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Abstract

Natural bone is a material with a hierarchical porous structure; therefore, the pore size of bone tissue at the micro-scale is crucial for
osteoblast function and osteogenesis. However, the physiological mechanisms behind pore size-regulated osteogenesis remain unclear.
Trabecular separation is one of the main parameters of bone trabeculae structure, which is the gap between the trabeculae and can be
understood as porosity. This study uses a bioinspired bone chip made from polydimethylsiloxane (PDMS) to mimic the multiscale
microstructures of healthy and osteoporotic bone tissue based on data on trabecular separation from healthy and osteoporotic mice.
Microchannels in the chip were made in the same topology and substrate but at different micro-scales. The result showed that osteoblasts
seeded into the smaller microchannel (200 µm in diameter, mimicking healthy bone) demonstrate greater osteogenic capability and
autophagy than in the larger one (350 µm in diameter, mimicking osteoporotic bone). In addition, changes in osteogenesis between each
microchannel after using the autophagy inhibitor chloroquine (CQ) indicated that osteogenesis was accelerated by autophagy in the 200
µm microchannel. Finally, we found stronger osteogenesis in the 200 µm microchannel, which depends on the activation of Hippo/YAP
signaling. This bioinspired bone chip, which mimics the cellular behavioral changes in the osteoporotic microenvironment at the tissue
level during the transition from healthy to osteoporotic bone, is expected to be the ideal in vitro platform for studying osteoporosis (OP).
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Introduction
Osteoporosis (OP) is a bone disorder characterized by

degradation of bone microstructure (Ensrud and Crandall,
2017). It has become usual with an increase in older peo-
ple (Compston et al., 2019). Osteoporosis literally means
“porous bone”, which has long been linked to “enlarged
cavities” in trabecular bone (Schapira and Schapira, 1992).
That is to say, its traditional definition was related to the en-
larged size of pore-channel in bone tissue. It has been rec-
ognized that bone arrangement and connectedness (archi-
tecture) changes are essential causes of OP (Parfitt, 1987).
Natural bones’ superiority stems from the structure’s natu-
ral complexity, such as multiple pore scales (Wegst et al.,
2015). Conventional bone chips are challenging to simulate
complicated bone architectures, which hampers the ability
to investigate physiological or diseased bone tissue (Man-
soorifar et al., 2021).

Simulating the characteristics of a natural bone is not
a trivial task. Even though the current cell culture strate-
gies enable the study of cellularized and mineralized inter-
action on OP, it cannot approximate the native complex-
ity of 3D bone microstructure. Hence, there is a signifi-
cant need for in vitro chips mimicking natural bone-related
functions (Zhang et al., 2023). Most research into bone re-
generation and tumor-mediated bone damage has used the
traditional in-vivo animal model and in-vitro 2D cell cul-
turing system (Wittkowske et al., 2016; Yang et al., 2020).
The traditional culture of cell protocols allows for studying
cell behaviors, which is enabled by relatively inexpensive
materials and easy techniques (Katt et al., 2016). Never-
theless, they cannot reproduce the 3D native bone microen-
vironment, and many dynamic cell-cell and cell-substrate
interactions are required for skeletal physiologic functions
(Portillo-Lara and Annabi, 2016).

Microfluidics is an emerging strategy to simulate in-
vivo microenvironments rather than conventional 2D cell
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cultures (Jiang et al., 2016). Microfluidics is a technique for
handling or manipulating small amounts of fluid by utiliz-
ing channels with dimensions ranging from tens to hundreds
of micrometers (Whitesides, 2006). Microfluidics can offer
high surface volume ratios, flow shear stress, and manage-
able chemistry and physics gradients needed in biological
microenvironments, which are unavailable in macroscale
cellular research and uncontrolled in in-vivo investigations
(Holmes and Gawad, 2010). Microfluidic modeling can re-
produce bionic environments by culturing various types of
cells, adjusting spatiotemporal chemistry and physics gra-
dients, and mechanic features of the cellular microenviron-
ments (Ahadian et al., 2018). In the past decades, organ-on-
chips have been extensively applied to simulate the phys-
iopathological environments of various organs, like heart
(Marsano et al., 2016), teeth (França et al., 2020), kid-
ney (Wilmer et al., 2016), intervertebral disc (Paillat et al.,
2023; Salzer et al., 2023), and bone (Mansoorifar et al.,
2021). However, microfluidic bone chips have not been
extensively reported because natural bones are highly com-
plex.

Generally, an organ-on-a-chip construct must follow
the design principles based on a reductionist analysis of the
targeted organ, i.e., capturing its physiological character-
istics (Park et al., 2019). A specific extracellular matrix
(ECM) could enhance organoid morphogenesis (Lancaster
et al., 2013); for instance, the mineralization of the ECM is
an essential and crucial process for physiological bone for-
mation (Yang et al., 2023). In this paper, the microfluidic
bone chip was designed based on data on trabecular sepa-
ration from healthy and ovariectomy (OVX) animal mod-
els to mimic healthy and osteoporotic bone. To simulate
the parameters of the bone microenvironment, the chip was
created using soft lithography from polydimethylsiloxane
(PDMS), whose Young’s modulus (∼ 3 MPa) (Qi et al.,
2021) is close to that of the bone ECM at the initial stage
of bone formation (∼ 3.5 MPa) (Smith et al., 2016). Ad-
ditionally, the inner surface was coated with type I colla-
gen (the main component of bone ECM). Then, the direc-
tional microflows were provided by a micro pump to sim-
ulate the blood flow. Finally, an in vitro OP model utiliz-
ing the chip was established to evaluate possible mecha-
nisms of pathological processes in OP (Fig. 1). Our results
showed that a smaller microchannel (diameter is 200 µm)
compared to a larger one (diameter is 350 µm) could signifi-
cantly accelerate osteogenesis, whichmay be caused by cel-
lular anisotropy. The increased expression of autophagy-
related genes 7 (ATG7) indicated that autophagy was asso-
ciated with alkaline phosphatase (ALP) activities, and the
Hippo/YAP pathwaymay be involved in this process, which
is in agreement with the findings of many prior pieces of
research (Yang et al., 2023). This microfluidic bone chip
would facilitate bone chip development, contribute to un-
derstanding bone pathology in OP, and exhibit its applica-
bility in preclinical research.

Materials and Methods
Animals

Animal use was confirmed by the Ethics Commit-
tee at Sichuan University and performed under the China
Council on Animal Care guidelines. Twelve C57BL/6 fe-
male mice were obtained from the GemPharmatech Co.,
Ltd (Changzhou, Jiangsu, China). (2-month-old). Mice
were reared, as previously mentioned (Fang et al., 2022). In
pathogen-free Conditions, 3 ~ 4 mice per cage were main-
tained at 25 °C with a 12 h light/dark period and ad libitum
consumption of standard rodent diets and water.

OVX Mouse Model
The mice were randomized into the sham group

(Sham, n = 6) and the OVX group (OVX, n = 6). As men-
tioned previously, all mice underwent sham surgery or bi-
lateral ovariectomy one week after acclimatization (Inada
et al., 2011). Mice were euthanized in week 12.

Micro-Computed Tomography
A Scanco vivaCT 80 (Scanco Medical AG, Brut-

tisellen, Switzerland) was utilized for micro-computed to-
mography (Micro-CT). X-ray sources at 70 kV and 114 µA
were set, and the left femur’s distal metaphysis excised was
scanned. Each proximal region (~ 0.5 mm) was under-
taken in the growth plate’s most distal part. Based on three-
dimensional (3D) digital imaging, we resolved parameters
such as Tb.Sp (trabecular separation, µm).

Cell Culture
The Murine osteoblastic MC3T3-E1 cell line (cata-

log number: JNO-M0089) was procured from Guangzhou
Jennio Biotech Co., Ltd. (Guangzhou, Guangdong,
China). All cell lines were maintained at 37 ℃ in a 5 %
(vol/vol) CO2 incubator and were mycoplasma-free (Cy-
cleavePCR™ Mycoplasma Detection Kit, Beijing, China).
We performed cell line authentication using the short tan-
dem repeat (STR) analysis method and cross-checked the
results with the International Cell Line Authentication
Committee and the ExPASy Cellosaurus database to ensure
that the cell lines were correctly identified.

MC3T3-E1 cells (MC3T3) were cultured with Dul-
becco’s modified eagle medium (DMEM, High Glucose,
Gibco, Grand Island, NY, USA), supplemented with 10 %
(vol/vol) fetal bovine serum (FBS., Cell-Box, HongKong,
China) and 1 % (wt/vol) penicillin-streptomycin (Hyclone,
Logan, UT, USA). The entire medium was replaced every
2 to 3 days. 10 mM β-glycerolphosphate disodium salt hy-
drate (Sigma-Aldrich, St. Louis, MO, USA), 10 nM dex-
amethasone (Sigma-Aldrich, St. Louis, MO, USA), and
50 µg/mL L-ascorbic acid (Sigma-Aldrich, St. Louis, MO,
USA) were mixed into the entire DMEM medium for cell
osteogenic differentiation. MC3T3-E1 cells were differen-
tiated (pre-osteoblast to osteoblast) following the process
until 7 days.
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Fig. 1. Schematic diagram of the bone chip design and fabrication. (A–C) Illustration of the microfluidic bone chip on osteoporo-
sis. MicroCT scanning (A) was used to obtain data from osteoporotic mice bone (B), and the parameters (C) were used for the chip
microchannels design. (D–F) Brief diagram of the chip manufacturing process. Photomark aligned and hardened by exposure to UV
light (D). PDMS cast and hot annealed (E). PDMS chip cutting and stripping (F). (G) Illustration of the microfluidic bone chip. (H)
A side view of the microchannel components in the bone chip. Osteoblast cells are cultured on PDMS coated with collagen-I. PDMS,
polydimethylsiloxane.

Fig. 2. Structure and characterization of the bone chip. (A) Data and images of the mean distance between trabeculae were assessed
using MicroCT in both OVX and sham groups (n = 6). (B) Photograph of the bone chip. (C) Schematic of the bone chip. Measurement
of width (D) and height (E) of microchannels. OVX, ovariectomy.
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Cells were dissociated from a cell culture dish using
trypsin-EDTA (biosharp, Beijing, China) for 1 min, then
centrifuged at 1000 rpm for 5 min. The supernatant solu-
tion was removed, and the residual solution containing cells
was mixed uniformly with the 6 mL new medium (DMEM
with 10 % FBS) by blowing 10–20 times. Cell suspensions
at a cell density of 5 × 105 cells/mL were seeded in the
microchannels (Nelson et al., 2021). Cell density must be
regulated once cells adhere to the microchannels to achieve
density consistency for accurate further tests.

Cell Shape Analysis

The areas, perimeters, axial ratio, and orientation an-
gles of ME3T3 cells were analyzed in the regions of in-
terest (20 cells at least) obtained from images of cells in
every microchannel using a microscope. Image J software
v1.54f (National Institute of Health, Bethesda, MD, USA)
calibrated the cellular area, perimeter, and axial ratio. The
cell orientation angle is defined as the angle of the cell’s
long elliptical axis concerning the axis of the microchan-
nel. The orientation angular distribution was analyzed by
dividing them into groups of every 30° and counting the
percentages.

Fabrication of the Bone Chip Based on Biomimetic Data

The microfluidic device was fabricated by PDMS
(Polydimethylsiloxane, DowCorning, Midland, WI, USA).
Since PDMS is highly gas permeable, oxygen and carbon
dioxide can be liberally exchanged across cell culture and
the surrounding environment, facilitating real-time view-
ing and imaging. In addition, the fabricated chip can be
sterilized by a UV zone. The chip consists of two PDMS
layers. The upper layer with microchannels is reproduced
from SU-8 photoresist microstructures fabricated via soft
lithography, while the lower is flat. A 10:1 (w/w)mixture of
PDMS prepolymer and curing agent was poured into a SU-8
mold and solidified overnight at 80 ℃. Then, microchan-
nels were manufactured after PDMS replicas peeled off the
mold. Plasma oxidation, a routine bonding technique for
PDMS, was utilized to combine the two layers (Pinto et
al., 2017). The SU-8 photoresist was purchased from Mi-
croChem (Suzhou, Jiangsu, China). The design and pro-
cessing of the chip is presented in Fig. 1.

By simplifying the porous honeycomb structure of
natural bones, an ideal combined serial and parallel mi-
crochannel connection structure was designed for this chip.
The data of trabecular separation was used to create the
width of microchannels in the chip, and the height of the
microchannels is designed to be approximately 250 mi-
crons (due to the parameters of the SU-8 photoresist and
the photolithography machine), which is sufficient to simu-
late the 3D structure of bones. Trabecular separation is one
of the main parameters of bone trabeculae structure, which
is the gap between the trabeculae and can be understood
as porosity. After OVX mouse models were constructed,

trabecular separation data of the OVX and sham groups
were obtained by MicroCT, which was then used to design
microchannel parameters in the chip to model porosity in
healthy/osteoporotic bone.

To provide continuous nutrition to the cells, the inlet
and outlet were created by punching holes in upper PDMS
layers, and a micro-pump was used to provide a flowing
culture medium. Inlet flow velocity was set at 100 µL/h.
The loading fluid shear stress (FSS) was calculated accord-
ing to the following formula as described previously (Su et
al., 2021):

τ =
6µQ

WH2

Where τ is the shear stress loaded to the cells; µ is
the viscosity of the circulating medium; Q is the velocity
of fluid; H is the height of the microchannel; and W is the
width of the microchannel. Based on the parameters of the
microchannels and the viscosity of the circulating medium
(0.83× 10−3 Pa · s), the shear stress was measured accord-
ing to the velocity of the circulation medium. In this study,
MC3T3 cells in each microchannel were exposed to stable
laminar fluid shear stress for 24 h or 48 h immediately after
90 % confluency. The chip was kept in an incubator at 37
°C. The fluidmay form a disturbed flow at themicrochannel
junction and harm cells. Therefore, we designed a buffer
zone (gray zone, diameter is 500 µm) at each microchannel
junction to reduce the adverse influence (Fig. 2C).

MC3T3 cells were seeded in microchannels. Before
culturing cells, PDMS was autoclaved for 20 minutes at
121 ℃. Immediately following autoclaving, the inner sur-
face of the chip was coated with 1 mg/mL of Type I Col-
lagen (Solarbio-China) solution premixed in phosphate-
buffered saline (PBS) (Sigma-Aldrich, Saint Louise, Mis-
souri, USA) at 4 ℃ for 4h to enhance cell adhesion on
the chip surface. Ultimately, the extra Type I Collagen
in the chip was wiped thoroughly 5 times with PBS. All
other chemicals were obtained from Thermo Fisher Scien-
tific (Waltham, Massachusetts, USA).

Antibodies and Immunofluorescent Staining
Our previous findings demonstrated that autophagy

promotes osteogenesis in MC3T3 cells, and ATG7 is a vi-
tal marker protein for autophagy (Pei et al., 2022; Su et
al., 2023). In this study, we used the autophagy inhibitor
chloroquine (CQ) to determine the effect of autophagy on
osteogenesis. Then, we investigated the expression lev-
els of ATG7 and ALP. The primary antibodies for the im-
munofluorescence (IF) staining were mouse monoclonal
anti-ATG7, rabbit polyclonal anti-ALP, and mouse mon-
oclonal anti-YAP (yes-associated protein, YAP). The pri-
mary antibodies utilized are detailed in Table 1.

Firstly, the cells were immobilized with 4 %
paraformaldehyde for 15 min under 4 °C. After 3 washes
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Table 1. Detailed information on primary antibodies.
Antibody Isotype Manufacturer Cat. No Dilution (for IF)

ATG7 Mouse mAb Proteintech (Wuhan, Hubei, China) 67341-1-Ig 1:200
ALP Rabbit pAb HuaBio (Hangzhou, Zhejiang, China) ET1601-21 1:200
YAP Mouse mAb SAB (College Park, MD, USA) 48350 1:200

IF, immunofluorescence; ATG7, autophagy-related genes 7; ALP, alkaline phosphatase; YAP, yes-
associated protein.

with PBS, 0.5 % Triton-100 was added. After 10 minutes,
the cells were incubated in a PBS solution of 1 % BSA for
40 minutes. Subsequently, the primary antibodies of ATG7,
ALP, and YAP were added into the samples and incubated
till the next day under 4 ℃, and fluorescent secondary
antibodies were added next. The nucleus was stained
by 2 mg/mL concentration 4’,6-diamidino-2-phenylindole
(DAPI) for 10 min. The positive cells were observed
in a laser scanning confocal microscope (Zeiss, LSM710,
Oberkochen, Baden-Württemberg, Germany). Immunoflu-
orescence images were quantified by determining the mean
fluorescence intensity (MFI) of cells in the chip viewed in
three randomly chosen confocal images from biological in-
dependent samples using Image J (v1.54f). MFI values, cal-
culated from the sum of the values of all the pixels in the
region of interest divided by the number of pixels, are more
likely to accurately reveal the shift in fluorescence inten-
sity of a population of cells. Specific methods can be found
in previous research publications (Shihan et al., 2020; Shi-
han et al., 2021). Cells cultured on PDMS substrates of the
same material as the chip but without microchannels served
as negative controls.

EdU Incorporation Assay

BeyoClick™ EdU Cell Proliferation Kit with Alexa
Fluor 594 (Beyotime, Shanghai, China) was tested for cell
proliferation in the chip. After 48 hours of cell culture, 50
µM of Edu solution was added to the chip. After continuing
the incubation for 2 hours, cells were immobilized with 4
% paraformaldehyde at room temperature. After cleaning
in PBS with 3 % bovine serum albumin (BSA, Biosharp,
Hefei, Anhui, China) 3 times, cells were cultivated with 1
× Apollo solution for 30 min at room temperature, avoid-
ing the light. Finally, cells underwent nuclear staining with
1 × Hoechst for 30 min and then viewed by fluorescence
microscopy. Here, slide-cultured cells were used as a nega-
tive control because most of the conclusions of past studies
about EdU assays came from this traditional 2D cell culture
method.

CCK-8 Assay

Cell viability was analyzed by Cell Counting Kit-8
(CCK8, Beyotime, Shanghai, China) according to the man-
ufacturer’s protocols. After cultured in the chip for 24
hours, cells of equal seeding area were collected from each
group and placed in 96-well microplates (Corning, NY,

USA). Specifically, take the 200 µm microchannel as an
example; the surface area of a single well in 96-well mi-
croplates is approximately 0.3 cm2, equal to the total area
of 15 cm length of microchannel. The desired microchan-
nel parts in the chip are cut out using a scalpel and collected.
The cells therein were digested with trypsin and placed in a
single well of a 96-well microplate. Then, 10 µL of CCK-8
reagent was added to each well and cultured at 37 °C for 2
hours. All experiments were performed in triplicate. The
absorbance was determined at 450 nm by microplate reader
(BioTek,Winooski, Vermont, USA). Finally, the cell viabil-
ity rate was expressed as a ratio (%) between the absorbance
of the treated group and that of the control group.

ALP Activity Assay
The ALP activity was evaluated quantitatively using

commercially available kits. The ALP activity in lysate was
evaluated colorimetrically with the Alkaline Phosphatase
Assay Kit (Beyotime, Shanghai, China), which was based
on the conversion of colorless p-nitrophenyl phosphate
(pNPP) to colored p-nitrophenol after co-incubation for 15
min at 37 °C. The results were normalized to the total in-
tracellular protein content determined by the bicinchoninic
acid (BCA) Protein Assay Kit (Beyotime, Shanghai, China)
and expressed in nanomoles of produced p-nitrophenol per
min per mg of protein (nmol/min/mg protein).

Statistical Analysis
Each experiment was tested on three devices, and

three individual results were performed to obtain data. All
statistics were assessed using either a two-tailed Student’s
t-test or one-way ANOVA with Tukey’s post hoc test per-
formed using GraphPad Prism 9.0.0 software (GraphPad
Software Inc., San Diego, CA, USA). Data were indicated
as mean± SD, and statistical significance was expressed as
*p< 0.05, **p< 0.01, ***p< 0.001, and ****p< 0.0001.

Results
Identification and Characterization of the Chip

The OVX mouse model was first successfully con-
structed and characterized, and the relevant data are pre-
sented in the Supplementary Information (Supplementary
Fig. 1).

As shown in Fig. 2A, the trabecular separation re-
sult in the OVX group was (0.338 ± 0.040) mm compared
to (0.205 ± 0.019) mm in the sham group. Considering
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Fig. 3. Biological evaluation of the bone chip. (A) EdU staining was used to evaluate the proliferation ofMC3T3 cells. The regeneration
cells were stained by EdU assay (red). The nuclei were stained by DAPI (blue). Scale bar = 50 µm (EdU stain). (B) Statistical analysis
of percentages of Edu-positive cells obtained from (A). (C) CCK-8 assay was used to evaluate cell viability in all microchannels after
24 hrs. (D) The osteogenic capability of MC3T3 cells cultured in 200 µm–350 µm microchannels after 48 hrs using IF staining: ALP
(magenta) and DAPI (blue). Scale bar = 10 µm. (E) Normalized MFI of ALP. (F) ALP activity of cells cultured in 200 µm–350 µm
microchannels after 24 hrs. Data are shown as the means ± SD. **p < 0.01, ***p < 0.001, ****p < 0.0001. ns, not significant. DAPI,
4’,6-diamidino-2-phenylindole; MC3T3, MC3T3-E1 cells; ALP, alkaline phosphatase; MFI, mean fluorescence intensity.

that pore size changes in natural bone are a continuous spa-
tiotemporal process, a range of microchannel widths from
150 µm to 350 µm (50 µm intervals) was designed to repro-
duce the structural characteristics of healthy and OP bone,
and the changing spatiotemporal processes between them.
The microchannels were integrated into a single chip to
minimize experimental errors.

Five different widths of microchannels were fabri-
cated as a series-parallel structure (Fig. 2B) to mimic the
porous honeycomb structure of natural bone (150 µm, or-
ange; 200 µm, red; 250 µm, yellow; 300 µm, blue; and 350
µm, green). The black zones are the inlet and outlet (1500
µm in diameter) and were designed to be large enough to
allow smooth microfluidic inflow and outflow. The grey
zones are connections betweenmicrochannels used to avoid
damage to cells by bending corners. The red arrows indi-
cate the direction of microfluid flow. The culture medium
was pumped in from the side of the 350 µm microchannel
and out through the 150 µm microchannel side, which was
designed to simulate the direction of blood flow from can-
cellous bone to compact bone in natural bone (Fig. 2C).

As shown in Fig. 2D, E, the width of the chip is (154.3
± 3.9) µm, (202.2 ± 12) µm, (250.8 ± 14.8) µm, (306 ±

6.9) µm, (349.8 ± 10.6) µm, and the height is (252.5 ±
3.7) µm, (251.7 ± 3) µm, (253.9 ± 6.3) µm, (249.1 ± 8.6)
µm, (249.6 ± 3.8) µm. These results indicate that the chip
constructed a 3D structure that met the design requirements
and simulated healthy/OP trabecular separation.

Next, we calculated the FSS on cells in each mi-
crochannel of the chip that uses such a combined serial and
parallel microchannel connection structure. As shown in
Fig. 2C, there are three 350 µmmicrochannels in each chip
with a total width of about 1050 µm, in which the cells were
exposed to FSS of 0.023 dym/cm2. The FSS calculated
for the other groups by this method was 0.011 dym/cm2

(300 µm), 0.020 dym/cm2 (250 µm),0.017 dym/cm2 (200
µm),0.044 dym/cm2 (150 µm), respectively. These results
show that the cells in eachmicrochannel are exposed to very
weak FSS only, suggesting that the microfluidics in this
chip do not have any mechanical effect on the cells other
than providing nutrients.

Assessment of in-Chip Cell Proliferation and ALP Activity
on MC3T3 Cells

The proliferation of MC3T3 cells in each microchan-
nel was tested using an EdU stain (Fig. 3A). The results
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(Fig. 3B) showed that the EdU positive cells ratio in the 150
µm microchannel was significantly lower than in the con-
trol group (p < 0.0001). In contrast, the EdU positive cells
ratio in 200 µm ~ 350 µm microchannels was not substan-
tially different from the control group. The results of the
CCK-8 assay (Fig. 3C) showed no significant difference in
cell viability in each microchannel. Due to the affected cell
proliferation in the 150 µmmicrochannels, we removed this
subgroup in the following study.

Next, by laser confocal microscopy, ALP level was
detected in 200 µm ~ 350 µm microchannels by IF staining
(Fig. 3D). ALP is an essential biomarker in cellular osteo-
genesis, which can promote the formation of mineralized
active bone (Vimalraj, 2020). As shown in Fig. 3C, the ma-
genta fluorescent signal of ALP in the 200 µm microchan-
nel was more visible and substantial than in other groups
after 48 hrs cultured. The MFI of ALP (Fig. 3E) in the 200
µmmicrochannel was higher than others. At the same time,
the MFI of ALP in the 350 µm microchannel was signifi-
cantly lower than others. The results of the ALP activity
assay also showed that the cells in the 200 µm microchan-
nels had the strongest enzyme activity while the cells in
the 350 µm microchannels were weakest (Fig. 3F). The
above results showed that the cellular osteogenic capacity
was strongest in 200 µm microchannel while the weakest
was in 350 µmmicrochannel. Negative staining controls of
fluorescent secondary antibodies without background stain-
ing in all groups were shown in (Supplementary Fig. 3).

Cell Anisotropy and Morphology Changes in Each
Microchannel

We then analyzed the cytological behavior in each
group, hoping to find some clues to explain the differences
above. We first defined the cell orientation angle (Fig. 4A),
i.e., the angle between the cell ellipse’s long axis and themi-
crochannel’s long axis (less than 90°). Representative light
microscopic images of the cells in 200 µm ~ 350 µm mi-
crochannels are shown in Fig. 4B–E. The cell area (Fig.
4F) and perimeter (Fig. 4G) in the 200 µm microchannels
differed significantly from those in other microchannels.
Still, the axial ratio (Fig. 4H) of cells in the different mi-
crochannels did not vary significantly. It prompts us that the
cells in the 200 µmmicrochannels may be compressed pro-
portionally, leading to some physiological changes in cell
function.

The cell orientation angle (Fig. 4I) in the 200 µm mi-
crochannels was significantly different from that in the 300
µm and 350 µm microchannels but not from that in the 250
µm microchannels. Interestingly, the cell orientation an-
gle in 250 µm microchannels was not significantly differ-
ent from that in 300 µm and 350 µm microchannels, and
this may indicate that the 250 µm microchannel could be a
transitory stage between 200 µmmicrochannel and 300/350
µm microchannel. In conclusion, the cell orientation angle
in the 200 µm microchannel differs from the others.

Then, the cytological changes in the 200 µm mi-
crochannel were focussed on. It is shown that 80 % of
the cells in the 200 µm microchannel were clustered in the
range of 0 ~ 30°, a rate that greatly exceeded that in the other
three groups (55 %, 30 %, 20 %) (Fig. 4J–M). It makes
the cells in the 200 µm microchannel aligned along the mi-
crochannel more obviously. Combined with the above re-
sults, we can hypothesize that the more robust osteogenic
capacity of cells in the 200 µm microchannel may be cor-
related to their unusual anisotropy.

Inhibition of Autophagy Reduces Cellular Osteogenesis
As shown in Fig. 5A, the red fluorescent signal of

ATG7 in every microchannel was more visible after CQ
was used, while the green fluorescent signal of ALP was
less evident than before. The MFI of increased-ATG7 (Fig.
5B–F) and decreased-ALP (Fig. 5G–K) were statistically
significant in all groups. On the other hand, The MFI of
ALP in each microchannel was reduced after CQ was used,
which confirms the positive correlation between autophagy
and osteogenesis.

The same assays were performed after reversing the
direction of the microfluidics to verify the scientific nature
of the chip. As shown in Supplementary Fig. 2, the re-
sults and trends were the same as the previous results. It in-
dicates that the physiological behaviors of the cells in each
microchannel are independent of each other, and the series
structure of the chip did not lead them to affect each other.

YAP is Involved in Osteogenetic Differences in Different
Microchannels

Mounting evidence suggests that YAP is crucial in the
formation and remodeling of bone (Pan et al., 2018). Here,
we focus on the expression levels of YAP in 200 and 350 µm
microchannels to investigate the potential molecular mech-
anisms behind them. As shown in Fig. 6A, the red flu-
orescent signal of YAP in the 200 µm microchannel was
more visible than in the 350 µm microchannel. The MFI
of YAP (Fig. 6B) was statistically significant between the
two microchannels. In addition, we analyzed the nuclear
translocation of YAP. We found that the nuclear transloca-
tion of YAP was more evident in the 200 µm microchannel
(Fig. 6C), which prompts the involvement of YAP in cellu-
lar activities and may influence cytological behavior. The
grey values of the radial distribution of YAP in the nucleus
also differed in the 200 µm and 350 µmmicrochannels (Fig.
6C–E).

Discussion
Bone formation is the process by which mineraliza-

tion accumulates in large pores (2D sectional drawing of
large microchannels) and gradually forms small pores (2D
sectional illustration of small microchannels). Osteoporo-
sis might result from decreased osteogenic capacity, which
leads to abnormal mineral deposition in large microchan-
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Fig. 4. MC3T3 cells cultured in the chips showed different anisotropic behavior. (A) Diagram of cell orientation angle. (B–E) Light
microscope images in 200 µm ~ 350 µm microchannels. Scale bar = 100 µm. Comparison of cell area (F), perimeter (G), axial ratio
(H), and orientation angle (I) of MC3T3 cells cultured in 200 µm ~ 350 µm microchannels. **p < 0.01, ***p < 0.05, ****p < 0.0001.
ns, not significant. (J–M) Proportion and distribution of orientation angles in 200 µm ~ 350 µm microchannels: 0° ~ 30°, purple; 30° ~
60°, black; 60° ~ 90°, blue.

Fig. 5. Chloroquine (CQ) inhibited the osteogenic ability of MC3T3 cells. (A) IF staining of MC3T3 cells cultured in 200 µm ~ 350
µm microchannels with/without CQ used: ATG7 (red) and ALP (green). Scale bar = 20 µm. Normalized MFI of ATG7 (B–F) and ALP
(G–K) protein expression obtained from (A). ATG7, autophagy-related genes 7.

nels and an inability to form small microchannels, result-
ing in a loose, porous structure. The design of biomimetic
devices to mimic the diverse physicochemical properties
of bone ECM has received particular attention (Curry et
al., 2016; Freeman et al., 2019; Remmers et al., 2020).
These biomimetic features are crucial for bone formation
and function. The architecture of the bone chip should be

based on the design principle of reductive analysis, and the
first step is to seize the anatomical features of the bone and
reduce them to the essential elements necessary for physio-
logical function. Therefore, in the present study, we inves-
tigated a crucial element, trabeculae separation, in healthy
and osteoporotic bone tissues and accurately reproduced it
using soft lithography. The present chip constructed using
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Fig. 6. MC3T3 cells cultured in 200 µmmicrochannels showed higher YAP expression and induced translocation of YAP into the
nucleus. (A) IF staining of MC3T3 cells cultured in 200 µm and 350 µm microchannels for 48 hrs: YAP (red) and DAPI (blue). Scale
bar = 50 µm. Normalized MFI of YAP (B) obtained from (A). ****p < 0.0001. ns, not significant. (C) Representative image of YAP
nuclear translocation in 200 µm and 350 µm microchannels: YAP (red) and DAPI (blue). Scale bar = 10 µm. The radial distribution of
YAP (yellow line) in the cell nucleus staining intensity (gray value) in 200 µm (D) and 350 µm (E) microchannels. YAP, yes-associated
protein; IF, immunofluorescence.

data on trabeculae separation from the metaphyseal bone
may be beneficial for studying the mechanisms underlying
the healing processes of metaphyseal bone fractures (Alag-
boso et al., 2019). Generally, healthy and osteoporotic bone
co-exist in OP patients. Therefore, themicrochannel widths
were set from 150 µm to 350 µm and integrated into a single
chip to simulate the spatiotemporal changes of trabecular
separation during the pathological process of natural bone
from healthy to OP. Another advantage of integrating mi-

crochannel widths in a single chip is that experimental error
can be reduced. To make the cell culture substrate compo-
nents as similar as possible to the ECM, the upper and lower
layers of the chip are made of PDMS (matrix stiffness close
to ECM), and the inner surface of the chip is coated with
type I collagen (the main component of ECM), which bet-
ter reproduces the physiological properties of ECM. In ad-
dition, we used micro pumps to provide microfluidics for a
continuous supply of nutrients to the cells but without in-
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Fig. 7. Schematic diagram of osteogenesis in the bone chip on osteoporosis.

creasing the effect of FSS. In summary, we attempted to
fabricate a biomimetic chip with some bone microenviron-
mental features.

As shown in Fig. 3, the cells in the 200 µm mi-
crochannel (mimicking the trabecular separation of healthy
mice) demonstrated a stronger osteogenic capacity than
other groups, while the cells in the 350 µm microchannel
(mimicking the trabecular separation of OVX mice) had
the weakest osteogenic capacity. These results suggest that
the diameter size of the microchannels may be an essential
cause of the differences in osteogenic capacity. These re-
sults might help design biointerfaces for implants used for
osteoporosis and develop platforms for testing osteoporo-
sis drugs. However, due to the limitations of soft lithog-
raphy, the cross-section of the microchannels in the chip
is rectangular rather than elliptical as in the natural bone,
which may have some adverse effects on the cells. In addi-
tion, this study did not detect the role of FSS, an important
osteogenesis-promoting factor. We will conduct further re-
search on these issues in the future.

Anisotropy is an omnipresent feature of the cellular
environment (Le Saux et al., 2020). Variations in the ECM
composition and how its organized components lead to con-
siderably different topographies, each suited for the func-
tional needs of the related tissues (Reddi et al., 1977). A
strong relevance exists between the anisotropy of the cell
environments and cellular functions (Théry et al., 2006).
Thus, anisotropy can influence cell behavior (Wang et al.,

2020), including osteogenesis (Chen et al., 2022). There-
fore, in this study, we isolated the microchannel scale as a
variable to detect anisotropy. If anisotropy is shown to de-
pend on varied microchannel scales, anisotropy induced by
the pore scale is established as a sufficient factor (not nec-
essarily the only factor). In the present study, cells in 200
µm microchannel showed unusual anisotropy, correspond-
ing to the highest levels of ALP expression. It suggests that
anisotropy may lead to changes in cell function, for exam-
ple, promoting osteogenesis. In addition, the cell area and
perimeter in the 200 µm microchannel were also signifi-
cantly lower than that in the other groups, but the axial ra-
tio did not change significantly. We can hypothesize that
the narrower channel compressed these cells and eventually
promoted their osteogenesis. This hypothesis may involve
studies related to cell-volume-control mechanisms, which
we did not investigate in this study. We will explore this
work in the future. Overall, we highlight that microchan-
nels with different scales in the chip mimic the physiologi-
cal differences between healthy and OP bone and facilitate
osteogenesis through anisotropy.

Autophagy is a hyper-regulated procedure that in-
volves the turnover of cytoplasmic contents, long-lived pro-
teins, or impaired cellular organelles. Bone remodeling
depends on proteostasis, while dysfunctional proteostasis
during aging can fail to sustain bone homeostasis (Ma et
al., 2023). Autophagy dysregulation is relevant to numer-
ous aging and degenerative diseases, such as Parkinson’s
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disease, Alzheimer’s disease, and osteoporosis (Li et al.,
2019a). Previous evidence showed that autophagy is a cru-
cial bone homeostasis regulator, suggesting a novel ther-
apeutic strategy for bone loss (Li et al., 2018). In addi-
tion, autophagy plays a vital role in osteoporosis caused by
OVX and aging-induced bone loss (Ma et al., 2018). Since
osteoblasts are in charge of ECM synthesis and are subse-
quently mineralized, autophagy in osteoblasts is thus ex-
pected to perform a critical role in bone formation (Hock-
ing et al., 2012). Our team’s previous studies have shown
that autophagy regulates osteogenesis in MC3T3-E1 cells,
so we chose MC3T3-E1 cells as the research object. ATG7
(Mizushima and Komatsu, 2011) is one multifaceted core
protein that drives the cardinal stages of classical degrada-
tive autophagy through ATG8 lipidation (Collier et al.,
2021). Evidence suggests that Atg7 deficiency in osteo-
cytes inhibits autophagy, leading to bone loss (Onal et al.,
2013). In this study, the highest levels of ATG7 were
found in 200 µm microchannels, whereas the lowest lev-
els of ATG7 were found in 350 µm microchannels. It sug-
gests that autophagy was participating in the physiological
activities involved. Unexpectedly, ATG7 increased after
autophagy inhibitor CQ was used. The possible reason is
that during autolysosome formation, CQ can increase the
lysosomal pH and prevent autophagy-lysosome degrada-
tion (García-Prat et al., 2016). That may have led to an
ATG7 increase and accumulation in the early stages of au-
tophagy (Collier et al., 2021). It again demonstrated that
autophagy was involved in physiological behaviors in each
microchannel. Meanwhile, ALP levels were highest in 200
µm microchannels and lowest in 350 µm microchannels.
The results of the ALP activity assay showed a similar
trend. CQ decreased ALP levels in all microchannels, val-
idating the relationship between autophagy and osteogen-
esis. The above results suggest that as individual factors,
200 µm and 350 µm microchannels can lead to similar os-
teogenic differences in healthy and OP bone. Due to the
cell culture time duration of only 48 hours, we chose only
ATG7 and ALP to validate biological differences in the
early stages of osteogenesis. While other research assays
(e.g., WB, qt-PCR) could better study the differences in
cell populations within the chip, they would require pooling
cells frommultiple devices to gain enough cells for a robust
assay. We believe that the images and results presented here
could demonstrate the usefulness of this microfluidic chip,
which could provide critical insights into the early stages of
osteogenesis. It is essential to underscore that the purpose
of this chip was not to detect the final differences in biomin-
eralization in each microchannel but rather to study the im-
pact of 3D morphology (mimics the structural features of
healthy/OP bone) on osteogenesis and to better understand
the osteoblast physiological differences in more in vivo like
conditions – as such we did not optimize the conditions to
maximize the culture time and osteoblast proliferation.

The Hippo/YAP signaling pathway can modulate the
growth of organs and cells in development and regenera-
tion (Moya and Halder, 2019). As the main component
of the Hippo pathway, YAP travels between the plasm and
nucleus of the cell. In the nucleus, YAP acts with the tran-
scription factor TEAD to facilitate the expression of various
growth-associated genes (Zhao et al., 2008). Our indepen-
dent laboratory has been studying the effect of YAP on re-
sponse to mechanical cues from biomaterials and extracel-
lular stimuli to modulate various cellular behaviors, which
provided some thought for this study (Yu et al., 2021; Yu et
al., 2022a; Yu et al., 2022b). YAP is involved in osteogen-
esis through different biological mechanisms (Zhou et al.,
2020; Zhu et al., 2023), and its absence in osteoblasts re-
duces bone mass (Xiong et al., 2018). YAP-CKOmice also
have reduced bone mass (Kegelman et al., 2018), and YAP
inactivation reduces bone formation defects inMC3T3 cells
(Pan et al., 2018). YAP increases the transcription and func-
tion of the bone morphogenetic protein (BMP) (Alarcón et
al., 2009), which is essential for bone. As YAP nuclear
localization is associated with osteogenesis (Dupont et al.,
2011), we investigated the correlation betweenYAP nuclear
translocation and osteogenesis in different groups. The re-
sults showed that the MFI of YAP in 200 µm microchan-
nels (especially in the nucleus) was significantly higher than
that of YAP in 350 µm microchannels and was consistent
with ALP and autophagy levels. These results suggest that
the YAP-autophagy axis promotes osteogenesis in MC3T3
cells, aligning with some prior research conclusions (Li et
al., 2019b). Further investigation of YAP-related upstream
and downstream signaling pathway changes and their rela-
tionship with autophagy and osteogenesis may help to ex-
plain differences in osteogenic outcomes in the OP/healthy
bone microenvironment.

Conclusions
In the present study, a bioinspired bone chip was de-

veloped using microfluidic technology. It validated the os-
teogenetic effects of the YAP-autophagy axis in 200/350
µm microchannels that mimic healthy and osteoporotic
bone (Fig. 7). The bone chip has integrated physiological
features of bone structure for bone formation. The idea be-
hind the chip’s design, which uses individualized anatomic
data and certain cells to test for specific tissue diseases, can
be applied to preclinical human studies, even though it de-
rived its data from mice in this study. This bone chip may
have positive implications for osteoporotic bone research,
providing significant, predictive, and supplementary out-
comes for in vivo and in vitro observations. Hence, this new
bone chip will contribute to understanding the bone for-
mation process in OP, enlightening novel mechanisms be-
hind osteoporosis and bone loss-related diseases and open-
ing new thoughts of developing biomaterials and therapeu-
tics for OP.
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