pubs.acs.org/Biomac

Article

Probing Osteocyte Functions in Gelatin Hydrogels with Tunable
Viscoelasticity
Han D. Nguyen, Xun Sun, Hiroki Yokota, and Chien-Chi Lin*
Cite This: Biomacromolecules 2021, 22, 1115−1126

Downloaded via INDIANA UNIV PURDUE UNIV AT IN on April 2, 2021 at 16:08:43 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

ACCESS

Metrics & More

Read Online

Article Recommendations

sı Supporting Information
*

ABSTRACT: Bone is an attractive site for metastatic cancer cells and has been considered as “soil” for promoting tumor growth.
However, accumulating evidence suggests that some bone cells (e.g., osteocytes) can actually suppress cancer cell migration and
invasion via direct cell−cell contact and/or through cytokine secretion. Toward designing a biomimetic niche for supporting 3D
osteocyte culture, we present here a gelatin-based hydrogel system with independently tunable matrix stiﬀness and viscoelasticity. In
particular, we synthesized a bifunctional macromer, gelatin-norbornene−boronic acid (i.e., GelNB−BA), for covalent cross-linking
with multifunctional thiol linkers [e.g., four-arm poly(ethylene glycol)−thiol or PEG4SH] to form thiol−NB hydrogels. The
immobilized BA moieties in the hydrogel readily formed reversible boronate ester bonds with 1,3-diols on physically entrapped
poly(vinyl alcohol) (PVA). Adjusting the compositions of GelNB−BA, PEG4SH, and PVA aﬀorded hydrogels with independently
tunable elasticity and viscoelasticity. With this new dynamic hydrogel platform, we investigated matrix mechanics-induced growth
and cytokine secretion of encapsulated MLO-A5 pre-osteocytes. We discovered that more compliant or viscoelastic gels promoted
A5 cell growth. On the other hand, cells encapsulated in stiﬀer gels secreted higher amounts of pro-inﬂammatory cytokines and
chemokines. Finally, conditioned media (CM) collected from the encapsulated MLO-A5 cells (i.e., A5-CM) strongly inhibited
breast cancer cell proliferation, invasion, and expression of tumor-activating genes. This new biomimetic hydrogel platform not only
serves as a versatile matrix for investigating mechano-sensing in osteocytes but also provides a means to produce powerful anti-tumor
CM.

■

INTRODUCTION
It is reported that 70% of breast cancer disseminates to the
bone.1 At the metastatic stage, breast cancer becomes highly
lethal, with a 5 year mortality rate of just over 20%.2
Throughout the years, signiﬁcant eﬀorts have been focusing
on studying the interaction between breast cancer and bone
cells, including osteocytes, osteoblasts, and osteoclasts.3
Osteocytes, the most abundant cell type in the bone, are
terminally diﬀerentiated from osteoblasts and located within
individual viscoelastic lacunae in the calciﬁed bone matrix.4,5
Once considered a dormant cell type, osteocytes are now
known as multifunctional cells that serve as “mechanical
sensors” in the bone.6,7 Through the lacuno-canalicular
network, osteocytes communicate with each other and with
other bone cells to coordinate bone remodeling.8−10 Targeted
deletion of osteocytes impairs the anabolic response of bone to
mechanical loading,5,11 leading to bone-related diseases, such
as osteoporosis12 and osteoarthritis.13 Nonetheless, compared
© 2021 American Chemical Society

with osteoblasts and osteoclasts, osteocytes have not been
comprehensively studied owing to the diﬃculty in cell isolation
(as they are embedded deep in the mineralized bone) as well
as the lack of an ideal matrix to recapitulate aspects of the
lacunae microenvironment where osteocytes reside.14
Osteocytes have been suggested to play a key role in cancer
development.15−17 For example, Yokota and colleagues
recently demonstrated that conditioned media (CM) derived
from in vitro culture of MLO-A5 pre-osteocytes decreased the
migration of MDA-MB-231 breast cancer cells in part through
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reducing focal adhesion forces.18 In addition, it was reported
that CM collected from ﬂuid ﬂow-stimulated MLO-Y4
osteocyte-like cells conditioned osteoclasts and endothelial
cells to reduce migration and increase apoptosis of breast
cancer cells.19,20 These studies highlighted the potential
therapeutic beneﬁts of using CM secreted from osteocytes to
mitigate metastatic cancer. Hence, a matrix system that
supports in vitro 3D culture of osteocytes will be beneﬁcial
for both mechanistic and translational studies. In this regard, a
microﬂuidic perfusion chamber was developed to assemble
closely packed microbeads for in vitro osteocyte culture and to
model prostate cancer-induced bone metastasis.21,22 Under
hypoxic culture, the top-layer osteocytes spontaneously formed
an osteoblastic monolayer resembling the endosteum between
the bone and bone marrow. Prostate cancer cells (PrCs) were
then seeded on top of the osteoblast layer to investigate how
PrCs invaded through this endosteal layer and induce changes
in osteocytes during bone metastasis. Researchers found that
secretion of several growth factors and proteins from
osteocytes were enhanced by PrCs, such as alkaline
phosphatase and ﬁbroblast growth factor 23. While this
model sheds light on the crucial impact of the physical
microenvironment on osteocyte functions, it does not provide
the viscoelastic milieu that could greatly aﬀect cellular response
to mechanical stimuli.
Hydrogels are extensively used as 3D cell culture matrixes
due to their high-water content, tunable viscoelasticity, and
facile nutrient/oxygen transport.23,24 Recent advances in
cytocompatible cross-linking methods have enabled in situ
and homogeneous encapsulation of cells within a biomimetic
matrix for studying cell morphogenesis.25 For example, Bryant
and colleagues developed degradable poly(ethylene glycol)
(PEG)−peptide hydrogels to study diﬀerentiation and matrix
deposition of IDG-SW3 osteocytes in 3D.26 James-Bahsin and
colleagues developed a 3D dense collagen hydrogel to show
that co-encapsulated breast cancer cells impaired osteoblast
diﬀerentiation and mineralization.27 Other physically crosslinked collagen hydrogels have also been used for 3D culture of
osteocytes.4,8,9,28,29 While the inﬂuence of matrix mechanical
properties (e.g., stiﬀness and stress relaxation) on osteocytes
remained elusive,30,31 the changes in matrix viscoelasticity have
been shown to greatly inﬂuence cell fate processes.32 For
example, Chaudhuri and co-workers used RGD-coupled
alginate hydrogels with a tunable stress-relaxation rate to
improve the spreading and osteogenesis of human mesenchymal stem cells (hMSCs).33 In another example, the same
research group demonstrated that breast cancer cells
encapsulated within stress-relaxing hydrogels were able to
extend their protrusions and migrate in a protease-independent
manner by exerting force on the surrounding matrix to open
up a path for invasion.34
The eﬀect of matrix stiﬀness on osteocyte behaviors and
diﬀerentiation has been investigated using 2D substrates35−38
and some 3D matrixes.4,39 To the best of our knowledge,
however, no study has evaluated the inﬂuence of matrix
viscoelasticity on growth and cytokine secretion in osteocytes.
Typically, hydrogels with viscoelasticity are achieved by
utilizing reversible chemistries, including physical bonding,
host−guest interactions, and dynamic covalent bonds.33,40−43
In one example, Mooney and colleagues designed a viscoelastic
hydrogel system by integrating self-assembled collagen ﬁbers
into alginate hydrogels capable of forming both physical
bonding (via calcium-ion complexation) and covalent cross-
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linking [via norbornene (NB)−tetrazine click chemistry]. As a
result, the hydrogels exhibited independently tunable stiﬀness
and stress relaxation that recapitulated the viscoelastic
extracellular matrix (ECM) properties.40 In another example,
a hydrogel simultaneously cross-linked through cyclodextrinadamantane host−guest interactions and UV-mediated diacrylate cross-links were used to generate a unique doublenetwork hydrogel with tunable viscoelasticity.43 Viscoelastic
hydrogels can also be formed by incorporating dynamic
covalent bonds, such as boronate ester bonding, a complex
formed between diol and boronic acid (BA). Boronate ester
bonding is highly desirable for forming dynamic and
responsive hydrogels owing to its speciﬁcity, non-toxic nature,
and highly deﬁned binding kinetics. The reversibility of the
boronate ester bonding has also been exploited for
biosensing,44 stimuli-responsive drug delivery,45 and cell
culture.46 One beneﬁt of the boronate ester bond is that the
stability of the networks depended heavily on the pKa of the
BA and the diol functional groups. The relaxation time of the
boronate ester-based hydrogel can be controlled with various
phenylboronic acid derivatives and a wide range of diol
molecules. Boronate ester bonding can also be used to tune
stress relaxation of chemically cross-linked hydrogels.42,47 For
example, trans-vicinal diol and cis-vicinal diol were used to
form a PEG-based hydrogel via diacrylate and boronate ester
bonds. Due to their diﬀerences in diol conﬁgurations, transvicinal diol complexes with BA with low stability, while cisvicinal diol formed highly stable boronate ester bonds, which
results in two hydrogel systems with diﬀerent viscoelastic
spectra. The concentrations of the two saccharides were
adjusted to modulate the viscoelasticity for assessing the
inﬂuence of frequency-speciﬁc viscoelasticity on cellular
functions.46 In addition to using diﬀerent diol molecules,
various boronate ester derivatives are available for tuning the
rate and degree of stress relaxation.47,48
In this contribution, we report a viscoelastic gelatin-based
hydrogel to study osteocyte functions in vitro. Speciﬁcally,
gelatin was dually functionalized with NB and BA, yielding the
GelNB−BA macromer that can be cross-linked into hydrogels
by thiol−NB photochemistry. The use of gelatin granted cell
adhesiveness and protease-mediated matrix degradation owing
to the presence of integrin ligands and protease-labile
sequences.49 On the other hand, the use of thiol−NB
photochemistry permitted tuning of the hydrogel cross-linking
density independent of network biochemical compositions.
Finally, the immobilization of BA oﬀered reversible dynamic
bonding with diols on poly(vinyl alcohol) (PVA), which was
physically entrapped in the GelNB−BA hydrogel. The
integration of thiol−NB gelation and boronate ester bonding
enabled tunable viscoelasticity that is sensitive to cell-triggered
stress.46,47,50 With this new hydrogel system, we independently
tune matrix stiﬀness and viscoelasticity to probe the growth
and cytokine secretion of encapsulated osteocytes. In addition,
CM collected from the encapsulated cells were used to
evaluate how matrix stiﬀness and viscoelasticity contributed to
osteocyte-breast cancer cell interactions.

■

EXPERIMENTAL SECTION

Materials. Gelatin (Type B, 225 Bloom) was obtained from
Electron Microscopy Sciences. 3-Carboxyphenol BA was obtained
from Chem-Impex Int’l Inc. 4-(4,6-Dimethoxy-1,3,5-triazin-2-yl)-4methyl-morpholinium chloride (DMTMM) was obtained from
Combi-Blocks. Four-arm PEG−thiol (PEG4SH, 20 kDa) was
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obtained from Laysan Bio. The photoinitiator lithium phenyl-2,4,6trimethylbenzoylphosphinate (LAP) and PVA (MW: 146,000−
186,000) were purchased from Sigma-Aldrich. All other chemicals
were obtained from Sigma-Aldrich unless otherwise noted.
Functionalization of Gelatin with Norbornene and Boronic
Acid. Gelatin-NB (GelNB) was synthesized following published
protocols.51 The NB substation on gelatin was ∼40% of the available
amine (ca. 1.6 mM NB per wt % of gelatin). To prepare GelNB−BA,
0.5 g of GelNB was dissolved in 15 mL of ddH2O at 40 °C. In a
separate beaker, 3-carboxyphenyl BA and DMTMM (both at 2
mmol) were dissolved in 9 mL of DMF and 6 mL of ddH2O to
activate the −COOH groups of BA. The dissolved mixture was added
to the GelNB solution and allowed to react for 24 h. The crude
product was dialyzed for 3 days against slightly acidic ddH2O and
lyophilized. The functionalization was conﬁrmed with 1H NMR, and
the degree of BA substitution was quantiﬁed by the Fluoradehyde
(OPA) assay.
Fabrication of Elastic and Viscoelastic Hydrogels. In a typical
experiment, 6 wt % GelNB−BA, PEG4SH (20 kDa) (RSH/NB = 0.5 or
1), and the photoinitiator (2 mM LAP) were dissolved in phosphatebuﬀered saline (PBS). Next, the mixture was pipetted into a mold
with 8 mm round cavities. PVA (MW: 146−186 kDa) at diﬀerent
weight percents was added directly to the mixture. The precursor
solution was quickly mixed with a spatula until a viscous gel was
formed. To initiate thiol−NB gelling, the viscous gel was exposed to
365 nm light (5 mW/cm2) for 2 min. The cross-linked viscoelastic
hydrogels were placed in PBS to allow swelling before rheological
characterization. Soft and stiﬀ hydrogels were both cross-linked with 6
wt % GelNB−BA but with diﬀerent amounts of PEG4SH (RSH/NB =
0.5 or 1 for soft or stiﬀ gels, respectively). Viscoelastic hydrogels (VE)
refer to gels cross-linked by GelNB−BA/PEG4SH and entrapped
with PVA, whereas elastic hydrogels (EL) were formed in the absence
of PVA.
Characterization of Hydrogels. All bulk hydrogel rheological
measurements were performed on a Bohlin CVO 100 digital
rheometer ﬁtted with an 8 mm diameter parallel geometry. Gel
discs were punched out with an 8 mm biopsy punch and carefully
transferred to the rheometer platform prior to initiating the
measurements. Storage (G′) and loss (G″) moduli were determined
by the strain-sweep mode (0.1−5% strain) at a 1 Hz oscillation
frequency. Frequency sweeps were performed between 0.1 and 10 Hz
at a 10% strain. For stress-relaxation experiments, hydrogels were
placed on the rheometer and the plate geometry edge was sealed with
a layer of mineral oil to prevent drying of the gels. Stress-relaxation
tests were conducted at a 10% strain for 15 min. A repeated strain
loading experiment was performed with the strain amplitude ranging
from 0.1 to 15% at 0.1 Hz. Hydrogel stress relaxation was also
evaluated with a nanoindenter (Optics 11 Piuma). Brieﬂy, hydrogels
were placed on a glass slide prior to measuring with a few drops of
PBS added on top of the hydrogels. The nanoindenter probe (0.5 N/
m) was slowly lowered until it contacted with the gel surface. Stressrelaxation tests were operated with the probe set to indent 10 μm for
30−60 s on multiple locations across the gel surface. For swelling ratio
measurements, hydrogels (25 μL each) were formed as described
above. Immediately after gelation, hydrogels were dried in vacuo and
weighed to obtain the initial dried weight W1st dried. Then, hydrogels
were swollen in ddH2O for 3 h at 37 °C to wash oﬀ un-cross-linked
species. After 3 h, the swollen weight was obtained to get Wswollen.
Next, hydrogels were dried in vacuo overnight again and weighed to
obtain the second dried weight, denoted as W2nd dried. The swelling
ratio was calculated using Q = Wswollen/W2nd dried, and the gel fraction
was calculated using gel fraction = W2nd dried/W1st dried.
MLO-A5, EO771 Culture, and 3D Encapsulation of MLO-A5
Cells. MLO-A5 pre-osteocyte (A5) cells were a gift from Dr. Lynda
Bonewald’s lab (Indiana University), and EO771 mammary tumor
cells were obtained from CH3 Biosystems (Amherst, NY, USA). Prior
to seeding the A5 cells, the Petri dish was coated with 0.15 mM
collagen I for 1 h. The excess collagen was washed with 2 mL of PBS
twice. The plated A5 cells were cultured in high glucose α-MEM
supplemented with 5% calf serum, 5% fetal bovine serum (FBS), and
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1% pen/strep. The cells were passaged at a 70% conﬂuency using
0.05% trypsin. EO771 cells were grown in α-MEM supplemented
with 10% FBS and 1% pen/strep. For 3D cell encapsulation, A5 cells
were mixed in a solution of 6 wt % GelNB−BA, PEG4SH (RSH/NB =
0.5 or 1), and 2 mM LAP. The ﬁnal cell density was 2.5 × 106 cells/
mL. The mixture was then pipetted to 1 mL syringes with the top cut
open. In the case of VE gels, PVA at a ﬁnal concentration of 2 wt %
was mixed directly into the syringe to form a viscous gel, followed by
2 min of 365 nm light exposure. Following cross-linking, cell-laden
gels were transferred into a 24-well plate and maintained in A5 culture
media at 37 °C, 5% CO2. Cell culture media were refreshed every 2−3
days. To evaluate cell viability after encapsulation and throughout the
culturing period, the cell-laden gels were stained with calcein AM (for
live cells) and ethidium homodimer-1 (for cells with compromised
plasma membranes, i.e., dead cells) for 1 h, followed by rinsing in PBS
for 15 min (5 min × 3 times).
Cytokine Secretion Proﬁle. The Proteome Proﬁler Mouse XL
Cytokine Array kit (R&D systems), a membrane-based sandwich
immunoassay, was used to identify the cytokine secretion proﬁle
among MLO-A5 cells cultured on 2D and encapsulated in soft-VE,
soft-EL, stiﬀ-VE, and stiﬀ-EL hydrogels. MLO-A5 cells encapsulated
within these hydrogels were cultured for 5 days before the media were
collected and used for the analysis of cytokine secretion proﬁles. The
cytokines present in the media were detected with biotinylated
detection antibodies and visualized via chemiluminescence. The
intensity of each dot on the membrane represented the amount of
cytokine and was quantiﬁed using ImageJ and normalized to the
reference dots at the corners of the membrane.
Transwell Invasion Assay. Matrigel (100 μg/mL) was added to
transwell membranes and incubated overnight. Regular culture media
or CM were added to the lower chambers. Cells at 2.5 × 105 cells/mL
were suspended in serum-free media and added in the upper
chambers. After 48 h, the non-invasive cells were scraped oﬀ and the
remaining cells on the bottom of the membrane were washed with
PBS, ﬁxed with 3.7% formaldehyde for 10 min, and permeabilized
with 100% methanol for 20 min. After washing with DPBS twice, the
cells were treated with Gimasa stain at room temperature for 30 min
and the number of invaded cells was counted.
MTT Assay. Breast cancer cell (EO771) viability under A5-CM
treatment was evaluated by an MTT assay. Brieﬂy, 100 μL of the cell
suspension at 2 × 105 cells/mL (in serum-free media) was added to a
96-well plate and incubated overnight. Next, culture media were
replaced with A5-CM and incubated for another 48 h. The MTT
reagent (0.5 mg/mL) was then added and incubated at 37 °C until
purple crystals formed in the cells (approx. 4 h). Isopropanol/
hydrochloric acid solution at a 6:1 vol ratio was used to dissolve the
purple crystals, and the solution absorbance at 590 nm was measured
using a microplate reader.
Western Blot. After treating with the control (CN) medium (i.e.,
fresh growth medium) or CM, EO771 cells were lysed in the
radioimmunoprecipitation assay buﬀer, and proteins were fractionated
using 10% SDS gels. Antibodies against Snail, TGF β, MMP9, cas3,
Runx-2, and β-actin were used to evaluate relative protein expression.
Protein levels were analyzed using a SuperSignal West Femto
maximum sensitivity substrate (Thermo Fisher Scientiﬁc) and imaged
with a LAS-3000 Fuji Imaging System.
Statistical Analysis. Student’s t-tests (for two-group experiments)
or one-way ANOVA were performed for all experiments using Prism
8 software to evaluate statistical signiﬁcance. The Kolmogorov−
Smirnov test was performed to compare the cumulative distribution of
the cell diameter. Single, double, triple, and quadruple asterisks
represent p < 0.05, 0.01, 0.001, and 0.0001, respectively.

■

RESULTS AND DISCUSSION
Macromer Synthesis and Tunable Hydrogel Crosslinking. We have previously developed NB-functionalized
gelatin (i.e., GelNB) for encapsulation of hMSCs and cancer
cells.51−53 Using GelNB as the starting material, we further
modiﬁed the remaining amine groups with 3-carboxyphenol
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Figure 1. Synthesis and cross-linking of tunable viscoelastic hydrogels using NB and BA dually functionalized gelatin. (A) Dual-functional GelNB−
BA. (B) Light-mediated thiol−NB photopolymerization. (C) Reversible boronate ester−diol bonding between immobilized BA and 1,3-diol on
physically entrapped PVA. (D) Storage modulus (G′) of elastic hydrogels cross-linked by 6 wt % GelNB−BA and PEG4SH at diﬀerent Rthiol/NB.
(E) GelNB−BA/PEG4SH elastic hydrogel moduli characterized in the frequency sweep mode at a 10% strain. **, ***, and **** represent p <
0.01, 0.001, and 0.0001, respectively.

Figure 2. Characterization of hydrogel viscoelasticity. (A) Viscous gel formation by mixing of 6 wt % GelNB−BA with 2 wt % PVA. (B) Storage
modulus (G′) and (C) tan(δ) of hydrogels cross-linked with GelNB−BA/PEG4SH and diﬀerent contents of PVA. (D) Storage modulus (G′) and
(E) tan (δ) of hydrogels cross-linked with GelNB and GelNB−BA, PEG4SH, and PVA. (F) Stress relaxation of VE vs EL hydrogels measured using
a nanoindenter. In all formulations, the gelatin macromer (i.e., GelNB or GelNB−BA) was kept at 6 wt % and PEG4SH was maintained at 1 wt %
(R = 0.5). *, **, and *** represent p < 0.05, 0.01, and 0.001, respectively.

polymerization.54,55 On the other hand, the immobilized BA
groups aﬀorded reversible boronate ester bonding with 1,3diols on physically entrapped PVA (Figure 1C). The
integration of these three macromers (i.e., GelNB−BA,
PEG4SH, and PVA) and two cross-linking chemistries (i.e.,
thiol−NB cross-linking and boronate ester bonding) yielded
highly tunable hydrogel matrixes. Speciﬁcally, by adjusting the
thiol-to-NB ratio at a constant GelNB−BA macromer content

BA, yielding dually functionalized gelatin GelNB−BA (Figure
1A) with approximately equal substitution of NB and BA
groups (ca. 1.6 mM NB and 1.6 mM BA per wt % of gelatin).
Successful modiﬁcation of NB and BA groups was further
veriﬁed by 1H NMR (Figure S1). The installation of NB
groups on gelatin permitted facile and orthogonal cross-linking
of gelatin-based hydrogels with multifunctional thiol macromers (e.g., PEG4SH, Figure 1B) via thiol−NB photo1118
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Figure 3. Viscoelastic hydrogels for growing osteocytes in 3D. (A) Storage modulus (G′), (B) tan(δ), and (C) swelling ratio of soft-VE, soft-EL,
stiﬀ-VE, and stiﬀ-EL hydrogels. *, **, and *** represent p < 0.05, 0.01, and 0.001, respectively. (D) Live/dead staining of A5 cells encapsulated in
soft-VE, soft-EL, stiﬀ-EL, and stiﬀ-VE gels on day 1 and day 21. In all formulations, the gelatin macromer (i.e., GelNB or GelNB−BA) was kept at 6
wt %, PVA was kept at 2 wt % for VE gels and at 0 wt % for EL gels, and PEG4SH was maintained at R = 0.5 for soft hydrogels and at R = 1 for the
stiﬀ hydrogel. (E,F) Histogram showing the diameter of A5 cells encapsulated within the four groups of gels quantiﬁed on day 21. The
Komolgorov−Smirnov test was performed to compare the cumulative distribution of the cell diameter between soft-EL vs soft-VE and stiﬀ-EL vs
stiﬀ-VE (signiﬁcant diﬀerences, p < 0.0001 were seen between EL and VE gels in both soft and stiﬀ groups).

would not aﬀect hydrogel elastic modulus but should increase
the viscous dissipation of the resulting hydrogel.56
To demonstrate the thiol−NB orthogonal cross-linking of
elastic GelNB−BA/PEG4SH hydrogels, we performed rheometry tests using diﬀerent thiol-to-NB ratios (Rthiol/NB). As
expected, increasing Rthiol/NB led to the hydrogel with high
elastic moduli (G′) under the same amount of bioactive
macromer (i.e., 6 wt % of GelNB−BA, G′ = 0.84 ± 0.03, 1.65
± 0.04, and 3.04 ± 0.30 kPa for Rthiol/NB = 0.5, 0.75, and 1,

(6 wt %), we fabricated elastic (EL) hydrogels with a tunable
elastic modulus. On the other hand, viscoelastic hydrogels
(VE) were fabricated simply by incorporating PVA in the
GelNB−BA hydrogels where BA groups were reversibly
associated with diols on PVA. The resulting semi-interpenetrating network hydrogels could be formed with
independently controllable elastic and viscous moduli. Note
that the presence of reversible boronate ester−diol bonding
1119
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the stress response of the materials. After each cycle of applied
strain, the stress response of VE gels decreased systematically,
indicating the dissipative property (Figure S2E). This
phenomenon was not observed in the EL gels (Figure S2F).
Our GelNB−BA hydrogels, like many other BA-containing
hydrogels, also possessed self-healing properties.57 To
demonstrate this, GelNB−BA/PEG4SH/PVA (VE) hydrogel
disks were prepared. Two circular gels were laid on top of each
other and incubated in a humidiﬁed chamber at 37 °C. After
an hour, tweezers were used to pull on both ends of the
overlapped hydrogel construct. It appeared that the two VE
hydrogels had adhered to each other and could not be
separated readily, indicating the formation of diol−BA bonds
at the gel interface (Video S2). A control experiment using EL
hydrogels showed no self-healing property (Video S3).
Encapsulation and Growth of Osteocytes. Preosteocyte-like MLO-A5 cells are highly sensitive to mechanical
stimulation.58 However, the eﬀect of matrix viscoelasticity on
MLO-A5 cell fate in 3D has not been studied extensively. To
gain a deeper understanding of how matrix mechanics could
aﬀect the morphogenesis and function of osteocytes, we
evaluated the eﬀect of both stiﬀness and viscoelasticity on
MLO-A5 cells grown in 3D. A5 cells were encapsulated in soft
or stiﬀ hydrogels cross-linked with diﬀerent Rthiol/NB (0.5 and 1
for soft and stiﬀ gels, respectively), whereas 2 wt % PVA was
entrapped to adjust network viscoelasticity. The four modular
gel formulations were denoted as soft-VE, soft-EL, stiﬀ-VE, and
stiﬀ-EL. At 6 wt % of GelNB−BA, there was no statistically
signiﬁcant diﬀerence in G′ of soft-EL and soft-VE hydrogels
(∼1 kPa. Figure 3A). However, G′ of stiﬀ-VE gels (2.6 ± 0.2
kPa) was slightly lower than that of soft-VE gels (3.0 ± 0.2
kPa), potentially due to a slight reduction of thiol−NB crosslinking eﬃciency in the presence of long PVA chains (Figure
3A). Since the VE gels were formed with additional PVA
entrapped in the network for dynamic boronate ester bond
formation, the hydrogels exhibited a higher tan(δ) than the EL
counterpart (Figure 3B). In terms of equilibrium hydrogel
swelling, softer hydrogels exhibited a higher degree of swelling
than stiﬀ gels (29 ± 4, 41 ± 9, 20 ± 1, and 20 ± 2 for soft-EL,
soft-VE, stiﬀ-EL, and stiﬀ-VE gels, respectively; Figure 3C).
Compared with the soft-EL gels, there was a slight, but not
statistically signiﬁcant, increase in the swelling ratio of soft-VE
gels owing to the inclusion of water-imbibing PVA. On the
other hand, the swelling ratios of stiﬀ-EL and stiﬀ-VE gels were
quite similar (∼20), albeit with a slight reduction in hydrogel
elastic moduli in stiﬀ-VE gels (Figure 3A). It could be reasoned
that the higher degree of cross-linking in the stiﬀ hydrogels
overcomes the water imbibing ability of PVA, leading to a
similar swelling ratio.
Another factor aﬀecting the cross-linking and swelling
behavior of chemically cross-linked hydrogels is gel fraction,
which is deﬁned as the ratio of the cross-linked polymer weight
to the total polymer weight included in the precursor solution.
We evaluated the gel fraction of the four hydrogel formulations
stated above (i.e., soft-EL, soft-VE, stiﬀ-EL, and stiﬀ-VE). For
both sets of EL hydrogels, gel fractions reached nearly 95−98%
(Figure S3), indicating the high eﬃciency of thiol−NB crosslinking reactions even with a thiol-to-NB stoichiometric ratio
(R) of 0.5 for soft gels. On the other hand, the gel fractions for
PVA-containing VE hydrogels were reduced to between ∼75
and ∼80% (Figure S3), suggesting that the presence of PVA
indeed hindered eﬀective cross-linking of the hydrogels. While
the gel fractions for all hydrogels studied here were relatively

respectively; Figure 1D). Frequency sweep rheometry tests
showed that G′ of EL hydrogels was independent of frequency
at low frequencies (<0.5 Hz) but exhibited frequencydependent viscoelastic properties at higher frequencies. This
was likely due to the weak self-assembly of gelatin chains.
Nonetheless, the tan(δ) of these hydrogels remained relatively
unchanged regardless of Rthiol/NB (Figure S2A), indicating that
the GelNB−BA/PEG4SH hydrogels exhibited primarily elastic
properties.
To fabricate gelatin hydrogels with highly tunable
viscoelasticity, PVA was included in the precursor solution
containing GelNB−BA and PEG4SH. The eﬀect of boronate
ester−diol bonding was apparent immediately after mixing
PVA with GelNB−BA, as demonstrated by the highly viscous
and silky physical hydrogel (Figure 2A, Video S1). In the
presence of the photoinitiator LAP and 365 nm light
irradiation, the viscous hydrogel was further polymerized into
a chemically cross-linked hydrogel with both covalent thiol−
NB cross-links and dynamic boronate ester−diol bonding. The
rapid gelation was conﬁrmed by in situ photo-rheology (Figure
S2B), where the gel points (around 50 s for both gel types)
and the ﬁnal elastic moduli (EL: G′ = 1.6 ± 0.4 kPa; VE: G′ =
1.4 ± 0.4 kPa) of both EL and VE gels were approximately the
same. The loss moduli (G″) of both EL and VE gels increased
rapidly soon after the UV light was turned on. However, the
ﬁnal G″ of VE hydrogels were considerably higher than that of
the EL gels (VE: G″ = 160 ± 90 Pa vs EL: G″ = 9.1 ± 4 Pa),
conﬁrming that the boronate ester−diol ester bonds in the
hydrogels did not contribute to elastic cross-linking but did
increase hydrogel viscoelasticity.
The viscoelasticity of VE gels was further characterized by
oscillatory shear rheology, which showed frequency-dependent
tan(δ) in VE gels, while tan(δ) of EL gels stayed relatively
independent of testing frequency (Figure S2C). To examine
the reliance of the viscoelasticity on the formation of boronate
ester bonding, we added diﬀerent amounts of PVA to the
precursor mixtures and subjected the resulting hydrogels to
rheological strain sweep tests. The addition of PVA did not
aﬀect the elastic moduli of the gels (Figure 2B) but
signiﬁcantly altered tan(δ) values (Figure 2C), indicative of
higher viscous dissipation as more BA−diol complexes formed
in the otherwise elastic thiol−NB network. Another control
experiment was performed using BA-free hydrogels (i.e., crosslinked by GelNB and PEG4SH) entrapped with 2 wt % PVA.
As shown in Figure 2D,E, the absence of BA did not alter shear
moduli but signiﬁcantly decreased tan(δ) of the hydrogels,
suggesting that simply adding PVA to the gel precursor
solution did not guarantee gels with higher viscoelasticity and
that the immobilization of BA was required to increase viscous
dissipation. Stress-relaxation tests were conducted with a
nanoindenter to further illustrate the viscoelastic properties of
GelNB−BA hydrogels (Figure 2F). After 60 s of indentation,
the EL hydrogels only stress-relaxed to 90% of their initial
stiﬀness, compared to 50% relaxation obtained from the VE
gels. Hydrogel viscoelasticity could also be tuned by varying
Rthiol/NB of the primary network. At the same PVA content,
higher Rthiol/NB resulted in stiﬀer hydrogels and the covalent
thiol−NB cross-links could enhance binding and reduce decoupling of the BA−diol complexes, leading to hydrogels with
limited stress relaxation (Figure S2D). Finally, a repeated
loading experiment was conducted to show the non-linear
mechanical response of VE gels. Five cycles of rising strain
(0.1−15%) were applied to EL and VE hydrogels to measure
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Figure 4. Eﬀect of hydrogel viscoelasticity on cytokine and growth factor secretion. (A) Matrix-related protein, (B) cytokines, (C) growth factors,
and (D) chemokine secretion proﬁle from MLO-A5 cells encapsulated within hydrogels with diﬀerent stiﬀnesses and viscoelasticities. Expression
levels were normalized to the reference spots, and only those with values higher than 0.05 under all ﬁve conditions are shown.

mature osteocytes exhibit an extensive dendritic structure.8,61
The encapsulated A5 cells did not extend their protrusions,
which might be because while MLO-A5 cells attained some
characteristics of osteocytes, their dendritic processes and
osteocyte-speciﬁc gene expressions were less pronounced than
other osteocyte cell lines such as MLO-Y4 (e.g., high
expression of osteocalcin, connexin 43, and antigen E11).62
Since the diﬀerentiation and functions of osteocytes can be
impacted by the cell density,39 we have conducted an
experiment where a higher cell density was used (5 × 106
cells/mL). However, we did not observe a signiﬁcant
diﬀerence in the cell morphology or cluster size. We
hypothesized that the minimal protrusion observed in the
encapsulated A5 cells within hydrogels was similar to those in
the pre-mineralized osteoid, where cells do not generate
branching processes until the matrix was mineralized.63,64 This
was supported by the work reported by Mc Garrigle et al.,
where in the absence of growth factors, it could take up to 56
days for MC3T3-E1 osteoblasts encapsulated within gelatin
hydrogels to diﬀerentiate into osteocytes and form an
interconnected network.39 In the current study, we did not
provide special chemical cues for osteocyte maturation. We did

high (>75%), future eﬀorts may be directed toward designing
hydrogels with immobilized diols, rather than entrapping long
PVA chains.
The new gelatin-based hydrogel system was highly
cytocompatible as almost 100% MLO-A5 cell viability was
seen under all conditions 1 day after encapsulation and
throughout the culture period (Figure 3D). After 21 days, cells
encapsulated within soft or viscoelastic groups generally
formed bigger spheroids than those encapsulated in stiﬀ or
elastic hydrogels (Figure 3E,F). In particular, soft-VE gels
supported the formation of the largest cell clusters, with an
averaged spheroid diameter of ∼24.4 μm, followed by the softEL group (∼20.2 μm), stiﬀ-VE group (∼15.4 μm), and ﬁnally
stiﬀ-EL gels (∼12.9 μm). It is not surprising to observe smaller
cell clusters in stiﬀer hydrogels.59,60 However, larger clusters
(diameter > 500 μm) formed in soft-VE and stiﬀ-VE gels,
suggesting that gels exhibiting a high degree of stress relaxation
promoted osteocyte growth in 3D.
While our gelatin-based hydrogels supported a high degree
of MLO-A5 pre-osteocytes proliferation in 3D, interestingly,
even after 21 days of culture, no cellular processes/protrusions
were observed under all gel conditions. It is well known that
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Figure 5. Anti-tumor potential of osteocytes encapsulated in viscoelastic hydrogels. (A) Schematic of the generation of MLO-A5-derived CM and
how they were used in EO771 culture to examine the interactions between osteocytes and breast cancer cells. (B) Representative images of the
transwell invasion assay of EO771in the control (CN) and diﬀerent CM. (C) MTT assay showing the viability and (D) MMP9, Runx2, TGFβ,
Snail, and c-caspase3 (c-cas3) expression of EO771 after treatment with the CN and diﬀerent CM for 48 h β-actin was used as the loading control
for the western blot.

ﬁnd that a softer and more viscoelastic hydrogel might provide
a more ideal microenvironment for osteocyte development,
which was consistent with the previous literature.26,39 Future
work may include the use of additional ECM molecules (e.g.,
ﬁbronectin, collagen65,66) or an inorganic matrix (e.g.,
laponite), nanohydroxyapatite,67,68 to promote matrix mineralization. Dynamic matrix stiﬀening to mimic the mineralization process might also be beneﬁcial in accelerating the
osteoid/osteocyte maturation process.63 Nonetheless, the
current work demonstrated that our viscoelastic gelatin-based
hydrogels supported the long-term viability of MLO-A5 cells.
Cytokine Secretory Proﬁles in Encapsulated Osteocytes. To further examine the inﬂuence of viscoelasticity on
osteocyte functions, we performed a protein expression assay
to screen for a total of 111 mouse cytokines secreted by the A5
cells. Since A5 cells spread when cultured on TCP (Figure S4)
while cells encapsulated in 3D did not, a group of osteocytes
cultured on 2D was included as a control to assess A5 cell
secretory between culture formats. The cytokine production
proﬁles from ﬁve conditions (2D, soft-EL, soft-VE, stiﬀ-EL,
and stiﬀ-VE) were detected by an antibody-based cytokine
array. In general, A5 cells encapsulated in stiﬀer hydrogels
secreted more cytokines (Figure S5). Many cytokines secreted
by osteocytes, such as CX3CL1,39 OPN,69 and Nexin,70 were
detected in all groups (Figure 4). In addition, CXCL1, which
has been reported to be highly expressed by the Ocy454
osteocyte (a cell line that has a close gene expression proﬁle to
mature osteocytes in vivo), was expressed in all groups.71,72
Similarly, MMP-3, which was detected in the osteocystic
lacunae and the osteoid at the site of bone formation,73 was
highly expressed across all conditions. All these cytokines
demonstrated that even though spreading did not occur in
encapsulated A5 cells, they were still able to secrete osteocyte-

related cytokines. Noteworthily, the secretion of CXCL1 was
upregulated in stiﬀ-VE and stiﬀ-EL gels, even though the cells
were signiﬁcantly smaller than those in soft hydrogels were.
CX3CL1 and MMP-3 secretion were also upregulated in stiﬀEL hydrogels, indicating the profound impact of matrix
stiﬀness on osteocyte phenotypes.
The higher strain imposed by a stiﬀer matrix to the
encapsulated cells might create a higher level of stress, which is
known to increase cytokine secretion in many cell types.74,75
MMP-9 (aka gelatinase B) was one of the most noticeable,
with high protein levels expressed under both stiﬀ-EL and 2D
conditions. It can be reasoned that when the cells sensed stiﬀ
substrates, they responded by secreting a higher level of MMP9 to degrade the matrix. The MMP-9 level was low in the stiﬀVE gels, even though the gel had a high storage modulus,
suggesting that viscoelasticity aﬀected cell mechano-sensing.
We also found that pro-inﬂammatory cytokines (e.g., GM-CSF,
M-CSF, CCL2/MCP-1, IL-23, and CCL20) were expressed at
higher levels in stiﬀer gels and particularly in stiﬀ-EL (Figure
4B,C). It is worth noting that many cytokines that have been
reported to promote breast cancer cell migration and
proliferation were expressed in higher quantities in stiﬀer
substrates or 2D TCP. These cytokines included amphiregulin
(Figure 4C),76 IL-23 (Figure 4B),77,78 CCL2 (Figure 4D),79
CCL5 (Figure 4D),80 CCL20 (Figure 4D),81 CXCL10 (Figure
4D),82 LIF (Figure 4B),83,84 and WISP-1 (Figure 4C).85 On
the other hand, GM-CSF, which was highly expressed in 2D
and stiﬀ, EL CM, had been shown to inhibit cancer growth and
metastasis.86 Collectively, these results suggest that the context
of in vitro cell culture (i.e., 2D vs 3D, soft vs stiﬀ gels)
contributes to the variation of cytokine secretion from
osteocytes. Furthermore, the variation of cytokine secretion
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(Figure 4). It is also worth noting that the exact components in
the A5-derived CM from soft hydrogels that contributed to
tumor suppression are unknown. Nevertheless, A5-derived CM
produced by all four hydrogel groups exhibited a much higher
anti-tumor eﬀect than CM produced from 2D culture,
indicative of the value of using tunable 3D hydrogels to
maximize osteocytes’ anti-tumor ability. Future eﬀorts will
focus on analyzing protein expression using mass spectrometry
or proteomics to identify speciﬁc osteocyte-secreted factors
that contribute to tumor suppression.
Although there are hints that 3D encapsulated osteocytes in
soft-EL gels expressed the highest anti-tumor ability, in this
study, only a portion of osteocyte cytokine production and the
cell morphology were investigated. The pathway, which
osteocytes employed to sense substrate stiﬀness and
viscoelasticity to alter their cytokine production, has not yet
been determined. Furthermore, how the adjustments in
cytokine secretion orchestrated by osteocytes in response to
diﬀerent substrates lead to the repression of cancer cells has
not been deciphered either. Recent work has shown that
MLO-A5 osteocytes decreased the migration of MDA-MB-231
breast cancer cells in part through reducing focal adhesions.11
We suspected that the focal adhesion formation of osteocytes
in substrates with diﬀerent stiﬀnesses and viscoelasticities
contributes substantially to osteocyte cancer suppression
capability. Further investigation into the potential roles of
focal adhesion and cell-substrate force tension, especially under
dynamic mechanical loading, should provide more information
on the osteocyte defense mechanism against cancer cells and
ultimately the eﬀective strategies to suppress cancer metastasis.

proﬁles will likely aﬀect intercellular interactions between
osteocytes and other cells, including breast cancer cells.
Anti-tumor Potential of Encapsulated Osteocytes.
Previous studies have shown that osteocytes interact with
breast cancer cells.16,18,19,47,87 Since large variations were
observed in the protein secretion by osteocytes cultured in
diﬀerent hydrogels (Figure 4), we further investigated if the
encapsulated cells could alter breast cancer cell behavior. To
this end, we cultured A5 cells on 2D TCP and within
hydrogels similar to the above experiments (soft-EL, soft-VE,
stiﬀ-EL, and stiﬀ-VE). The CM were collected and added to
murine breast cancer cells EO771 (Figure 5A). The transmembrane invasion assay was carried out to evaluate EO771
cell invasion through the Matrigel layer toward CM. The
EO771 cells treated with CM were also subjected to the MTT
assay and western blotting to examine proliferation and cellrelated protein expression. After 48 h incubation, the highest
number of cancer cells invaded through the membrane was
seen in the fresh medium control (CN) group (Figures 5B and
S6). A lower number of invasive cells were present in the 2D
CM group, and even less invasive cells were seen in groups
with CM collected from 3D hydrogel culture. Notably, the CM
produced by osteocytes within soft-EL CM attracted the
lowest number of cells, suggesting that osteocytes cultured in
this gel formula might express the most anti-metastatic
potential. Parallel with what was observed in the invasion
assay, the MTT assay result (Figure 5C) showed that the cells
treated with the CN had the highest viability and that the 2D
CM had a less inhibitory eﬀect on cancer cells than the CM
from 3D cell culture. From both invasion and MTT assays, it is
clear that the CM retrieved from soft-EL gels were particularly
powerful in terms of suppressing cancer growth and invasion.
Lastly, the western blot was performed to elucidate the eﬀect
of A5-derived CM on EO771 protein expression. As seen in
Figure 5D, both the CM from soft-EL and stiﬀ-EL reduced
MMP-9 expression in cancer cells extensively, while soft-VE
and stiﬀ-VE exhibited this eﬀect to a lesser extent. Soft-EL and
stiﬀ-EL also suppressed the expression of RUNX2 and TGFβ
in cancer cells, all of which were critical for cancer cell
proliferation.88,89 Despite having a less inhibitory eﬀect on
cancer compared to their EL counterparts, soft-VE and stiﬀ-VE
gel CM were still more potent than the CM from the 2D and
CN groups in terms of suppressing RUNX2 and TGFβ
expression in breast cancer cells. Interestingly, all CM-derived
A5 cells (2D and 3D) suppressed Snail, the transcription factor
associated with cancer invasion and induction of epithelial-tomesenchymal transition (EMT). In addition, all CM, with the
exception of 2D CM, upregulated apoptosis in cancer with the
upregulation of c-caspase3. These data implied that the A5derived CM from both 2D and 3D culture exhibited antitumor ability; however, the CM retrieved from 3D hydrogel
culture were far more eﬀective in suppressing the expression of
tumor-promoting proteins than that collected from 2D culture.
The CM obtained from cells cultured in soft-EL gels were
particularly powerful for suppressing cancer cell growth, likely
through downregulating proteins involved in cell migration,
proliferation, and EMT.
Even though cells encapsulated within stiﬀ hydrogels and
cultured on 2D secreted a high level of the anti-tumor factor
GM-CSF, which explained why the CM from these groups had
higher anti-tumor potential than the control, this inhibitory
eﬀect was likely counteracted by the secretion of more
chemotactic factors from A5 cells grown in a stiﬀer matrix

■

CONCLUSIONS
In conclusion, we demonstrated that viscoelastic gelatin-based
hydrogels possessed many similar characteristics of other BAcontaining hydrogels.46,47,50,57 Uniquely, by integrating thiol−
NB and boronate ester chemistries, our hydrogel system
provides a robust, easy way to implement viscoelasticity via the
facile synthesis of GelNB−BA and the addition of PVA
without any toxic reagents. These hydrogels were stable for
several weeks at physiological pH to support the growth of A5
cells. Taken together, the result of this study suggested that
MLO-A5 cells behave diﬀerently in gels with diﬀerent
stiﬀnesses and viscoelasticities. The less restrictive the matrix
(i.e., soft and viscoelastic matrixes), the easier it was for the
cells to grow. We also discovered that cells encapsulated within
soft gels had higher anti-tumor capability than those within stiﬀ
gels and those cultured on 2D TCP. This new class of gelatinbased viscoelastic hydrogels will be highly useful in studying
cell−matrix interactions in other cell types.
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