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ABSTRACT: Herein, the rational design micromilieus involved silk fibroin (SF)-based
materials have been used to encapsulate the osteoblasts, forming an extracellular
coated shell on the cells, which exhibited the high potential to shift the regulation of
osteoblasts to osteocytes by encapsulation cues. SF coating treated cells showed a
change in cell morphology from osteoblasts-like to osteocytes-like shape compared with
untreated ones. Moreover, the expression of alkaline phosphatase (ALP), collagen | (Col
1) and osteocalcin (OCN) further indicated a potential approach for inducing osteoblasts
regulation, which typically accelerates calcium deposition and cell -calcification,
presenting a key role for the SF encapsulation in controlling osteoblasts behavior. This
discovery showed that SF-based cell encapsulation could be used for osteoblasts
behavior regulation, which offers a great potential to modulate mammalian cells’
phenotype involving alternating surrounding cues.

KEYWORDS: cell encapsulation; silk fibroin; osteoblasts modulation; cell
differentiation; cell calcification
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1 Introduction

Many living organisms in nature can construct envelopes
to achieve self-protection and functionalization [1]. For
example, diatom cells will secrete silicon mineralized
proteins to the outside of the cell, enrich the silicon
element in the water, and form a layer of ordered silicon
shell outside the cell, improving its resistance to stress
[2—4]. Biomimetic mineralization was used to develop the
calcium phosphate (CaP) shell coating on organisms
[5-6], which could boost the organism’s ability to adapt to
the threatening microenvironment [7]. When the encap-
sulation material was replaced with silicon dioxide (SiO,)
by silicon mineralization, the yeast’s resistance to stress
could be further improved [8], especially the high-
temperature resistance of yeast cells significantly improv-
ed [9]. It demonstrated that materials encapsulation
could [10-13],
providing great potential for developing living cell-based
biomaterials.

significantly regulate cell behavior

Furthermore, the material coating layer will regulate the
physiological milieus of the cell [14], which may endow
cells with new functions. It confirmed that when the
chlorella cells were aggregated by biomineralization, the
inside chlorella could improve their production efficacy of
H,, contrary to the normal process of producing O, [15].
Moreover, encapsulating the Jurkat cell with titanium
dioxide (TiO;) could significantly trigger interleukin-2
(IL-2) secretion [16], demonstrating that the appropriate
material to encapsulate the cells may achieve the
functional differentiation and behavior transformation of
cell functions [17-18].

Osteoblasts are generally sourced cell materials for
bone tissue engineering due to their osteogenic differen-
tiation potential towards osteocytes [19-21]. Currently,
modulation of osteoblasts phenotype is still a significant
challenge due to a milieu of cues in sifu and high cost
[22]. Strategies of encapsulating the osteoblasts may be a
cue to induce their differentiation [23], which may be a
facile alternative for cell-based hybrid materials. Silk
fibroin (SF), as a central component of silk protein, has
become one of the most attractive biomaterials with
biocompatibility, low immunogenicity and -elastic
mechanical properties [24-25], which have demonstrated

great cues for tissue engineering, especially for bone
tissue [26-27]. More generally, the interaction between
cells and silk materials could induce cell adhesion and
[28-29],
mesenchymal stem cells into bone cells [30-33], which

proliferation driving the differentiation of
followed an attractive hypothesis that SF might be an
encapsulating cue to induce the osteoblasts towards
osteocytes.

Herein, we prepared the encapsulated osteoblasts with
SF using the electrostatic layer-by-layer encapsulation
method and checked whether the coating could be used as
a differentiation cue for osteoblasts regulation. Further-
more, the murine osteoblasts (MC3T3-E1) were used as
the model cells, and the influences of coated treatment for
cell differentiation and associated transformation were
further detected, which gives us a new understanding of
initial coating may be regarded as persisting cue for
osteoblasts towards osteocytes.

2 Materials and methods
2.1 Materials

Na,COs3  (Sigma-Aldrich, USA), poly(ethyleneimine)
(PEIL; molecular weight (MW) 10 000; 99%, Aldrich,
Germany), phosphate-buffered saline (PBS; Hyclone,
USA), a-minimal essential medium (a-MEM; Hyclone,
USA), fetal bovine serum (FBS; Gibco, US), a penicillin—
streptomycin solution (Biosharp, China), 0.25% trypsin-
EDTA, a Cell Counting Kit-8 (CCK-8), 4% paraformal-
dehyde solution, triton X-100 and nuclei visualization
solution 6-diamidino-2-phenylindole (DAPI),
phosphatase (ALP) activity assay Kit, bicinchoninic acid
(BCA) protein assay Kit (Beyotime, China), TRIzol® Plus
RNA Purification Kit, rhodamine-phalloidin (Invitrogen,
OR, USA), Live/Dead™ Viability/Cytotoxicity Kit (Life
Technologies, US), a mouse anti-collagen I antibody

alkaline

(ab6308, Abcam, UK), a mouse anti-osteocalcin antibody
(ab13420, Abcam), a rabbit anti-ALP antibody (ab83259,
Abcam), an horseradish peroxidase (HRP)-labeled goat
anti-mouse IgG (H + L) antibody (31160, Thermo Pierce)
and an HRP-labeled goat anti-rabbit IgG (H + L) antibody
(31210, Thermo Pierce) were used as received.

2.2 Extraction of SF

Extraction of SF was performed according to our previous
protocol [34]. In brief, silkworm cocoons from Bombyx
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mori were cut into small pieces (5 g) and then degummed
by boiling in 0.5% (w/v) Na,CO3 (2 L) solution 3 times
for 30 min each. The degummed silk fibers were
dissolved in boiling distilled water for 20 min and dried
overnight in an oven at 37 °C. The dried SF was then
solubilized in boiling 42% (w/v) CaCl, solution at a
concentration of 20% (w/v) for 10 min. The solution was
dialyzed against distilled water over 3d and left in a
dialysis bag under an electric fan for 2 d to increase SF
concentration by water evaporation. The solution was
centrifuged at 10 000 rrmin~! for 30 min at 4°C to
remove insoluble fibers. The concentration of silk solution
was determined by weighing a known sample volume
before and after drying overnight at 60 °C.

2.3 MC3T3-E1 cell culture and coating treated on cell
surface

Mouse osteoblastic MC3T3-El cells were obtained from
the cell bank of the Chinese Academy of Sciences
(Shanghai, China). Cells were cultured in o-MEM
supplemented with 10% FBS and 1% Pen-Strep antibiotic
solution, incubated at 37 °C and humidified 5% CO,
environment. Cells within 3-7 passages were used for
further preparation of SF coating.

As for the SF coating process, MC3T3-El cells were
firstly incubated in 50 pg-mL~! solution of PEI in a-MEM
medium without FBS at a density of 1 x 10¢ cells-mL"!
for 10 min under gentle pipetting after trypsin digestion
and centrifugation. Then, the cells were incubated in
2 mg-mL™! solution of SF for 10 min. After incubation,
the cells were washed with o-MEM medium and
separated by centrifugation (1000 r-min~!, 3 min). After
the above layer-by-layer steps of PEI and SF incubation
1-3 times, coated MC3T3-E1 cells were obtained.

2.4 Characterization of coated MC3T3-E1 cells

To determine the surface zeta potential of coated MC3T3-
E1 cells, cells were suspended in PBS buffer at a density
of 2x10° cellsmL™! and measured with a Zetasizer
analyzer (Zetasizer Nano ZS, UK).

The coated MC3T3-El cells were visualized by a
brightfield microscope. Then, the coated MC3T3-E1 cells
were fixed in 2.5% glutaraldehyde solution for 30 min at
room temperature (RT), washed with PBS and deionized
water (DI water), and dehydrated using a series of 30%,
50%, 60%, 70%, 80%, 90%, 95%, and 100% (v/v) ethanol

solutions. The coated cells were further observed by field-
emission scanning electron microscopy (FE-SEM, JSM-
6500F, JEOL, Japan).

SF was fluorescently labeled with fluorescein
isothiocyanate (FITC) to visualize the SF coating on the
cells’ surface. Briefly, 10 mg of FITC was dissolved in
100 mL of sodium carbonate-bicarbonate buffer at a
concentration of 1 mol-L™! (pH 10.0), and then 500 mg of
SF was added. The mixture was stirred for 12 h at RT and
then dialyzed in 3.5 kDa dialysis membranes, after which
the solutions were lyophilized to obtain FITC-labeled SF
(SF-FITC). MC3T3-E1 cells were coated with SF-FITC
and observed using confocal laser scanning microscopy

(CLSM; IX81-FV1000, Olympus, Japan).
2.5 Cell viability assay

The cytotoxicity of SF and PEI were evaluated by the
CCK-8 method after MC3T3-E1 cells co-culture for 24 h
at various concentrations. Coating treated MC3T3-El
cells were stained with Live/Dead™ Viability/Cytotoxicity
Kit and imaged before and after culture for 14 d with the
CLSM. As for cell viability, the coating treated cells were
seeded in the 24-well plate at a cell density of 2 x 103
cellssmL™! and cultured in the a-MEM growth medium
for 14 d. At the predetermined time, the viability of cells
cultured for various times up to 14 d was measured by
CCK-8. Untreated MC3T3-EI cells were used as a control.

2.6 Cell differentiation and cell morphology observation

To evaluate the osteoblastic formation ability of coating
treated MC3T3-E1 cells after the SF encapsulation, cells
were seeded in 6-well plates at a density of 1 x 10° cells
per well in the a-MEM growth medium for 3 d. Then the
cells were cultured in a differentiation medium with an
osteogenic induction supplement (OS, 50 pg'mL™! L-
ascorbic acid, 10 mmol-L™! sodium B-glycerophosphate,
and 10 nmol-L™! dexamethasone) for 3, 7, 14, and 21 d.
Untreated MC3T3-El cells cultured without the OS were
used as a control.

To observe the morphology of coated MC3T3-E1 cells
cultured in the differentiation medium, rhodamine-
phalloidin/DAPI staining was taken. Cells differentiated
for 7 d were fixed with 4% paraformaldehyde for 10 min
and then permeabilized with 0.5% (v/v) Triton X-100 for
5Smin. The cytoskeleton was stained with rhodamine-
phalloidin for 30 min followed by counterstaining with
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DAPI to visualize the nuclei. Finally, the staining cells
were observed with the CLSM.

The osteoblastic formation ability of coated MC3T3-
E1 cells was evaluated by measuring ALP activity using
the ALP activity assay Kit and BCA protein assay Kit. All
the results were normalized with the total protein amount.

2.7 Quantitative PCR (qPCR)

After 14d of culture in the differentiation medium,
coating treated MC3T3-E1 cells were collected, and total
RNA was extracted using TRIzol® Plus RNA Purification
Kit (Invitrogen). SuperScript™ III First-Strand Synthesis
SuperMix for qPCR (Invitrogen) was used for reverse
transcription. The mRNA expression levels of ALP,
collagen type I (Col I) and osteocalcin (OCN) were
measured with Power SYBR® Green PCR Master Mix
(Applied Biosystems, US). The primer sequences are
listed in Table 1.

2.8 Western blot

The coating treated MC3T3-E1 cells differentiated for
14 d were washed twice with PBS and then lysed by
60 pL of lysis buffer with 1 mmol-L™! phenylmethane
sulfonyl fluoride (PMSF) for 30 min on ice. Total protein
was acquired after centrifuging at 12000 r-min! at 4 °C
for 5Smin, and the concentration of protein was
determined by the BCA protein assay Kit. The total
soluble protein was separated on sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and then
After
incubation in primary rabbit anti-ALP antibody (ab83259,
Abcam) at 1:500, mouse anti-Col I antibody (ab6308,
Abcam, UK) at 1:500, a mouse anti-OCN antibody
(ab13420, Abcam) at 1:1000 dilutions, respectively, the
secondary antibody HRP-labeled goat anti-rabbit IgG

transferred to the nitrocellulose membrane.

Table1 qPCR primers

(H + L) antibody (31210, Thermo Pierce) and HRP-
labeled goat anti-mouse IgG (H + L) antibody (31160,
Thermo Pierce) at 1:500 dilutions in succession, the
specific blot was visualized using enhanced chemilu-
minescence substrate (Tanon5500, Shanghai, China).

2.9 Alizarin red S (ARS) staining

ARS staining was performed to detect the calcium
deposition from differentiated cells. Briefly, after
differentiating for 21 d, the coating treated MC3T3-
El cells were rinsed with PBS and incubated with 1%
ARS solution for 30 min at RT. Then, the staining cells
were gently washed with DI water and observed under a
brightfield microscope.

2.10 Statistical analysis
All quantitative results are depicted as the mean =+

standard deviation (SD). Statistical
performed by analysis of 7-test. The difference was

analysis was

considered statistically significant for a value of * p <
0.05, ** p <0.01, and *** p <0.001.

3 Results and discussion

3.1 Preparation and characterization of coated
MC3T3-E1 cells

Inspired by layer-by-layer encapsulation, we fabricated an
SF coating on osteoblasts’ surfaces by a positive inducer
PEI [35] (Fig. 1). It indicated that cocultured with SF at
various concentrations (from 15 pg-mL™! to 2 mg-mL™1),
the MC3T3-E1 cell maintained its high viability at 24 h
(Fig. 2(a)), which was consistent with the results of the
previous study [34]. PEI was used as a positive inducer

Gene Genbank accession Primer sequences (5' to 3')

Mouse GAPDH GU214026.1 GAAGGTCGGTGTGAACGGATTTG
CATGTAGACCATGTAGTTGAGGTCA

Mouse ALP NM_007431.2 ACCTGACTGACCCTTCGCTCT
CAATCCTGCCTCCTTCCACCA

Mouse Col 1 NM_007743.2 CCTTCTGGACCCGTTGGCAAAGAT
GGCTACCCTGAGAACCACGAACA

Mouse OCN NM_001032298.2 CGCTCTGTCTCTCTGACCTCACA

CCTCCTGCTTGGACATGAAGGCTTT
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Fig. 1 Schematic showing electrostatic layer-by-layer
encapsulation of PEI (+) and SF (—) on the negatively charged
MC3T3-El cell surface. The cells treated after 1, 2, and
3 cyclic layer-by-layer encapsulation process (Cycles 1, 2, and
3) are denoted as coated MC3T3-El1 (Cycle 1), coated
MC3T3-El1 (Cycle 2), and coated MC3T3-El1 (Cycle 3),
respectively.

with biocompatibility for materials modification via
electrostatic interaction [36], which could be absorbed
onto the cells electrostatically. As observed in Fig. 2(b),
although MC3T3-E1 cell viability was significantly
reduced even cocultured with 5 ug-mL~! of PEI at 24 h,
no significant cytotoxicity was observed at 50 ug-mL™!
within 4 h (Fig. 2(c)). Therefore, 50 pg'mL~! of PEI and
2mg-mL™! of SF were used for MC3T3-El encapsu-
lation. The MC3T3-E1 cells suspension incubated in
serum-free 0-MEM medium containing 50 pg-mL~! PEI
for 10 min, then the cells were collected by centrifugation
and followed by the incubation with the medium having
2 mg-mL~! SF for 10 min.

As expected, the coated MC3T3-E1 cells could be
achieved facilely. As shown in Fig. 2(d), the shift of zeta
potential of cells from negative (MC3T3-E1, ~—28.9 mV)
to positive (MC3T3-E1@PEI, ~ +1.9 mV) and to negative
(MC3T3-E1@PEI@SF, ~ —23.8 mV) showed the electro-
static layer-by-layer encapsulation process (Fig. 2(d)),
suggesting the formation of cell coating. Indeed, the
coatings were formed from a mixture of SF in the
presence of PEI for a short period. From the brightfield
and live/dead staining images, for the coated MC3T3-E1
(Cycles 1 and 2), either PEI or SF treatment showed no

apparent influence on cellular morphology and viability
compared with untreated cells. As for the cells in Cycle 3
treatment, the number of cells was slightly reduced, which
may account for the cascade centrifugation. In addition,
the cells remained alive after encapsulation, indicating
that the coating treatment would not damage the cell
viability (Figs. 2(e) and 2()).

After encapsulation, the surface of MC3T3-E1 cells was
with a noticeable materials layer compared with the
untreated cells (Fig. 3(a)). The surface of coated MC3T3-
E1 (Cycle 1) cells with 1 layer and MC3T3-E1 (Cycle 2)
with 2 layers of SF could demonstrate a smooth membrane-
like coating. However, the coated MC3T3-E1 with 3
cycles were shrunken with fibers aggregating randomly on
the cell surface. In addition, to identify the SF covered on
cells, cells were coated by SF-FITC during the layer-by-
layer encapsulation process [37]. Viewed with CLSM, the
SF layer (green, labeled by FITC) was attached to the cell
membrane (red, labeled by Dil), forming a shell-like
structure (Fig. 3(b)). The coated MC3T3-E1l cells were
detected for the FITC fluorescence signal, whereas no
FITC signal was collected from the untreated MC3T3-E1
cells, further confirming the success of SF encapsulated
cell.

3.2 Viability of coating treated MC3T3-E1

The coating treated MC3T3-E1 cells were cultivated in
the o-MEM growth medium over 14d for further
investigation. At the predetermined time point, the
viability of cells was evaluated by CCK-8 (Fig. 4(a)). The
cell viability of the coating treated MC3T3-E1 (Cycle 1)
and MC3T3-E1 (Cycle 2) cells was still over 80% as
compared with control at 14 d, which indicated the high
cell biocompatibility of the coating treatments of Cycles 1
and 2 process (Figs. 4(a)). However, the cell viability of
coated MC3T3-E1 (Cycle 3) cells decreased significantly
with cell viability at ~60% within 24 h and ~30% at 7 d,
respectively (Figs. 4(a)). Viewed under a brightfield
microscope, it was further confirmed that almost all of the
encapsulated MC3T3-E1 cells with 1 and 2 layers of SF
were still alive within 14 d, showing a comparable growth
state and cell morphology with the untreated MC3T3-E1
group, while the coated MC3T3-E1 (Cycle 3) cells were
all single without any cell pseudopodia and cell junction
(Fig. 4(b)).

Besides, live/dead staining of the cells cultured for 14 d
demonstrated that the viability of coated MC3T3-El
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Fig. 2 Preparation of coating treated MC3T3-E1 cells. Cell viability of MC3T3-E1 after co-culture with various concentrations of (a)
SF and (b) PEI for 24 h. (¢) Cell viability of MC3T3-E1 after co-culture with 50 pg-mL~! of PEI for various times. (d) Zeta potentials
of MC3T3-E1, MC3T3-E1@PEI (after PEI treatment) and MC3T3-E1@PEI@SF (after PEI and SF treatment). (e) Brightfield
microscope observation and (f) live/dead staining images of MC3T3-E1 and coating treated MC3T3-E1 cells. Green: live cell; red:

dead cell.

(Cycle 1) and coated MC3T3-E1 (Cycle 2) cells was
comparable to that of the untreated MC3T3-E1 group
(Fig. 4(c)). Nevertheless, as shown in Fig. 3, the coated
MC3T3-El cells with triple treatments displayed a cell
shrinkage state, suggesting decreased cell viability. As a
result, only the red fluorescence showed in the live/dead
staining images of the coated MC3T3-E1 (Cycle 3) cells,
suggesting a high rate of cell death after Cycle 3
treatments (Fig. 4(c)). These results were further in
accordance with the quantitative CCK-8 measurement
results, which indicated effective controlling the number
of coating layers could regulate cell viability, whether still
alive or going to die. It demonstrated that the mineral

coating could affect cell viability [17,38], which accounts
for mammalian cells’ extreme sensitivity to extra mineral
coating matter. It should be noted that SF, as a soft
material, showed biocompatibility as a coating material
for cell encapsulation [39].

3.3 Differentiation of coating treated MC3T3-E1

The coating strategy has demonstrated great potential for
cell function regulation [40]. MC3T3-El, as a typical
osteoblast, has the potential to differentiate towards
osteocytes, and the coating treatment may affect cell
transformation [41-43].

behavior Compared with
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Merge
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(Cycle 3)
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Fig. 3 (a) SEM observation and (b) CLSM observation of MC3T3-E1l and coating treated MC3T3-El cells. Green: SF-FITC, SF

layer (labeled by FITC); red: cell membrane.

MC3T3-El cells in OS medium (MC3T3-E1 group), the
coated cells’ induction was further detected, and MC3T3-
E1 cells cultured without the OS were used as a control as
well. The actin network in cells plays an essential role in
determining the overall shape of a cell by bridging
integrins with the nucleus [44]. The coating treated

MC3T3-El cells were cultured, and then the cytoskeleton
was stained by rhodamine-conjugated phalloidin at 7 d.
Figure 5(a) showed a comparable morphology with the
MC3T3-El group and an apparent difference in the
control group. The control group cells had osteoblasts-like
morphology and were bipolar and elongated. In contrast,
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Fig. 4 Cell proliferation of MC3T3-E1 and coating treated MC3T3-E1 cells. (a) Cell viability of coating treated MC3T3-E1 cells
after culture for 1, 3, 7, and 14 d. (b) Brightfield microscope observation and (¢) live/dead staining images of MC3T3-E1 and coating
treated MC3T3-E1 cells after culture for 14 d. Green: live cell; red: dead cell. The results are the mean + SD of triplicate experiments,
and statistical significance is analyzed as compared with the untreated MC3T3-E1 group: **, p <0.01; ***, p <0.001.

cells either with coating treatment or not (MC3T3-El,
coated MC3T3-El1 (Cycles 1 and 2)) displayed a
polygonal shape in OS cultural medium (Fig. 5(a)). Based
on this, the CLSM images indicated early osteogenic
differentiation of the coating treated MC3T3-E1 cells.
Furthermore, morphological differences were measured
with Image] software (Figs. 5(b)-5(e)). Marklein and co-
workers reported that cell area and major/minor axis
length are compelling indicators for osteogenic differ-
entiation [45]. In this study, the mean cell area of
coated MC3T3-E1 (Cycle 1, ~1645.31 um?2; Cycle 2,
~1564.06 pm?) significantly increased to ~1.6 times
compared to the untreated cells (MC3T3-E1 group,
~1027.73 um?). Moreover, a significant difference in the

major axis length (MC3T3-El group, ~67.31 um; Cycle
I, ~44.98 um; Cycle 2, ~52.75 pm) and a significant
increasing minor axis length (MC3T3-E1 group, ~22.34
pm; Cycle 1, ~39.71 um; Cycle 2, ~41.54 pm) were
observed, which indicated cells differentiation towards
osteocytes [46]. For the aspect ratio of cells, we also
observed a substantial difference between the MC3T3-E1
group (~3.15) and the coating treated cells (Cycle 1,
~1.15; Cycle 2, ~1.29). It should be noted the increase of
cell spread area induces osteogenic differentiation [47],
and the morphology change from narrow to wide is
associated with the differentiated stage of the cells
[48—49], which suggested that the MC3T3-E1 may also
shift their differentiation. Furthermore, in comparation
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with  the MC3T3-E1  group, the
transformation of coating treated MC3T3-El

morphology
cells
indicated an improved differentiation potential after the
SF encapsulation.

Actually, the differentiation process is complex and
multi-step that depends on the presence of specific
bioactive factors and is affected by environmental cues
[50].
essential indicator of osteogenic differentiation and bone

Upregulation of ALP has been considered an

formation, which is widely used to evaluate osteogenic
differentiation [51-52]. Therefore, the effect of SF coating
on the osteogenic differentiation of MC3T3-El was
assessed by ALP activity assay. In the absence of an OS,
MC3T3-E1 cells (control group) did not display
upregulation of ALP activity as expected. In contrast, the
presence of OS revealed positive upregulation of ALP
activity for the other groups (Fig. 6(a)), which is similar to
previous studies [53-54]. On Day 7, the coated MC3T3-
El (Cycle 2) cells’ activity reached significantly higher

* p<0.05; ** p<0.0l.

than the uncoated cells (MC3T3-E1 group). Furthermore,
the coated MC3T3-E1 with Cycle 1 could dramatically
increase compared with a similar level to the coated
MC3T3-El (Cycle 2) group at 14 d. Notably, both were
significantly higher than that of the uncoated cells
(MC3T3-E1 group) and control ones (control group),
indicating that SF coating of either MC3T3-E1 (Cycle 1)
or MC3T3-E1 (Cycle 2) cells may present as a potential
cue for osteogenic induction.

To further investigate the effect of SF coating on
the
following critical cytokines associated with osteocytes
differentiation including ALP, Col I and OCN were
further detected by qPCR after culturing cells for 14 d. As
a marker for osteogenic differentiation, OCN is the most

osteogenic differentiation at the genetic level,

abundant bone-specific noncollagenous protein. We noted
that the SF coating significantly promoted ALP and OCN
expression for coated MC3T3-El cells (Fig. 6(b))
compared with the untreated MC3T3-E1 cells, which was
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Fig. 6 Osteogenic differentiation of coating treated MC3T3-E1 cells. (a) ALP activity (normalized by the total protein content) of
MC3T3-El and coating treated MC3T3-E1 cells after culture for 3, 7, and 14 d. Relative expression levels of (b) specific genes and
(¢) proteins for osteogenic differentiation. The results are the mean + SD of triplicate experiments, statistical significance is analyzed
as compared with the MC3T3-E1 group: *, p <0.05; **, p <0.01; ***, p <0.001.

consistent with the ALP activity test. More generally, Col
I, the most abundant protein in the bone matrix, is related
to bone mineralization in the later stages of osteogenic
differentiation, and upregulation of Col I was observed in
coated MC3T3-E1 cells. Besides, western blotting was
conducted to examine the expression of the proteins in the
coated MC3T3-El cells (Fig. 6(c)). Again, the results
confirmed that MC3T3-El
positively influenced osteogenic differentiation. These

cells with SF coating
results demonstrated an analogous increased expression of
ALP, Col T and OCN for SF-coated cells (Fig. 6(c)),
which was in accordance with the qPCR test (Fig. 6(b)),
indicating the great potential of osteocytes differentiation
of the encapsulated osteoblasts.

3.4 Calcification of coating treated MC3T3-E1

Calcification is the typical sign during osteocytes
differentiation. It is another critical osteogenic differen-
tiation marker [55], which could be directly measured by
calcium deposition using ARS staining [56]. Due to the
upregulation of the specific proteins of osteogenesis

(Fig. 6(c)), the mineralization induced by the cells may

also be increased. The calcium deposits in the MC3T3-E1
cells formed were detected by ARS. As expected,
according to the ARS staining, the red area implied that
many mineralized nodules formed (Fig. 7(a)), and the area
of nodules of the coated cells were significantly increased
compared to the untreated cells (MC3T3-E1 group)
(Fig. 7(b)), indicating the encapsulation may regulate the
calcium mineralization of MC3T3-El cells [57-58].
These results suggested that the SF-based osteoblasts
encapsulation may further be responsible for signal
transduction of osteogenic differentiation and facilitate the
calcium mineralization of MC3T3-El [32].
Additionally, the cell morphology is accordant with
CLSM images (Fig.5(a)), where a change in cell
morphology from osteoblasts-like to osteocytes-like,
further demonstrating a facile osteocytes modulation and
mineralization via SF-based osteoblasts encapsulation.

cells

Herein, we present an alternative strategy for integrating
and SF by
encapsulation, which expedited the osteoblasts towards

osteoblasts electrostatic layer-by-layer
osteocytes differentiation, rather than further optimizing
complex processes and exogenous cytokines. Generally,

cell behavior such as cell differentiation has been
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Fig. 7 ARS staining of MC3T3-E1 and coating treated MC3T3-E1 cells. (a) Brightfield microscopy observation images of MC3T3-
El and coating treated MC3T3-El cells after culture for 21 d. (b) ARS staining area quantification of brightfield microscope
observation images. The statistical significance is analyzed as compared with the MC3T3-E1 group: *, p <0.05; **, p <0.01.

promoted by the cytocompatible SF shell without using
any other exogenous cytokines, revealing the alternative
strategy for SF-based cell modification and reprogram-
ming. More importantly, it should be noted that SF
encapsulation provides an approach to establishing a
stable and efficient method for SF-cell composites [57],
which implies great potential for cell-hybrid materials
therapeutics.

4 Conclusions

In summary, we presented a facile approach for
encapsulating individual mammalian cells with SF. By
rational coating treatments, these findings demonstrated
that SF encapsulation not only has high biocompatibility
but could be regarded as the cue to shift osteoblasts
towards osteocytes, which suggested that the SF coating
may provide a mimetic functional microenvironment for
cell differentiation, implying their potential uses for single

cell-materials engineering.
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