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Abstract
Background

Silk �broin (SF) as a natural polymer holds great potential in biomedical research because of its
biocompatibility, easy processing, high toughness, and strength. However, slow gelation time has
narrowed its applications, speci�cally in cell-laden microparticles that are versatile structures for tissue
engineering due to their unique features. In addition, most crosslinking methods used to decrease
gelation time did not occur in a mid-condition.

Methods

This study aimed to use modi�ed SF with phenol conjugation to accelerate crosslinking mediated via
horseradish peroxidase (HRP)/ hydrogen peroxide (H2O2) in a co-�ow high-throughput micro�uidic device
for the ultimate goal of cell-laden silk �broin-phenol (SF-Ph) microparticles formation. The physical and
biochemical properties of fabricated cell-laden SF-Ph were evaluated to reveal its potential for tissue
engineering.

Results

The monodisperse microparticles in shape and size were formed in various diameters changing from 300
to 80 µm by altering oil phase velocity from SF-Ph substrate. More than 90% cell viability and three times
cells upregulation of mitochondrial activity of enclosed-cells in microparticles with 150 ± 32 µm
diameters revealed that these structures were suitable subcultures produced through a mild process
based on morphological and MTT assays. It was noticed that cells approximately cover the
microparticles until the 15th day.

Conclusion

Spherical micro-tissue formation in microparticles, resulting from cell growth promoted by cell-cell and
cell-matrix interactions, adds signi�cant weight to this method's applications. 

1 Introduction
Silk �broin (SF), the chief composition of silk obtained from �ber spinning during cocoons formation, has
heavily attracted researchers because it is a high-quality natural protein (1, 2) with favorable features
including ease to process, controllable biodegradation (1, 3), biocompatibility resulting in weak antigenic
effects, and in�ammatory response in-vivo (4–6). Hierarchical self-assembly of SF structure in nature is
composed of amorphous and crystalline domains, imparting high toughness and strength to silk, leading
to unique mechanical properties (1, 7). Owing to these, SF has found its way in many �elds, including
sustained drug delivery, biosensing, adhesives, wound repair, tissue engineering in several forms:
nano�bers, membranes, scaffolds, hydrogels, microstructures (1, 4, 8–10). The SF utilized in tissue
engineering is mainly modi�ed and crosslinked to form a three-dimensional (3D) shape (11).
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There are currently two main approaches for crosslinking SF, divided into physical and chemical
crosslinking (1). In physical crosslinking, exertion of environmental stimulators such as electric �eld (12),
shear action (13), use of surfactants (14), etc., could accelerate the transition of SF solution to β-sheet
conformation. Although the physical crosslinking method is favorable in the term of operation, the non-
covalent bonds diminish mechanical properties of the �nal structures compared to chemical crosslinking
(1). Chemical crosslinking methods such as visible-light induction (15) or UV-light (16), enzymatic (7),
schiff base (17) and, click chemistry (18) provide hydrogels with tunable properties, including porosity,
swelling ratio, degradation rate, and mechanical properties as well as biochemical properties (1, 19).
Among many ways of chemical crosslinking methods, enzymatic crosslinking reactions, using biological
enzymes to catalyze crosslinking among SF side chains, occurs in an aqueous and mild condition,
making it a great candidate for cell encapsulation (1, 7). One of the commonly used enzymes is HRP,
activating intrinsic phenol groups of tyrosine on SF to dityrosine in the presence of H2O2 as an electron
donor (20). Nevertheless, enzymatically crosslinked SF hydrogels are still relatively slow reactions,
speci�cally in physiological media compared to water (21), which have made limitations for using this
polymer in 3D bioprinting and cell microencapsulation by micro�uidic devices, requiring a rapid gelation
time (22, 23). To address this issue, O. Hasturk et al. (7) suggested modifying SF by introducing phenol
moieties to increase available phenol groups in HRP/H2O2-mediated reaction, which revealed a
combination of SF and SF-Phenol enhanced gelation time, mechanical stability, and delayed
biodegradation of the �nal hydrogel, resulting from an approximately mild reaction condition. The desired
manageable properties of hydrogel obtained from enzymatical reaction possibly pave the way for using
SF features to produce cell-laden microparticles that are attractive structures for different usages.

Cell-laden microparticles have broadly taken researchers' attention owing to mimicking natural
extracellular matrix by a hydrated network and 3D microenvironment (24), large surface-to-volume of
microparticles that facilitate e�cient transfer of oxygen, nutrition, growth factor, therapeutic products,
and metabolic wastes, cell-cell, and cell-matrix interactions (25, 26). These desired features broaden their
applications in many �elds, including stem cell differentiation (27), spherical microtissue formation (for
disease modeling (28), drug testing (29), regenerative medicine (30), the building block for complex tissue
construction by bioprinting (31)), cell delivery to the infarcted tissues with additional positive effects on
enclosed cells by protecting them from immune response and harsh environment (32, 33). Therefore,
many efforts have been made to generate microparticles. Among them, micro�uidic devices provide
worthy features that distinguish them for this purpose, including precise control over microparticle size
distribution, composition, shape, and size (24). On this subject, several articles have been successfully
fabricated microparticles from different phenol-substituted polymers such as alginate (34) and
hyaluronic acid (35) through the HPR/H2O2 mediated reaction with the high-throughput co-�ow
micro�uidic device.

In this study, we used the same technique to probe the possibility of cell-laden SF-Ph microparticle
fabrication. The produced cell-laden SF-Ph macroparticle with this method is reported for the �rst time in
this study. The microparticles were formed through the emulsion process of the polymer precursor in the
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oil phase, which is well-controlled by a coaxial micro�uidic �ow and concentration adjustment. Then, they
became polymerized in the rapid enzymatic reaction that HRP catalyzed the transfer of electrons from
H2O2 supplied by the oil phase to conjugate available Ph groups to each other. Identical shape and size
of microparticles, showing that we found out standard parameters including SF-Ph concentration,
reactants, volumetric �ow of solutions in a micro�uidic device, and cellular density. The effect of
microencapsulation on the recovered cell growth, the pro�le of enclosed cell proliferation, and the
possibility of spherical microtissue were evaluated.

2 Materials And Methods

2.1 Materials
Bombyx mori silk cocoons were provided by the Iranian silkworm research center (Guilan, Iran). All
materials used in this project were purchased from Sigma-Aldrich. Cells were cultured in Dulbecco's
Modi�ed Eagle Medium: Nutrient Mixture F-12 (DMEM/F-12) media supplemented, fetal bovine serum
(FBS) 10%, penicillin-streptomycin 100 µg/mL, which were obtained from Gibco (USA). In this study,
instead of stem cells, L929 mouse �broblast cell was chosen as the model cell due to its good
compatibility with hydrogels. The L929 cell was obtained from the National Cell Bank of Pasteur Institute
of Iran.

2.2 Silk �broin (SF) extraction 
SF was extracted from Bombyx mori cocoons following some modi�cation in the previously described
method (7). The 10 g of cut B. mori cocoons were degummed by boiling via 1 L of an aqueous medium
containing 0.02 M Na2CO3 for 40 min to remove silk protein sericin; then, the �bers were entirely rinsed
using deionized (DI) water. Specimens were soaked in DI water for 20 min at 80 °C and rinsed with cold
water forth times to further extraction of the glue-like sericin protein. They were allowed to dry overnight
under a chemical hood. The prepared sample was dissolved in 9.3 M lithium bromide (LiBr) at 60 °C for 4
h, to a make 20% (w/v) solution. The SF solution was dialyzed (MWCOs of 12 kDa) against DI water for
three days, refreshing the DI water each 3-4 h. Insoluble components were isolated from the dialyzed
solution by centrifuge at 5000 rpm for 15 min and �nally lyophilized-dried. The �nal solution was kept at
room temperature for subsequent steps. Weighing the SF before and after freeze-drying in a known
volume indicated the concentration of SF.

2.3 Synthesis of silk �broin-phenol (SF-Ph)
SF-Ph was synthesized via carbodiimide-mediated reaction as described elsewhere (7). Brie�y, 10 g SF
was dissolved in 30 mM 2-(N-morpholino) ethanesulfonic acid (MES) buffer at 40 g/L. To this
solution, tyramine hydrochloride, water-soluble carbodiimide hydrochloride (WSCD), and n-
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hydroxysuccinimide (NHS) were added at 2.7, 2.1, and 2.9 g/L. The mixture was stirred using a magnetic
bar for 24 h at room temperature. The remaining chemicals in the resultant solution were removed by
dialysis using a 12 kDa dialysis membrane against the surplus amount of distilled water for three days,
whereas distilled water refresh every 3-4 h. The �nal SF-Ph solution was maintained at 4 °C for more
usages.

2.4 SF-Ph characterization
UV-visible spectrophotometer and proton nuclear magnetic resonance (1H NMR) spectroscopy were
performed to �gure out the content of phenol adhering to polymers (34, 36) and further con�rm the
conjugation of phenol moieties on SF (7). In more detail about UV visible spectrophotometer, the standard
curve was plotted to determine the Ph contents of synthetic SF-Ph resulting from the absorbance of
known tyramine hydrochloride concentration at 275 nm (34). It is worth mentioning that in the 1H NMR
test, SF and SF-Ph were diluted 1-fold with deuterium oxide (D2O) (37).

2.5 Process of cell-enclosing microparticles
SF-Ph-based microparticles were fabricated using a designed micro�uidic co-axial double-ori�ce
spinneret, which was similarly applied for fabrication microparticles from other polymers, as shown in
Fig. 1 (34, 35).  For this, the inner solution containing SF-Ph at 4% (w/v), L929 at 4 × 106 cells/mL, and 40
unit/mL HRP were extruded through the inner channel of the micro�uidic device in 180 µm diameter at 70
µL/min. The immiscible liquid para�n containing lecithin and saturated H2O2 �owed into the outer
channel of the micro�uidic device with 600 µm diameter at 3 mL/min. This liquid para�n containing
H2O2 and 3% (w/w) lecithin was prepared by stirring 60 mL of liquid para�n and 600 µL mL of aqueous
H2O2 solution (12 M) using a homogenizer for 10 min in moderate speed. The resultant emulsion was
centrifuged at 3000 rpm to isolate the surplus H2O2 solution from liquid para�n and then mixed with a 3-
fold volume of liquid para�n containing 4% (w/w) lecithin. The microparticles were formed through
droplet formation at the intersection of two �ows in the vicinity of the micro�uidic device when SF-Ph and
liquid para�n solutions were dispersed phase and continuous phase, respectively. Effects of �ow rates of
aqueous SF-Ph solution and liquid para�n �ow as well as concentrations of SF-Ph on the diameter of
droplets were monitored utilizing syringe pumps and prepared concentrated SF-Ph solution, respectively.
The droplets of SF-Ph solution in the liquid para�n were collected in a 50 mL Corning® tube positioned
at the tip of the outer channel. The droplets were collected through centrifugation at 1000 rpm for 1 min
to allow the collection of droplets and rinsed using calcium-free Krebs Ringer HEPES-buffered saline (CF-
KRH buffer). The collected droplets were transferred in a 15 mL Corning® tube with excess CF-KRH buffer
to wash the remaining liquid para�n. Then, the sample was centrifuged at 1500 rpm for 4 min. The
collected SF-Ph microparticles were washed twice with KRH to completely remove the liquid para�n. The
mean diameter of the resultant SF-based microparticles was determined based on measurements of
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more than 100 specimens using an optical microscope. After removing para�n from the cell-enclosing
microparticles by successive centrifuges, those were placed in a culture medium. 

2.6 Enclosing effects on cells
The assessment of possible adverse enclosing effects on cell growth was accomplished by MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay at different time point intervals, including
just and 12 days after microparticles preparation. Cell-enclosing microparticles were �rstly degraded
using collagenase type II at 200 unit/mL concentration within 1 h incubation.  Then the viability of the
harvested cells was determined by trypan blue exclusion dye assay. To evaluate possible damages
requiring time to suppress cellular growth, harvested cells from microparticles were seeded at a density of
1 × 104 cells/well in a 48-well plate to examine cell morphology and viability. The MTT solution at a �nal
concentration of 0.5 mg/mL was poured into seeded cells in each well, incubated for 4 h in physiological
condition. The dimethyl sulfoxide (DMSO) was replaced with MTT solution to dissolve formazan,
resulting from the reduction of tetrazolium dye MTT by NAD (P)H enzyme. Finally, the absorbance of
DMSO, a viable cell indicator, at 570 nm was read by ELISA Microplate Readers (35, 38).

2.7 Enclosed cells activity assay 
To determine the growth pro�le of encapsulated cells in microparticles on different days, the MTT assay
was performed similar to the previously mentioned method. Brie�y, MTT solution was added to 100-200
counted microparticles containing cells. After changing MTT solution with DMSO, the colour intensity of
DMSO was measured by ELISA Microplate Readers at 570 nm (38).

2.8 Spherical microtissue fabrication
To fabricate microtissues, cell-laden microparticles, which were produced from SF-Ph solution containing
L929 cells, were incubated for 15 days, allowing su�cient time for cell growth to occupy microstructures
based on microscopic images. Then, microparticles were immersed in a culture medium supplemented
with 200 unit/mg collagenase type II for one hour to digest SF-Ph microparticles. The forms of naked
spherical microtissue were observed via a microscopic image.    

3 Results And Discussions
Development The development of biocompatible cellular constructs in non-diffusion limit size can
provide suitable physicochemical and biological properties to support cell viability and functions,
including cell adhesion, proliferation and differentiation (39, 40). The SF is one of the valuable and
applicable natural polymers for its high strength (1, 7), good biological compatibility, and low
immunogenicity that resulted in a wide application for various biomedical purposes (4-6). It can be
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physically and chemically modi�ed to amend the biophysical and biochemical properties of SF-based
scaffolds and constructs for tissue engineering and drug delivery purposes (1, 10). SF-based constructs
can be fabricated through different techniques and shapes of architectures such as �lms, sponges,
nano/micro-particles, �bers/tubes, bulk hydrogel, and conduit (1, 8, 10). 

We prepared the scaffolds using extracted SF. The cellular vehicle should mimic an extracellular matrix
and possess a 3D structure (39, 41). We applied modi�ed SF with phenol moieties to fabricate the new
composite scaffolds with good microstructure and suitable biocompatibility and mechanical properties
for various biomedical applications, including tissue engineering and drug or cellular delivery. The
spherical-shaped micro vehicles were obtained through conjugation of Ph moieties to the backbone of SF
and in following using the micro�uidic technique, which performed HRP-catalysed crosslinking reaction
during particle fabrication.  

3.1 SF-Ph synthesis and characterization
As depicted in Fig. 2A, SF polymer was modi�ed by conjugation of Ph moieties deriving from tyramine
hydrochloride in the presence of ethyl(dimethylaminopropyl) carbodiimide (EDC) and NHS (7). As shown
in Fig. 2, 1H-NMR test elucidated peaks from 6.8 to 7.2 ppm, referring to the aromatic protons of the
phenolic group based on reports (37, 42). In the mentioned region, striking differences were noticed
between SF and SF-Ph peaks, prove successful synthesis. The Ph content introduced to modi�ed SF was
measured by UV visible spectrophotometer, which was 1.24 × 10-4 mol-Ph /g-SF-Ph. Since the reported Ph
content was close to related works (35, 43), which have been utilized other polymers to fabricate
microparticles, this synthesized polymer would also be suitable for that. 

3.2 Preparation of SF-Ph microparticles
We evaluated the possibility of SF-Ph microparticle formation by the designed coaxial micro�uidic device
and enzyme-mediated crosslinking reaction using HRP in the presence of H2O2 as an electron donor. As
microphotographs show, microparticles were successfully produced via the HRP-mediated enzymatic
reaction, which was in agreement with other reports related to microparticles fabrication with other
polymers which were modi�ed with Ph moieties and used for enzymatic reactions such as hyaluronic
acid (HA), alginate, carboxymethyl cellulose, and amylopectin, and gelatin  (35) . As here liquid para�n
solution as a continuous phase meets the SF-Ph solution as a dispersed phase, shear stress causes the
SF-Ph solution to pinch-off and form droplets. In fact, shear stress is caused by a reduction in the size of
the dispersed phase channel at the ori�ce, at which hydrodynamic �ow-focusing occurs. For further study,
the microparticles size dependency was investigated by changing the �ow rate of para�n at the constant
SF-Ph solution �ow rate of 75 µL/min with the optical microscopic images, in which SF concentration
was 4% (w/v) in the �nal solution. Image J was used to analyze resultant images, showing that para�n
velocity changes from 0.75 to 4.2 mL/min gave rise to changes in microparticles diameters
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approximately from 300 to 80 µm, as illustrated in  Fig. 3 A and B. It was evident that an increase in liquid
para�n solution �ow rate decreased microparticles diameter, as was proved in various reports  (35) ,
con�rming microparticles diameter dependency on liquid para�n �ow rate as a volumetric-driven �ow
force. The uniformity in size distribution and high cell viability are critical parameters for cell
encapsulation, and also, there is size diffusion limit for cellular constructs. The size below 200 µm is
highly recommended for cellular vehicles  (40, 44) . As shown in  Fig. 3 C, the mean diameter of
microparticles was considered about 150 µm for the following experiments to minimize the formation of
necrotic regions in the microparticles' canter  (44) . Microphotograph and narrow size distribution for
fabricated microparticles con�rm that specimens were in uniform size and spheroid shape. These
properties give us this opportunity to utilized SF based microparticles for cell or drug delivery in speci�ed
density or concentration, respectively. The average size of microparticles follows a Poisson-like
distribution and can be �nely controlled by �ow velocity. We did not observe any structural instability,
including coalescence of SF-Ph hydrogel in micron size, which means proper concentration of SF-Ph
polymer, reactants, volumetric �ow of solutions in a micro�uidic device, and cellular density. It is reported
that these parameters can cause breakage of particles as well as their coalesce into a bigger size or non-
size uniformity such as pear, oval, and spindle shape vehicles even if the surfactant concentration in the
collection solution be quite high (45) .

3.3 Cellular behaviour 
The probable side effects of enclosing cells can be associated to lack of culture medium which means
lack of oxygenation and nutrition combined with shear stresses causes in the microencapsulation
process, including mixing cells with viscus polymeric solution of SF-Ph, the existence of chemical
reactants, and hydrogelation as well as shear stress through perfusion �ow in micro�uidic channels (35,
38). Cellular viability and activity were evaluated by both microscopic images and MTT assay at two-time
points just and 12 days after cell enclosing (35). Morphologically, the spread up of cells in the initial
hours of seeding, which were harvested from the encapsulation process and even after 12 days, were
similar and did not �nd any difference among their morphologies and growth ability (Fig. 4A-F). Moreover,
cellular growth shows harvested cells from encapsulation in different time-lapse (Fig. 4G) proliferated
equally and mitochondrial activity of cells which indicate lack of any cytotoxicity of encapsulation
process and extension time of incubation for encapsulated cells.

3.4 Enclosed cells activity assay 
The viability and proliferation of enclosed cells are the deterministic factors in considering a suitable cell
carrier (24). Hence, cell growth in microparticles was evaluated by microscopic images and MTT assay
on different days after microencapsulation. Until the 15th day, embedded L929 cells vividly proliferated
and occupied all regions of microparticles, illustrated in Fig. 5A-F. In addition, the quantitative analysis of
cellular growth has proceeded through the MTT assay. Fig. 5.  indicated that cell mitochondrial activity
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elevated until the 18 days of microencapsulation, which can be attested to denser microstructures (46).
The cellular growth and proliferation in SF-Ph microparticles would be due to the existence of cell
interactive moieties in SF structure, such as cell adhesive motifs (10, 47). Meanwhile, cellular growth on
hydrogel surfaces for most polysaccharides and synthetic polymers hindered and obtained a low
proliferation rate. Protein-based hydrogels such as gelatin, silk, and collagen could promote cellular
growth even 3D cell culture system for encapsulated cells which microscopic stress surrounding cells
have a negative impact on cell growth (41, 48, 49). 

These results supported that microstructures lent themselves in favour of cell growth without speci�c
harmful effects on it and e�ciently transported oxygen and nutrition to enclosed cells. However, further
following of mitochondrial activity showed that it reached a plateau after the 21st day, which means
microparticles possibly suppressed cell growth (44).

3.5 Spherical microtissue fabrication
By the time the gradual aggregation of enclosed cells powerfully con�rmed the presence of cell-cell
interaction, which is crucial for the preservation of cell viability (24). These microparticles provided cell-
cell and cell-matrix interactions resulted in strong adhesive spherical microtissue with a more
sophisticated microenvironment than the single cell (50). As it was shown in (Fig. 5I), the remaining
spherical microtissue of L929 cells after microparticles digestion using collagenase supported the
mentioned claim, making this procedure convenient to apply for spherical tissue formation to use in
disease modeling (28), drug discovery (29), and tissue engineering purposes (30, 31).   Moreover,
collagenase used to digest microparticles is naturally exists in the body tissues (51), so microparticles
can be used as cell and drug delivery vehicles in vivo (35).

4 Conclusions
In this research, we have explored the feasibility of forming SF based cell-laden microparticles with a
coaxial micro�uidic device. Resultant microscopic images analyzed approved no evidence of
agglomerations and non-uniformity in size and shape. Also, microparticles diameters controlled in
uniform size. The quantitative analysis on cell viability shows cellular growth, indicating the shear stress
imposed on cells during the micro�uidic generation of microparticles, and the following gelation process
does not cause apparent cell damage or death. Resultant images from enclosed cells con�rmed that
microparticles supported cell growth until the 15th day. Stability of cell-laden microparticles was related
to the su�cient crosslinking among SF-Ph molecules through HRP-mediated crosslinking. The effective
crosslinking method was validated by following up microparticles' microscopic images, showing the
spherical formation and the lake of deformation or breakage during the process. Results illustrated high
biocompatibility of the synthesis, microencapsulation process, cell proliferation, and successful spherical
microtissue formation using SF derivative, showing this method's versatility for microparticles
production.
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Figure 1

The production of cell enclosing silk derivative microsphere through the coaxial micro�uidic device and
horseradish (HRP) crosslinking reaction. The procedure of 1) silk �broin extraction from Bombyx mori
cocoons, 2) synthesis of SF-Ph 3) fabrication of the cell-laden microparti-cles, and 4) micro-tissues.
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Figure 2

(A) The schematic illusion of SF-Ph synthesis using tyramine hydrochloride under WSCD and NHS
catalyzers. (B) Results of 1H NMR for different materials: (a) tyramine hydrochloride, (b) unmodi�ed SF,
(c) modi�ed SF (SF-Ph).
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Figure 3

(A) Resultant microparticles stained with rhodamine, showing the feasibility of microparticles formation.
(B) The effect of liquid para�n velocity containing H2O2 on SF-Ph microparticles diameter was
investigated at the �xed �ow velocity of the polymer solution (2 mL/min). (C) Diagram of microparticles
size distribution at the speci�c �ow rates of liquid para�n (2 mL/min) and SF-Ph solution (75 µL/min),
considered for subsequent experiments.
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Figure 4

Microscopic images of cells cultured in an ordinary subculture (2 D), (A, B) Recovered cells from
microparticles just and 12 days after microparticles preparation at day 1, (C) Control group (conventional
subculture) at day 1. (D, E) Recovered cells from microparticles just and 12 days after microparticles
preparation at 96 h, (F) Control group (conventional subculture) at 96 h. (G) Diagram of mitochondrial
activity of cells in a culture dishes for groups including recovered cells just and 12 days after
microparticles preparation, and conventional subculture (Control) at different time points: 8, 48, and 96 h.
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Figure 5

(A-F) Microscopic images from L929 enclosed cells growth in SF-Ph microparticles at different time
points (1, 3, 6, 9, 12, and 15 days). (G) MTT assay diagram of L929 cells, showing cell proliferation in SF-
Ph microparticles. Microphotograph of cell-enclosing microparticles H) before and (I) after degradation of
SF-Ph microparticles by collagenase treatment.


