported improved cell and tissue in-
growth and remodeling compared to the bulk silk hydrogels,
and microgel size and material format modulated the inflam-
matory response to these implants. Overall, this work demon-
strates a novel microgel system with tunable matrix properties
and porosity which foster enhanced cell growth and infiltration
both in vitro and in vivo (Figure 10). In the future, using micro-
gel scaffolds with different microgel sizes provides an avenue to
tune both spatial and temporal control over molecule release pro-
files, scaffold mechanics, porosity, and degradation profiles. This
provides scope for both fundamental studies of cellular-matrix
interactions as well as for advanced and highly tuned trans-
plantable scaffolds and injectable biomaterials for regenerative
medicine.

4. Experimental Section
Preparation of the Silk Solution: Silk fibroin solution was prepared as

previously described.[44,46] Briefly, bombyx mori silk cocoons (Sato Yama,
Japan) were cut into small pieces and boiled in 0.02 m sodium carbonate
solution (2.5 g L−1) for 30 min to remove sericin. After washing under run-

ning water, the fibers were dried at room temperature. The dried silk fibroin
fibers (0.25 g mL−1) were dissolved in lithium bromide (9.3 m) at 60 °C
for 4 h. The dissolved silk solution was dialyzed against water (SnakeSkin,
3500 MWCO, Thermo Fisher Scientific) for 3 days (changed two times per
day) and centrifuged three times at 8900 rpm (Allegra X-30R) for 20 min
at 4 °C. The silk solution concentration was determined as 6–9% w/v after
drying a known amount of silk solution and weighing the dried remaining
film. The silk solution was stored at 4 °C.

Design and Fabrication of Microfluidic Devices: The channel pattern of
flow-focus microfluidic devices was drawn using computer-aided design
software (OnShape). The designed patterns were etched onto the sur-
face of acrylic sheets (4.4 mm thickness) using a CO2 laser cutter (Trotec
SP500) and cut to the size of a standard glass cover slip (27 × 77 mm).
Two different sizes of channels were generated to produce small and large
microgels (Figure S1, Supporting Information). The channel features were
verified using an optical microscope. To produce the final microfluidic de-
vices, multiple molding processes were used. The detailed description and
the schematic fabrication process of the microfluidic devices are presented
in Figure S2 (Supporting Information). The STL files for all designs in this
study are available in the Supporting Information.

Formation of Silk Microgels and Bulk Hydrogels: The spherical silk
microgels were formed using a flow-focusing microfluidic device with
two inlets and one outlet (Figures S1–S3, Supporting Information).
One inlet was reserved for the heavy mineral oil (SKYDD, IKEA)
plus 6% w/w span-80 (Sigma), and the other inlet was used for the
silk solution plus the visible-light initiating compounds of tris(2,2′-
bipyridyl)dichlororuthenium(II) hexahydrate (Ru) and sodium persulfate
(SPS). The silk solution was freshly prepared from the concentrated iso-
lated silk solution (6–8%) at a total concentration of 3% w/v in deion-
ized water and mixed with Ru and SPS to a final concentration of 0.08 and
0.8 mm, respectively. Heavy mineral oil containing span-80 and silk so-
lution containing Ru and SPS was loaded in plastic syringes and the air
bubbles were removed completely from the syringes. Two syringe pumps
(Nexus 6000 and New Era NE-4002X) were used to separately control the
flow rates of the oil and the silk solution. The flow rate of 400 μL h−1 for
oil and the flow rates of 100 and 600 μL h−1 were used for silk solution to
produce small and large microgels, respectively. The silicon tubing used
for the inlet of silk solution, the outlet, and the syringe containing the silk
solution plus Ru and SPS were covered with foil to prevent light exposure.
In addition, the microfluidic device was protected from light during the
experiment to prevent the gelation of the silk solution inside the channels
before microgel formation. The microgels were collected in a centrifuge
tube covered with foil. After the microgels were collected, they were ex-
posed to 30 mW cm−2 light with a distance of 5–8 cm and at 400–450 nm
for 20 min with a regular rotation of the centrifuge tube to ensure all
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microgels were exposed to light. The crosslinked microgels were cen-
trifuged at 1000 rpm (Eppendorf 5810R) for 3 min to remove the oil and
washed in PBS (PBS without Ca2+ and Mg2+, pH 7.4, Medicago) followed
by centrifugation at 4000 rpm for 5 min. The supernatant was aspirated,
and the above procedure was repeated until all the oil and surfactant were
removed (≈5–6 times). The microgels were kept in PBS at 4 °C and used
within 1 month.

For the encapsulation of fluorescently tagged bovine serum albumin
(BSA) in the microgels, BSA-Alexa Fluor 594 conjugate (Invitrogen, Ther-
moFisher Scientific) and BSA-Alexa Fluor 488 conjugate at a total concen-
tration of 0.1 mg mL−1 were added to the silk solution. To prepare BSA-
Alexa Fluor 488 conjugate, 12 μL of Alexa Fluor-NHS (Alexa Fluor 488-SDP
ester, stocking solution 10 mg mL−1 in DMSO) were added to 2 mL of BSA
(2 mg mL−1) and kept at RT for 30 min–1 h to mix. Then the mixture passed
through the column for purification.

For the silk bulk hydrogel production, the silk solution plus Ru and SPS
(50 μL, 3%) was added to a silicon mold (Figure S7C, Supporting Informa-
tion) made by a double molding process (Figure S7, Supporting Informa-
tion) and exposed to 30 mW cm−2 light with a distance of 5–8 cm and at
400–450 nm for 5 min. The hydrogels were then removed from the mold
and stored in PBS at 4 °C. The STL file of the design is available in the
Supporting Information.

Generation of Silk Scaffold from Microgel Building Blocks: To generate
silk microgel scaffolds from the microgel building blocks with similar
volume sizes, the microgels (≈50–100 μL) were pipetted into the mold
prepared from 1 mL plastic syringe (Terumo, 4.73 mm inner diameter)
(Figure 2B). The mold was then placed inside a 1 mL microcentrifuge tube
and centrifuged at 4000 rpm for 3 min. The PBS supernatant was aspirated
and 40 μL of 3% (w/v) silk solution containing Ru and SPS (silk precursor
solution as described in ‘Formation of Silk Microgels and Bulk Hydrogels’
above) was added to the microgel and mixed well with the pipette tip and
then centrifuged at 4000 rpm for 5 min. The supernatant silk solution con-
taining Ru and SPS was aspirated from the top of microgels and the micro-
gels were exposed to 30 mW cm−2 light at 400–450 nm for 5 min to form
crosslinked microgel scaffolds. The scaffold was removed from the syringe
mold by pushing the plunger slowly up and then separating the scaffold
from the bottom of the plunger. The scaffolds were then transferred to PBS
and stored at 4 °C until further use.

Measurements of Microgel Size and Microgel Scaffold Pore Size and Void
Fraction: To measure the size/diameter of microgels, they were imaged in
oil and PBS using an Olympus microscope system (IX83, Olympus Corpo-
ration, Shinjuku) after crosslinking. After imaging the microgels, the diam-
eter of the microgels was measured using ImageJ (NIH) (n = 60–100). The
swelling ratio of single microgels was determined as (r3

PBS/r3
oil), where

r is the radius of the microgel. To obtain fluorescent images of micro-
gels, the microgels (100 μL) were placed overnight in rhodamine solu-
tion (200 μL, 50 μg mL−1, ThermoFisher Scientific) at room temperature
to adsorb the fluorescent rhodamine onto the silk microgels. The micro-
gels were then washed 3–4 times by centrifugation in PBS before confo-
cal imaging (laser scanning microscope, Leica Confocal microscope, TCS
SP2).[9,17]

Microgel scaffolds (n = 4–5) were made using the silk microgels (mi-
crogels labeled with rhodamine, described above). Using the confocal mi-
croscope, z-slices of 12 μm were taken in each gel, spanning a total dis-
tance of 150–250 μm. The images were analyzed for individual pore areas
using ImageJ software (NIH) (n = 70–140). To obtain the pore diameter,
the pore areas were treated mathematically as circles, and the diameter of
these circles was calculated.[17] To show the porosity of silk microgel scaf-
folds, the microgel scaffolds were immersed in a solution of Fluorescein
isothiocyanate-dextran (150 KDa, 200 μL, 0.2 mg mL−1, Sigma) for 2 h at
room temperature to fill the unoccupied volume of the scaffolds.[18] The
microgel scaffolds were then washed with PBS three times (5 min each)
and then imaged with a confocal microscope. The images were analyzed
for 2D average void space fraction by (Avoid)/(Atotal)×100, where Avoid is
the total void area and Atotal is the total area.[16]

Scanning Electron Microscopy (SEM): The microgel scaffolds and bulk
hydrogels (n = 3–4) were sequentially dehydrated in ethanol (30, 50,
70, 90, 100 v/v%) using a microwave processor (BioWavePro+, Pelco).

Dehydrated samples were subsequently dried using critical point drying
(Autosamdri-815, Tousimis), mounted onto double-sided carbon tape,
lined with silver glue, and coated with platinum (K575X, EMITECH). Sam-
ples were imaged using a Hitachi SEM3400 electron microscope under a
high vacuum using a beam power of 15 kV and probe current of 30 μA.

Mechanical Properties of Microgel Scaffolds and Bulk Hydrogels: The
compressive mechanical properties of the microgel scaffolds and bulk hy-
drogels (n = 4–5) were measured using an Instron 5543 mechanical tester
equipped with a 50 N load cell at a compression rate of 1 mm min−1 in a
PBS bath set to 37 °C. The scaffolds and hydrogels (4.1–4.7 mm diame-
ter and 1.1–2.8 mm height) were compressed until reaching 0.1 mm their
height. The Young’s modulus was extracted from the slope of the linear
region of the stress–strain curve ranging from 0% to 40% strain. The yield
stress and strain were extracted from the x-y coordinates of the corner
frequency of the initial linear region (0–40% strain) and exponential rise
(80–95% strain).

Atomic Force Microscopy (AFM): All data were acquired with the JPK
NanoWizard4 Bio-AFM with a spherical probe (2 μm spherical diameter
Borosilicate unmodified probe, Novascan, spring constant 0.35 N m−1).
Bulk hydrogels and both small and large microgels were dispersed onto
fluorodishes (Coherent, FD35) and submerged in PBS at 37 °C throughout
the measurements. The tip spring constant was calibrated on glass in PBS
at 37 °C prior to the experiment. Using contact-force microscopy mode,
20–25 force curves (5 μm at 2 μm s−1) were taken at over ten 8 × 8 μm re-
gions/particles per size. The curves were loaded in the JPK Data Process-
ing software to calculate the elastic modulus. An average of 200 curves
was used for the final modulus value. The following analysis steps were
performed: 1) Gaussian smoothing of the curve with a smoothing width
of 3.00; 2) Baseline subtraction with tilt using the last 50% of the curve
along the x-axis; 3) Automatic contact point adjustment; 4) Vertical tip po-
sition calibration using the smoothed height; 5) An elasticity fit using the
Hertz/Sneddon model with a spherical tip shape with a 1 μm tip radius
and 0.50 Poisson ratio. At least 8 particles were used per size group, with
over 20 force curves taken per microgel, and care was taken to measure
force curves within the central 1/3 of microgels to avoid edge effects.

Rheology: For rheology experiments, the silk microgels were cen-
trifuged at 4000 rpm for 5 min, PBS aspirated, 3% silk solution containing
Ru and SPS was added, and the mixture was centrifuged at 4000 rpm for
5 min. The excess solution was aspirated and the microgels were trans-
ferred to the plate of the rheometer by spatula. The rheological measure-
ments were taken with an Anton Parr MCR 302 Rheometer using a parallel
plate geometry (25 mm diameter, 0.8 mm measuring distance). Shear rate
sweeps were performed with a log ramp from 0.01 to 10 1 s−1 shear rate
over 6 min. Strain amplitude sweep tests were performed under oscilla-
tory shear (frequency of 1 Hz) with a log ramp-up rate from 0.2% to 400%
shear strain over 8 min. Shear thinning and recovery (self-healing curve)
measurements were performed with an oscillatory 0.2% shear strain for 2
min (1 Hz frequency) followed by a 200% shear strain (1 Hz frequency).
This was repeated two times more in a row.

Swelling and Degradation of Bulk Hydrogel and Microgel Scaffolds: To
measure the swelling ratio, the excess water on the gel surface was re-
moved gently. The hydrated microgel scaffolds and bulk hydrogels (n = 5)
were weighted. Samples were then dried overnight at 60 °C and weighed.
The swelling ratio was determined as Wh/Wd, where Wh is the mass of the
hydrated and Wd is the mass of dry microgel scaffold or bulk hydrogel.[33]

To measure the relative degradation rate, the microgel scaffolds and
bulk hydrogel (n = 5) were weighed and then incubated in protease from
streptomyces griseus (protease XIV, 2U mL−1 in PBS, 1 mL, Sigma) or PBS
at 37 °C (1 mL) for 2 days. The protease solution or PBS was removed at
each time point and the microgel scaffold and bulk hydrogel were washed
with water (3 times) and dried at 60 °C. The dried microgel scaffolds and
bulk hydrogel were weighed and placed in the fresh protease or PBS solu-
tion and the whole process was repeated every 2 days and up to 8 days.
The percentage of remaining mass over time was calculated as 100 – ((W0
– Wt)/W0 × 100), where W0 is the weight of dried microgel scaffold or bulk
hydrogel at time 0 and Wt is the dry weight after time t.[33]

In Vitro Cell Adhesion and Proliferation Studies—Cell Maintenance:
The primary human dermal fibroblast cells were cultured according to

Adv. Funct. Mater. 2024, 2313354 2313354 (16 of 19) © 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

 16163028, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202313354 by U
niversity of N

ew
 South W

ales, W
iley O

nline L
ibrary on [21/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

standard procedure. Briefly, Dulbecco’s Modified Eagle Medium (DMEM,
high glucose, Sigma) was supplemented with 10% Fetal Bovine Serum
(FBS, Bovogen Biologicals), and 1% penicillin-Streptomycin (Sigma). Cells
were passaged every 3–4 days using trypsin-EDTA solution (1X, Sigma) at
subconfluence and incubated at 37 °C, 5% CO2, and 90% humidity. Cell
passages 2–7 were used for cell experiments.[57]

In Vitro Cell Adhesion and Proliferation Studies—Cell Culture and Prolifer-
ation: Before encapsulating cells, the cells were centrifuged and washed
with PBS (3 times). Then, ≈80 μL of sterilized microgels (under UV for 1 h)
were transferred to the plastic syringe mold (n = 4, prepared as described
in ‘Generation of Silk Scaffold from Microgel Building Blocks’, Figure 2B),
centrifuged at 4000 rpm for 3 min and PBS supernatant was discarded. A
50 μL of cells from a stock solution of 2 × 106 cells mL−1 was transferred to
the mold containing microgels and mixed with a pipette tip, centrifuged at
4000 rpm for 3 min. The supernatant was aspirated and then a 40 μL of silk
solution containing Ru and SPS (3% (w/v), sterilized by passing through
0.22 μm filter) was added and mixed well with microgels and cells and cen-
trifuged again at 4000 rpm for 5 min. The supernatant was discarded, and
the scaffold was exposed to 30 mW cm−2 light of 400–450 nm for 5 min
to form encapsulated cells within a crosslinked microgel scaffold. To form
encapsulated cells in the bulk hydrogels (n = 4), 5 μL of a stock solution
of 20 × 106 cell mL−1 was mixed with the silk solution containing Ru and
SPS (3%) inside the silicon rubber mold 2 (Figure S6, Supporting Informa-
tion) and exposed to 30 mW cm−2 light of 400–450 nm for 5 min to form
encapsulated cells within bulk hydrogels. The microgel scaffolds and bulk
hydrogels encapsulating cells were then transferred to a 48 well-plate con-
taining DMEM and incubated at 37 °C for 1, 4, and 7 days. Importantly, to
prevent cell attachment to the well-plate, 200 μL of agarose (10 mg mL−1,
Sigma) in PBS (boiled in a water bath for 10 min and sterilized by filter-
ing) was added to each well to coat the bottom and allowed to cool to
room temperature before transferring the scaffolds and hydrogel to the
well-plate.[16] After 1, 4, and 7 days, each scaffold was washed with PBS (3
times, 5 min each) and then 500 μL of Calcein-AM solution (2 μg mL−1,
Invitrogen, ThermoFisher Scientific) was added to the microgel scaffolds
and bulk hydrogels and incubated for 15 min at 37 °C. Then, the micro-
gel scaffolds and hydrogels were washed with PBS (3 times, 5 min each)
and the live image of cells in microgels was taken by a confocal laser scan-
ning microscope (Leica Confocal microscope) and the images were ana-
lyzed using ImageJ software (NIH). Please note that microgels were not
stained with any fluorescent molecule and the red color is from the excita-
tion/emission of Ru light initiator remaining in the microgels.

For proliferation evaluation of cells encapsulated within microgel scaf-
folds and bulk hydrogels (n = 4), the alamarBlue assay (Invitrogen,
Thermo Fisher Scientific) was used. After 1, 4, and 7 days, 500 μL of alamr-
Blue in DMEM solution (1:10 ratio) were added to each well and incubated
for 4 h at 37 °C. The fluorescent intensity of the solution was then read at
540/600 nm excitation/emission. The alamarBlue in DMEM solution and
the scaffolds without cells were used as controls. Experiments were re-
peated at least three times.[44]

In Vivo Subcutaneous Model: The bulk hydrogel, small and large micro-
gel suspensions, and small and large microgel scaffolds were prepared as
described above (’Formation of Silk Microgels and Bulk Hydrogels’ and
‘Generation of Silk Scaffold from Microgel Building Blocks’) and steril-
ized under UV for 1 h before implantation. All procedures were conducted
in accordance with animal ethics protocols approved by the UNSW an-
imal ethics committee (ACEC 21/14B) on 10-week-old female C57/BL6
mice. Mice were placed under general anesthesia of isoflurane (1 L min−1

oxygen, 3–4% induction, 2–3% maintenance). The back of each mouse
was shaved, and the surgical site was disinfected with betadine and iso-
propanol wipes thrice each, followed by a subcutaneous administration of
buprenorphine at 0.1 mg kg−1. A single surgical incision was made below
the neck and subcutaneous pockets were created toward the left and right
hind legs using blunt forceps. The bulk hydrogel, small and large microgel
suspensions, and small and large microgel scaffolds were implanted. One
randomized sample was implanted in each subcutaneous pocket (n = 5).
The incision was closed with surgical clips, Vetbond tissue adhesive (3 m)
was applied on the wound site, and anti-bacterial wound spray (Cetrigen)
was applied around the wound site. Surgical clips were removed on day 10

post-surgery. Post-operatively, animals were housed with unlimited access
to food and water.

Histological and Immunohistochemical Analysis of Implants: At 4
weeks post-surgery, animals were euthanized using carbon dioxide
(1.6 mL min−1), followed by secondary euthanasia by cervical dislocation.
The implanted site with bulk hydrogels, small and large microgel suspen-
sions, and small and large microgel scaffolds and the surrounding tissue
were explanted for histological analyses. Explants were fixed in 10% neu-
tral buffered formalin for 48 h at 4 °C, transferred to 70% ethanol for 24 h at
4 °C, and embedded in paraffin wax. Whole tissue samples were embedded
such that sectioning was conducted perpendicular to the implanted scaf-
folds. Paraffin-embedded samples were sectioned to a thickness of 5 μm
and collected on SuperfrostTM Plus microscope slides (ThermoFisher).
Sections were deparaffined by two 5 min incubations of xylene and then
rehydrated into deionized water via a descending gradient of ethanol in-
cubations (100% twice, 90%, 70% then water for 5 min each). Samples
were then stained by hematoxylin and eosin (H&E), Masson’s Trichrome,
or processed for immunohistochemical analyses.

For H&E staining, rehydrated samples were stained in Gill’s no.3 hema-
toxylin (Vector Laboratories) for 5 min, rinsed in 1% acid alcohol (1% hy-
drochloric acid in 70% ethanol), and incubated in bluing solution (0.1%
sodium bicarbonate in distilled water) for 60 s, with deionized water rinses
done between each step. Slides were stained with alcoholic eosin for 5 min
then dehydrated using an ascending gradient of ethanol (90%, 100% twice
for 1 min each), cleared with two incubations of xylene for 5 min each, and
mounted.

For Masson’s Trichrome staining, staining was performed using a
kit applied according to the manufacturer’s instructions. Briefly, sam-
ples were mordanted in preheated Bouin’s solution for 15 min at
56 °C and washed in tap water. Samples were then stained sequen-
tially with Gill’s no.3 hematoxylin, Biebrich scarlet-acid fuchsin, phospho-
tungstic/phosphomolybdic acid solution, and aniline blue solution for 5
min each with deionized water rinses in between each stain. Samples were
differentiated in 1% acetic acid for 1 min before dehydration with an as-
cending gradient of ethanol, cleared with xylene, and mounted as previ-
ously described above. All slides were imaged using an Aperio Scanscope
XT scanner (Leica) with a 40x objective and viewed using ImageScope soft-
ware (Leica).

For immunohistochemical analyses, sections were deparaffined by two
5 min incubations in xylene and then rehydrated into deionized water via a
descending gradient of ethanol incubations (100% twice, 90%, 70% then
water for 5 min each). Antigen retrieval was performed using a decloaking
chamber (citrate buffer at 110 °C for 5 min and rinsed in water 3 times).

Slides were then incubated in 0.1 m glycine for 30 min followed by
one rinse in TBS 1X. All the slides were blocked with 10% donkey serum
for 60 min at room temperature. Primary antibody cocktails (CD68 (Ab-
cam, ab125212, 1:500), CD206 (Abcam, ab64693, 1:250), MHCII (Abcam,
ab180779, 1:100)) were added and incubated for 60 min at room temper-
ature followed by two rinses with TBS 1X. The secondary antibody, Alexa
Fluor 594 (ab150064, 1:500) was added and incubated for 30 min followed
by 2 washes in TBS 1X. Cell nuclei were counterstained with spectral DAPI
for 5 min followed by one wash. Slides were cover-slipped following the
addition of ProLong Gold Antifade Mountant (Thermo Fisher Scientific)
and all stained histology sections were scanned using an Olympus VS200
slide scanner.

Images were analyzed and processed using analysis packages built into
the open-access software QuPath[58] and using Image J.[59] To quantify the
implant area, an annotation (or region of interest [ROI]) was overlayed to
the scaffold area with an extra distance of 100 μm to the edge of the im-
plant. At these distances, the scaffold as well as the fibrous capsule was
covered. To quantify the cellularity, the cell detection command (based
on a number of DAPI-positive cells) built into QuPath was run to quan-
tify cell numbers within the allocated ROI. Fibrous capsule thickness was
measured in three regions of the implant (top, bottom, middle), on the
skin side. A grid was overlayed over each region and three measurements
were made where the grid intersected with the fibrous capsule. Implant
vascularization was quantified by counting the number of blood vessels
(clear lumen area, filled with red blood cells) in H&E stained samples and
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normalized to the implant area. QuPath software was trained to automat-
ically detect and count M1, M2, and pan macrophages across the whole
section. To perform automated detection of macrophages, an object clas-
sifier that allowed identification of specific cell types within the image
based on initial user identification and classification was first trained. This
classifier was then applied to all the sections for each antibody to detect
the percentage of positive cells per marker and per ROI.

Statistical Analysis: Data were presented as mean ± standard devia-
tion (SD). Statistically significant differences were determined by one- or
two-way analysis of variance (ANOVA) and the Tukey post-test or by stu-
dent’s t-test. Statistical significance was reported at p < 0.05 and indicated
in the figures as *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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