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ABSTRACT:This study experimentally substantiates that the
micromechanical compatibility between cell and substrate is
essential for cells to achieve energetically favorable mechano-
transduction that directs phenotypic transitions. The argument for
this compatibility is based on a thermodynamic model that suggests
that the response of cells to their substrate mechanical environment
is a consequence of the interchange between forms of energy
governing the cell� substrate interaction. Experimental validation
for the model has been carried out by investigating the osteogenic
di� erentiation of dental follicle stem cells (DFSCs) seeded on
electrospun� brous sca� olds. Electrospinning of blends containing
polycaprolactone (PCL) and silk� broin (SF) with varying
composition of cellulose nanocrystals (CNCs) resulted in three-
dimensional (3D)� brous sca� olds with bimodal distribution of� ber diameter, which provides both macroscopically sti� and
microscopically compliant sca� olds for cells without a� ecting the surface chemical functionality of sca� olds. Atomic force
microscopy (AFM) with a colloidal probe and single-cell force spectroscopy were used to characterize cell sti� ness and sca� old
sti� ness on the cellular level, as well as cell� sca� old adhesive interaction (chemical functionality). This study has successfully varied
sca� old mechanical properties without a� ecting their surface chemistry.In vitrotests indicate that the micromechanical compatibility
between cells and sca� olds has been signi� cantly correlated with mechanosensitive gene expression markers and osteogenic
di� erentiation markers of DFSCs. The agreement between experimental observations and the thermodynamic model a� rms that the
cellular response to the mechanical environment, though biological in nature, follows the laws of the energy interchange to achieve
its self-regulating behavior. More importantly, this study provides systematic evidence, through extensive and rigorous experimental
studies, for the� rst time that rationalizes that micromechanical compatibility is indeed important to the e� cacy of regenerative
medicine.
KEYWORDS:phenotype transition, sca� old sti� ness, electrospinning, cellulose nanocrystals, single-cell force spectroscopy, thermodynamics

� INTRODUCTION

Cell-seeded sca� olds and cell induction therapies are favored
techniques for bone regeneration, in which the porous sca� old
provides an appropriate environment to transduce exogenous
(mechanical, chemical, etc.) cues into cells.1� 3 For regener-
ation, sca� olds with high mechanical sti� ness at the macro-
scopic level are needed to provide a protective barrier to cells
for load-bearing applications;4,5 however, it may become a
hindrance when mechanical aspects of cell� sca� old interaction
are considered at the microscopic level (cellular scale) where
mechanical compliance with cells is required.6 A mathematic
model based on thermodynamics has elucidated that the cell�
sca� old interaction follows the laws of energy interchange in
the cell� sca� old system and theoretically links the interaction
with substrate mechanics.3,7 Accordingly, when the cell and
sca� old are mutually compliant, their mechanical interactions
become energetically favorable for cells to undergo signi� cant

mechanosensitive activities. Thus, besides their biocompati-
bility, a balance between load bearing at macroscale and
exogenous mechanotransduction at microscale should be
considered for sca� olds to be successful in regenerative
medicine. The objective of this study is to demonstrate that
the biological e� cacy of a sca� old strongly correlates with its
mechanical properties at microscale (local sti� ness) so that the
thermodynamic concept of the energy trade-o� in the cell�
substrate interactions can be assessed. This demonstration has
been carried out through investigating the osteogenic potential
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of rat dental follicle stem cells (DFSCs) grown within� brous
sca� olds (substrates) that provide both a macroscopically sti�
and microscopically compliant environment.

Sca� old sti� ness is a highly potent regulator of osteogenesis
in regenerative medicine. It has been often believed that
increasing sca� old sti� ness can strongly enhance the
osteogenesic capability of stem cells, and studies have focused
on osteogenic e� ects of the sca� old sti� ness at the macro-
scale.8,9 However, cells interact with their microenvironment
and thereby respond to sca� old sti� ness at the microscale
(cellular scale). Early studies recognized that the feedback of
microenvironment on cell state likely has important
implications for cell development, di� erentiation, disease, and
regeneration.10� 12 For example, a study on the activation of
aortic valve interstitial cells further highlighted that subtle
variations in the microscale matrix sti� ness can regulate the
expression of mechanosensing-related transcription factor yes-
associated protein (YAP).13 A previous study also adopted
mathematical modeling based on thermodynamic principles7

to demonstrate that there is a sensible“resonant” window of
the sti� ness ratio between cells and substrate when they
interact, which was con� rmed experimentally by showing cell
morphology change with varying substrate sti� ness (2D).3

Within this window, energetically favorable mechanical
interactions can occur only when cell and substrate sti� nesses
are comparable. However, the demonstration of biological
performance (e.g., mechanotransduction, phenotype trans-
formation, and lineage transition) as a result of mechanical
compatibility between cells and substrate at cellular scales still
remains. Recently, a structural study on electrospun� brous
sca� olds (3D) using multiscale computational analyses has
shown that their mechanical properties depend on the probing
length scale.14 This further implies that cells indeed sense
mechanical cues very di� erently from the macroscale
mechanical properties.

In the current study, through extensive and rigorous
experiments based on the scienti� c advance in a thermody-
namic model,3,7 a correlation between the biological response
of cell-seeded� brous sca� olds (dental follicle stem cells,
(DFSCs)) and the cell/sca� old micromechanical compatibility
has been carried out. It has been challenging to independently
vary a single material property (e.g., sti� ness) used in the
production of sca� olds without a� ecting other properties (e.g.,
chemical functionality) as well. Electrospinning of blends
containing polycaprolactone (PCL), silk� broin (SF), and
cellulose nanocrystals (CNCs) was performed to fabricate
three-dimensional (3D)� brous sca� olds. The sca� old
morphology was quanti� ed using scanning electron micros-
copy (SEM). Colloidal probe atomic force microscopy (AFM)
and conventional uniaxial tensile tests measured the sca� old
sti� ness at the micro- and macroscales, respectively. The cell
elastic modulus and cell� sca� old adhesive interaction (i.e., a
chemical function) were examined through single-cell force
spectroscopy using AFM. The presence of CNCs produces
� brous sca� olds with bimodal distribution of� ber diameter.
This structural heterogeneity, which is CNC-composition-
dependent, remarkably modulates the mechanical functionality
of sca� olds at micro- and macroscales simultaneously, but not
the chemical functionality (i.e., only a single material property
is varied). In ourin vitrotests, the osteogenic di� erentiation
and gene expression associated with mechanosensitive cell
markers correlates to the degree of micromechanical
compatibility between the cell and sca� old. The systematic

evidence from the study substantiates that the micro-
mechanical compatibility provides energetically favorable
cell� sca� old interactions and in� uences stem cell fate. Also,
it strongly suggests that this compatibility is an important
aspect in designing sca� olds for the e� cacy of regenerative
medicine therapy. This work further con� rms the use of
thermodynamic principles (following the laws of the energy
interchange) for understanding cell� material interactions3,7 is
not a speculation. Consequently, this knowledge can be
extended to yield novel implications for thermodynamic
studies into a cell’s innate self-regulating activity and new
thoughts regarding energetic processes at the subcellular level.

� MATERIALS AND METHODSA

Preparation and Characterization of Electrospun Fibers
and Sca� olds. Polycaprolactone (PCL, 10% (w/v),Mw = 90 kDa,
Sigma-Aldrich, Co.) solution was prepared with hexa� uoroisopropa-
nol (HFIP).Bombyx moricocoon casings (silkworm; Beibei Silkworm
Egg, Co., Chongqing, China) were boiled in an aqueous solution of
0.02 M Na2CO3 for 1.5 h, rinsed three times with ultrapure (UP)
water, and dissolved in 9.3 M lithium bromide (LiBr, Sigma-Aldrich,
Co.) at 60°C to generate a 10% (w/v) solution. The solution then
was dialyzed (Mw = 3500 Da, using fresh UP water daily for 3 days to
remove ions and other impurities) and lyophilized to obtain silk
� broin (SF) powder. PCL/SF (PS) solution was prepared by
dissolving 0.5 g of SF into 0.5 g of PCL under constant stirring at
room temperature for 2 days. Fluorescently labeled CNCs were
produced using literature methods with a slight modi� cation.15

Brie� y, cellulose nanocrystals (CNCs) from the University of Maine
were combined with a NaCO3 solution to produce a solution
containing 1% by mass CNCs and 10 mM Na2CO3 for removal of the
impurities.

Dispersion of cellulose nanocrystals (CNCs) in a polymer matrix
presents some unique challenges.16,17 Sodium sulfate half-esters
covalently decorate the crystal surface as a result of the acid hydrolysis
process for the isolation of CNCs from base material (e.g., tree). The
consequence is an increase in the CNC dispersion energy and a
tendency to irreversibly aggregate in all but the most polar matrices.
In this work, a procedure employing cation exchange (Na+

counterion) on the sulfate half-esters with methyltriphenyl
phosphonium (MeTP) was adopted, which results in an appreciable
reduction in the surface dispersion energy. Thus, the dispersion of
CNCs with fewer crystal aggregates can be achieved in the presence of
the polar solvent HFIP in PS solution. A detailed description of the
surface modi� cation process can be found in the literature.18 CNCs
(1, 3, and 5% by mass) were added to PS solutions.

Electrospinning was performed in a fume hood using an open-cage
target to collect� bers. Relative humidity was adjusted by� ushing the
hood with dry air. A volume� ow rate of 1 mL/h of the precursor
solutions through a 21 gauge 1� shaft,� at-tip, dispensing needle was
maintained using a syringe pump. For electrospinning, a voltage of
13.5 kV was applied to the capillary tube using a high-voltage power
supply. The distance between the capillary tube and the grounded
target was 20 cm. Random oriented� brous sca� olds were collected
on the drum collector with a diameter of 15 cm rotating at 300 rpm.

Cellulose nanocrystals were diluted to 3% by mass and combined
with 5 mM NaHCO3 to a � nal concentration of 2% by mass CNCs
and 1.5 mM NaHCO3. The solution was stirred for 30 min to activate
the hydroxyl groups, then solid 5-(4,6-dichlorotriazinyl)-
amino� uorescein (DTAF, Thermo Fisher Scienti� c) was added at a
ratio of 0.3 mg dye/g cellulose (dry basis). The reaction was stirred
for 3 days in the dark. The reaction contents were transferred to
regenerated cellulose dialysis tubing (10 000 Da MWCO) and
dialyzed against DI water for 2 days, replacing the water three to
four times each day. The dialyzed CNCs were diluted to 0.2% by mass
and further puri� ed through a tangential� ow � ltration column
(TFF), using 1 mM NaHCO3, followed by DI water. The solution
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was reconcentrated to about 1% by mass prior to disconnecting from
the TFF. Then, solutions were freeze-dried for 3 days.

The sca� old morphology (nano� brous mat) was characterized by a
JEOL 7800F� eld emission scanning electron microscope (FESEM;
JEOL) with an accelerating voltage of 10 kV. The mean� ber
diameters were estimated using JEOL 7800F image analysis software.
The topography of single� ber spun on a glass slide was characterized
using atomic force microscopy tapping mode (AFM; Bioscope
Resolve, Bruker Corp.). The single� ber elastic modulus (i.e., Young’s
modulus,E) was determined by performing a microscale three-point
bending test of suspended longitudinal� ber using AFM contact mode

as shown inFigure 1. The modulus,E, is determined based on the
load-de� ection data through the following equation (eq 1)

� �
�

+ =
A
I

PL
EI4

23
3

4 (1)

whereP is the applied load,� is the corresponding de� ection,I andA
are the moment of inertia and area of� ber cross section, respectively,
andL is the length of the suspended� ber.Equation 1was chosen
such that the boundary conditions (� ber ends pinned to rigid
supports) are satis� ed.19

The macroscale sca� old sti� ness was measured through a uniaxial
tensile testing instrument (Instron) using a 100 N load cell and a
crosshead speed of 10 mm/min under ambient conditions. All of the
sca� old samples tested were 40 mm× 20 mm; the thickness of the
sample was determined using a Vernier caliper. The microscale
sca� old sti� ness was determined through AFM (Bruker Bioscope
Resolve, Bruker Corp.) using a tipless cantilever probe (NPO-10,
Bruker Corp.) attached to a 50� m colloidal bead. The microscale
sti� ness was measured at more than 100 di� erent spots of each
sample in air or phosphate-bu� ered saline (PBS). For PBS, the
sca� old was soaked for 6 h prior to the test.

Biological Properties of Sca� olds. The rat dental follicle stem
cells (DFSCs) were donated by the School of Veterinary Medicine,
Louisiana State University [LSU: NIST MTA-14-028]. The rat
DFSCs were cultured in minimum essential medium� (MEM� )
supplemented with 10% fetal bovine serum (FBS) (Thermo Fisher).
After the cell density reached 70% con� uence, DFSCs were detached
using trypsin EDTA (Thermo Fisher) and cells were counted using a
hemocytometer. The sca� olds were immersed in 70% ethanol for 30
min, dried under sterile conditions, exposed to ultraviolet (UV)

radiation for 3 h, and washed with PBS three times for 20 min at a
time. Sca� olds seeded with� 105 cells were placed in a six-well plate
cultured with MEM� and 10% FBS mixture at 37°C, 5% CO2, and
95% humidity.

Cell viability was determined using the colorimetric CellTiter 96
AQueous One Solution Cell Proliferation assay (MTS; Promega).
After cell seeding and culture for di� erent periods (1, 2, 4, and 6
days), the seeded sca� olds were washed using PBS and incubated
with 20% MTS reagent containing serum-free medium for 2 h at 37
°C and 5% CO2. Aliquots were pipetted into the well afterward. The
absorbance of each well was measured at 490 nm using a
spectrophotometric microplate reader (Model 680, Bio-Rad).

The cell/sca� old adhesive interaction was measured by single-cell
force spectroscopy as previously reported. Tipless cantilever AFM
probes (Bruker, NPO-10, spring constant = 0.06 N/m) were cleaned
using sulfuric acid (1 mM) for 1 h and placed in 0.5 mg/mL biotin�
BSA solution overnight in a humidi� ed atmosphere at 37°C. Then,
they were washed three times using PBS and incubated in 0.5 mg/mL
streptavidin solution for 30 min. After that, the streptavidin solution
was aspirated and then probes were incubated in 0.4 mg/mL
concanavalin A (ConA)� biotin solution for another 30 min at room
temperature (Figure 2). The pretreated tipless cantilever was used to

attach a single cell resting on the glass slide, and then the cantilever
and cell were contacted to a� brous sca� old at a contact force of 2 nN
for 10 s, based on the protocol presented in the literature,20 prior to a
separation from the sca� old. The separation force was recorded as the
cell� sca� old interactive force of initial attachment.

Besides the adhesive force between cell and sca� old, the
morphology of spread cells also re� ects their interaction. Cell
morphology was imaged by confocal laser scanning microscopy
(CLSM; Leica, Germany) using a 20× objective immersed in PBS; 10
projected images ofz-stack images of 3D cellular structures were
collected for each sample (n = 3). Sca� olds (1 cm× 1 cm) were
placed in a 24-well plate with 104 DFSCs per well for 48 h, and the
DFSCs cultured on the sca� old were� xed with 3.7% formaldehyde in
PBS for 15 min. Then, the sca� old sample was rinsed in PBS and
permeabilized with 0.2% Triton X-100 for 5 min. Afterward, the
sample was rinsed with PBS and incubated with Alexa Fluor 488
phalloidin (Thermo Fisher) at 1� g/mL for 30 min at room
temperature to stain F-actin. After washing with PBS, the cells were
mounted with media containing 4�,6-diamidino-2-phenylindole

Figure 1.Invert microscope image of a trough (� 300� m wide) over
which single� bers were suspended for the three-point binding test.
The trough was made by scraping a microscope slide using a razor
blade. Suspended single� bers were produced at the very initial stage
of the electrospinning process. The external force was applied to the
suspended� ber through AFM (Bruker Bioscope Resolve, Bruker
Corp.) using a tipless cantilever probe (NPO-10, Bruker Corp.)
attached to an� 2 � m colloidal bead.

Figure 2. Schematic of single-cell force spectroscopy for the
measurement of cell� sca� old (� brous mat) adhesive interaction.
The AFM tipless cantilever probe is functionalized with three di� erent
binding proteins, and a single cell is attached to the coated cantilever
through the Con-A. Then, the probe approaches to the sca� old to
form a contact under a certain preset force for a certain period.
Afterward, the cantilever is retracted from the sca� old until the cell
and substrate are completely separated.
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(DAPI, concentration of 1� g/mL) for DNA staining. Cell perimeter
(C) and projected spreading area (A) were assessed using ImageJ
software based on the� uorescent images obtained from CLSM.
Roundness,S(=C2/4� × A), is selected as the morphological index to
represent alterations in cell shape.

To determine whether DFSCs can respond to mechano-cues from
sca� olds, quantitative real-time polymerase chain reaction (qRT-
PCR) was used to detect mechano-sensation-related genes. Total
RNA was isolated from the collected cells using a MagMAX-96 Viral
RNA Isolation Kit (Thermo Fisher) and then reversely transcribed
into complementary DNA (cDNA) using a kit according to the
manufacturer’s protocol (Thermo Fisher). qRT-PCR was performed
with a 20� L of solution including TaqMan PreAmp Master Mix
(Thermo Fisher), 0.5� L of each primer, and a 1� L of cDNA sample.
The reaction was initiated by activating the polymerase with a 5 min
preincubation at 95°C. Ampli� cation was achieved with 40 cycles of
15 s denaturation at 95°C, annealing for 1 min at 60°C, and
extended for 10 s at 72°C. Relative gene expression data were
analyzed using the comparative CT (2� �� CT) method. Each sample
was analyzed in triplicate. All of the primers were purchased from
Thermo Fisher.

The biological function of DFSC-seeded sca� olds was also
evaluated. DFSCs were seeded on sca� olds and cultured with
osteoinduction medium (MEM� with 10% FBS, 50 mg/mL ascorbic
acid, 100 nmol/L dexamethasone, and 10 mmol/L� -glycerolphos-
phate). Immuno� uorescence staining was used to analyze the
expression of osteogenic markers. Samples were removed from cell
culture medium and� xed with 3.7% formaldehyde in PBS for 15 min,

rinsed with PBS, and incubated with 2% BSA + 0.2% Triton X-100 in
PBS for 60 min. Then, the samples were rinsed with PBS and
incubated with primary antibody (1:100; Santa Cruz Biotechnology)
at 4°C overnight, followed by 1 h treatment with Alexa Fluor 488/
555-labeled secondary antibody (Thermo Fisher). Afterward, the
samples were rinsed with PBS and stained with 0.5 mg/mL DAPI
(Sigma-Aldrich) at room temperature for 15 min. Fluorescent images
from stained sca� olds were obtained using CLSM. In addition, to
analyze the calcium deposition during osteogenesis on di� erent
sca� olds, the samples were removed from culture medium and� xed
with 3.7% formaldehyde in PBS for 15 min and rinsed with diH2O;
then, 1 mL of 40 mM Alizarin Red S (ScienCell) was added per well
for 30 min. Finally, the sca� old was rinsed with diH2O and inspected
using a phase microscope (Leica, Germany).

Statistical Analysis. Results are expressed as mean± standard
deviation (SD). Statistical analysis was performed using Student’s t-
test as well as one-way analysis of variance (ANOVA) followed by the
Tukey HSD test for comparison (Origin Lab Origin V8.0 Software).
The di� erence was considered signi� cant whenp � 0.05.

� RESULTS AND DISCUSSION

When cells adhere to substrates, cells spread and cellular
traction is formed at cell� substrate interaction sites, and
substrate deformation is induced. As substrate modulus
changes, the degree of cell� substrate interaction is expected
to vary. The key mechanism by which substrate sti� ness
in� uences cell� substrate interaction is the energy trade-o�

Figure 3.Surface modi� cation of CNCs modi� ed with MeTP and electrospun� ber diameters. (A) 1, 3, and 5 mg of modi� ed (M)/unmodi� ed
(U) CNCs dispersed in 10 mL of HFIP solution; (B) representative FESEM images of sca� olds with various blends studied, scale bar = 2� m; (C)
primary� ber diameter obtained using line tool of FESEM for di� erent sca� olds; (D) a bimodal diameter distribution of sca� olds with 5% CNCs.p
< 0.05; data presented are mean± SD,n = 3 experiments, 30 data points were collected for eachn.
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between the stabilizing in� uence of the cell� substrate
interfacial adhesive energy and the destabilizing in� uence of
the total elastic strain energies in the system. When active cell
spreading is completed,Etot in the cell/substrate system is the
sum of the interfacial energy or work of adhesion (Eint) and the
strain energies in the cell (Estr

c ) and substrate (Estr
s )

= + +E E E Etot int str
c

str
s

(2)

Eint is due to biochemical reaction energy at cell� substrate
binding sites and is primarily stored in a narrow strip along the
cell periphery at focal adhesions.21,22 Estr

c andEstr
s are attributed

to elastic responses in the cell and substrate, respectively, due
to traction generated along stress� bers through actin� myosin
contraction and transmitted to the substrate across integrin
linkages. If the surrounding biochemical environment remains
constant, changes in substrate sti� ness alter the cell� substrate
force balance. The subsequent force-based feedback control
loop alters the cell� substrate interaction, which is charac-
terized by competition betweenEint andEstr (Estr = Estr

c + Estr
s ),

and cell� substrate interaction is energetically favorable when
Etot is minimized. IfEtot is not minimized, cell would reorganize
focal adhesions through morphology change to reduce the
energy in the system. For detailed information about the
thermodynamic model, one may refer to the Supporting
Information andFigure S1, as well as the literature.7 In the
experimental substantiation of the cell� substrate interaction
due to micromechanical compatibility, it has been challenging
to independently vary substrate sti� ness without a� ecting the
cell adhesion to substrate (surface functionality). This
adhesion is also a mechanical stimulus and alters the interfacial
adhesive energy described in the thermodynamic model (i.e.,
Eint in eq 2). Consequently, the mechanical impact from the
variation of substrate sti� ness to cell can be masked although
the surrounding chemical environment can be remained
constant. Thus, rigorous experimental control and character-
ization have been undertaken in this study to ensure that the
mechanical stimulus is solely induced from the variation of
substrate sti� ness at the cellular scale.

In bone restoration, a sca� old with multiscale sti� ness
variation is desired to balance load-bearing requirements
macroscopically and have energetically favorable cell� material
interactions microscopically via mechanical cues during the
bone regeneration. The achievement of this multiscale
requirement is accomplished by combining electrospinning
and nanotechnology,16,17 where the resulting morphology of
electrospun� ber networks can be heterogeneous (a combina-
tion of micro- and nanoscale� bers) and controlled by
processing variables (e.g., viscosity). In this study, sca� olds
electrospun from a solution of PCL/SF/CNCs were used to
illustrate that cell response to substrate mechanical environ-
ment follows the prediction of the thermodynamics model.3,7

PCL/SF sca� olds have superior biocompatibility and greatly
reduce the foreign body reaction.23 Our hypothesis is that the
addition of CNCs to the PCL/SF solution not only reinforces
the continuous electrospun PCL/SF� bers but also signi� -
cantly increases the� ow (PCL/SF/CNCs stream) instability
in the electrospinning process, which can result in a
heterogeneous� brous network structure of sca� old. This
instability is due to the electrical charge-induced radial
repulsive force exceeding the cohesive force of the� ow
(primary jet� ow); consequently, the primary� ow splits/splays
to form extra multiple secondary jet� ows. The micro� bers
provide structural role as a backbone of the sca� old (i.e., at
macroscale) while nano� bers provide functional role as the
environment of cells (i.e., microscale).

This work uses CNCs sodium ions exchanged with
methyltriphenyl phosphonium (MeTP) cations as shown in
Figure 3A. This modi� cation has been shown to lower the
dispersive and electron acceptor crystal surface energies while
raising the electron donor surface energy.24 Similarly, in this
work, modi� cation with methyltriphenyl phosphonium
(MeTP) resulted in an appreciable reduction in the surface
dispersion energy and dispersion of CNCs with fewer crystal
aggregates in the electrospinning polar solvent (HFIP,
hexa� uoroisopropanol). This can be seen from the photograph
of Figure 3A, where the PCL/SF solution containing MeTP-
modi� ed CNCs appears reasonably translucent to the naked

Figure 4.Surface morphology of� bers as well as mechanical properties of� bers and sca� olds. (A) Single� ber topology of PCL, PS, and PSC1; (B)
CNCs uniaxially aligned at the outer edge of� bers; (C) sti� ness of the primary single� ber of sca� olds (*p < 0.05,** p < 0.01; data presented are
mean± SD,n = 3 experiments, 10� bers were measured for eachn); (D) macroscopic sti� ness of sca� olds (*** p < 0.001;n = 3, three sca� old
samples for eachn); and (E) microscopic sti� ness of sca� olds (n = 2, 100 data points for eachn).
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eye, while the solution with unmodi� ed CNCs appears milky
due to a consequence of the clustering phenomenon. Thus, the
modi� ed CNCs were used for the remainder of this study.

Figures 3B and S2A shows SEM images of sca� old
morphology and structure fabricated with various solutions:
PCL (alone), PCL/SF (PS), and PCL/SF/CNC at di� erent
CNC concentrations, i.e., 1% CNC (PSC1), 3% (PSC3), and
5% (PSC5) in weight. The CNC content was progressively
increased up to 5 wt %. Blends containing CNC content
beyond 5% exhibited CNC clustering and were not considered
in this study. From the image, electrospinning of polymer
solutions without CNC does not produce any heterogeneity of
the � brous network structure of sca� olds (i.e., only one
primary� brous structure in the network). The heterogeneity
increases with CNC content, in which a bimodal distribution
of � ber diameter (Figure 3C,D, primary and secondary� bers)
can be noticed in PSC3 and PSC5; however, PSC1 shows a
negligible heterogeneity in� ber diameter. The result shown in
Figure 3C indicates the diameter of primary� bers (� 320 nm)
for all of the sca� olds studied. The diameter of secondary� bers
is around 25 nm in PSC3 and PSC5 as shown inFigures 3D
andS2B. However, it is not clear that either PCL or SF, or
both, constitutes the secondary� ber. A similar bimodal
phenomenon has also been reported in the literature for
poly(ethylene oxide)s (PEO)/CNC and polylactic acid
(PLA)/CNC nano� brous sca� olds.17,18

Evaluating the ability of cellulose nanocrystals to reinforce
polymer nano� bers is of importance for understanding sca� old
mechanical properties.Figure 4A presents surface morphology

images of primary� bers obtained using AFM. From the image,
one can notice that� bers produced using PCL and PCL/SF
solutions possessed a fairly smooth surface. On the contrary, a
rough surface characterized with distinctive wrinkly folds was
observed with CNC-reinforced� bers (i.e., PCL/SF/CNC
� bers). In a separate study, 5-([4,6-dichlorotriazin-2-yl]-
amino)� uorescein hydrochloride (DTAF) at a concentration
of 300� g/g CNC was added to the PCL/SF/CNC solutions
to detect the location and orientation of CNCs on primary
� bers by confocal microscopy. As shown inFigure 4B, az-stack
of optical planes was taken of a primary� ber. The observed
� uorescence indicates the presence of tagged CNCs with the
sca� old. The current hypothesis is that the CNCs were
uniaxially incorporated with a bias toward the exterior of the
� bers (Figure S3A), which is further supported by sti� ness
(� exural modulus) test for single� bers using AFM three-point
bending described inFigure 1. Sti� ness measurement of
submicrometer diameter single� bers remains challenging due
to the rigorous requirements on specimen handling and force/
deformation resolution. FromFigure 4C, one notices that the
� exural modulus has been signi� cantly increased due to the
presence of CNCs; this agrees with the implication from the
observed� uorescence shown inFigure 4B.

The macroscopic sca� old sti� ness was measured using the
conventional uniaxial tensile test. The results shown inFigures
4D andS3Bindicate that the macroscopic sti� ness correlates
with CNC concentration, reaching to almost 1 GPa for the
sca� old composed of� bers with 5% by mass CNCs. The
increase is attributed to the reinforcement of single� bers with

Figure 5.Biocompatibility assay of sca� olds with varying CNC content. (A) MTS assay for DFSC viability on di� erent sca� olds after culturing for
2, 4, and 6 days. The absorbance read on day 1 is control, i.e., normalized to 1; (B) adhesive force between a single DFSC cell and sca� olds; (C)
DFSCs morphology after culture for 2 days, and red square� elds were enlarged to show the interaction between cell and sca� old; (D) roundness of
cells, a cell morphology index, based on images of (C).*p < 0.05; data presented are mean± SD,n = 3, 30 data points for eachn. Scale bar = 50
� m.
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increasing CNC content. Our hypothesis is that while the
increase of sti� ness at the macroscopic scale is an advantage in
terms of ful� lling the sca� old integrity at the defect site during
the bone regenerative process, it is the microscale mechanical
properties that promote cell� sca� old interaction. Thus, the
cell-level sca� old sti� ness is of interest, and nanoindentation of
the � brous mat using colloidal AFM was adopted to directly
investigate the microscopic sca� old sti� ness. From the result
presented inFigure 4E, the microscopic sti� ness (local
sti� ness) of sca� olds reduces signi� cantly compared with
their macroscopic sti� ness and inversely correlates with the
CNC content. The PCL, PS, and PSC1 sca� olds do not show
any signi� cant di� erence in their local sti� ness (Figure 4E),
while their macroscopic sti� ness does (Figure 4D). On the
other hand, the PSC3 and PSC5 sca� olds do show signi� cant
di� erences in their local sti� ness (which is much lower than
that of PCL, PS, and PSC1 sca� olds), while their macroscopic
sti� ness does not. Thus, one can infer that the existence and
amount of secondary� bers contribute to the further reduction
and variation of local sti� ness in PSC3 and PSC5 sca� olds.
The randomly mixed structures composed of nano� bers and
micro� bers (as secondary and primary� bers shown in PSC5 of
Figure 3B) have the capability to di� use stress, thus lowering
sti� ness at the cellular level. The DFSC sti� ness, measured by
compressing the cell using AFM tipless probe, is� 1.3 kPa
(Figure S2C), which is more comparable to the microscopic
sti� ness of CNC-reinforced sca� olds (e.g., PSC3 and PSC5)
than PCL, PS, and PSC1 sca� olds. The microscopic sti� ness of
sca� olds after being soaked in PBS (Figure S4) also shows the
same trend as indicated inFigure 4E (dry sca� olds) but with a
further decrease in the sti� ness (i.e., further compatibility) due
to the plasticization of polymers. This comparability should
maximize cell� material mechanical interaction, enhance the
biological performance of sca� olds, and consequently promote
the e� cacy of regenerative medicine. The following evidence
on the biological performance and osteogenic properties of
sca� olds supports the argument.

Previous studies have considered the potential of CNCs for
biomedical applications due to their low toxicity and
exceptional physicochemical properties.25 In this study, the
biocompatibility of sca� olds and cell viability of CNCs were
investigated using MTS cell proliferation assay by seeding rat
DFSCs onto sca� olds and co-culturing DFSCs with CNCs in

the culture medium, respectively. The result shown inFigure
5A demonstrates that CNC-based sca� olds have superior cell
viability to PCL and PS sca� olds on day 6, and those inFigure
S4indicate that cells exposed to CNCs for 24 h have no major
changes in cell viability. In addition, the adhesive force
between DFSC and sca� olds was examined through single-cell
force spectroscopy using AFM tipless probe described in
Figure 2. The results inFigure 5B indicate that the adhesive
force of DFSC to the PCL/SF/CNC sca� old is not altered
with the incorporation of CNCs. Thus, one can infer that the
presence of SF alone in electrospun� bers supports the cell
adhesion since PCL is a cell-repellent. In other words, the
chemical environment provided from all of the sca� olds
studied is the same since their SF content is the same.Figure
5C shows images of cell morphology after seeding on sca� olds
with varying CNC content and thus sti� ness, while
maintaining the same chemical environment. The result
shown inFigure 5D indicates that the morphology index
(i.e., roundness) increases with the CNC content, and the
microscopic sca� old sti� ness becomes more comparable to cell
sti� ness when the CNC content increases (as indicated in
Figure 4E). This demonstrates that cells sense the variation of
sti� ness at the cellular scale and respond by changing their
morphology. This is also consistent with the result presented in
the literature,3 indicating that stronger cell� substrate mechan-
ical compatibility induces increasing cell roundness. Thus, the
results shown inFigures 4E and5D together suggest that
PSC5 would have better mechanotransduction than the rest of
sca� olds studied.

To further demonstrate how alteration of the mechanical
environment of sca� olds at the microscale (cellular scale) can
regulate the cell mechanotransduction, the expression level of
mechanosensitive genes was explored. Expression levels of six
di� erent mechanotransductive genes26 including YAP1, tran-
scriptional co-activator with PDZ-binding motif (TAZ1), ras-
related C3 botulinum toxin substrate 1 (RAC1), protein
tyrosine kinase 2 (PTK2), mitogen-activated protein kinase 3
(MAPK3), and Wnt5� are displayed inFigure 6A� F. The
results indicate that, for all of the genes tested, DFSCs cultured
on sca� olds without CNC (i.e., PS) or with low CNC content
(i.e., PSC1, 1%) showed no signi� cant di� erence in the gene
expression.

Figure 6.Mechanosensitive gene expression. (A� F) DFSCs cultured on di� erent sca� olds for 7 days and qRT-PCR analysis for gene expression
levels of machanosensitive genes including YAP1, TAZ1, RAC1, PTK2, MAPK3, and Wnt5� . Gene expression on the PCL sca� old is control, i.e.,
normalized to one.*p < 0.05; data presented are mean± SD,n = 3.
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The mechanosensitive feedback of 3D sca� olds having a
mechanical environment compatible with DFSC cells
promotes di� erentiation into the osteoblast� lineage and
bone mineralization. This was con� rmed by detecting the
expression of osteogenic marker alkaline phosphatase (ALP),
osterix (Osx), type I collagen (COL1), runt-related tran-
scription factor 2 (RUNX2), and osteopontin (OPN) using
immuno� uorescence and extracellular matrix mineralization
using Alizarin Red S. To demonstrate the osteo-inductive
capability of CNC-based sca� olds via chemically independent
mechano-cues, DFSCs were cultured in sca� olds for 30 days
without osteo-inductive culture medium. As shown inFigure
7A,B, expression levels of osteogenic markers and extracellular

matrix mineralization can only be signi� cantly detected in
PSC5 sca� olds where the best mechano-microenvironment
was provided. On the other hand, for DFSCs cultured in
sca� olds for 10 days with the osteo-inductive culture medium
shown inFigure 7C,D, the expression of osteogenic markers
and mineralization of sca� olds with CNCs already outperform
other sca� olds studied (i.e., PCL and PS). Also, one can notice
that mechanical and chemical environments participate in a
collective e� ort to make not only the level but also the kinetics
of osteogenic di� erentiation greater with the CNC content.
Similar observations were also made on a 30-day induction
culture (Figure S5). The result shown inFigure 7further
a� rms the advantage of mechanical compatibility between
cells and sca� olds.

In previous studies,3,7 a biphasic dependency of the cell�
substrate (material) interaction on substrate sti� ness is
schematically depicted inFigure 8, provided that the
surrounding chemical environment remains constant. This
� gure indicates that when cells interact with sca� olds, there is a
sensible interaction window in which cells can sense and
respond to the change in sti� ness of the microenvironment,
and a maximum mechanical interaction only happens once the

cell and sca� old sti� nesses are comparable. This argument has
also been broadly supported by observations reported in the
literature,27� 30 although those� ndings were based on the
sti� ness of substrates/sca� olds at the macroscopic scale and
the possible variation of their surface chemical functionality
(i.e., cannot ensure that the mechanical stimulus is solely
induced from the variation of substrate sti� ness at the cellular
scale). Notably, in the present study, the cell sti� ness is
remarkably incompatible with (i.e., lower than) the macro-
scopic sti� ness of all of the sca� olds studied (seeFigure 4D).
Thus, changes in the biological e� cacy of sca� olds should
attribute to changes in sti� ness compatibility between the cell
and sca� old at the microscale. DFSCs grown on PCL, PS, and
PSC1 sca� olds do not show any di� erence in their
mechanosensitive gene expression (Figure 6A� F) or osteo-
genesis di� erentiation (Figure 7B,D, without and with
osteoinduction, respectively). This is simply because of the
insigni� cant di� erence in the local sti� ness of PCL, PS, and
PSC1 sca� olds (seeFigure 4E, i.e., cells have the same
micromechanical compatibility with these three sca� olds). Or
this implies that cells are unable to sense the change in sca� old
local sti� ness since the cell sti� ness is“incompatible” with their
local sti� ness. In other words, the mechanotransduction
between cell and sca� olds (PCL, PS, and PSC1) is outside
of the sensible interaction window depicted inFigure 8.
However, DFSCs grown on PSC3 and PSC5 sca� olds do show
signi� cant mechanosensitive gene expression and osteogenesis
di� erentiation compared with that of other sca� olds. This is
because the cell sti� ness is much more compatible with
sca� old local sti� ness, and cells can sense and respond to the
change in the local sti� ness from PSC3 to PSC5.
Consequently, signi� cant changes in gene expression and
osteogenesis di� erentiation can be noticeable between cells
grown on PSC3 and PSC5 sca� olds. The decreasing gene
expression (Figure 6A� F) and osteogenesis di� erentiation
(Figure 7B,D) in response to the local sti� ness variation
(Figure 8, inset) correlates with the trend of mechanotrans-
duction sensitivity presented at the right-hand side ofFigure 8.
Thus, from the direct experimental evidence, one can infer the
importance of micromechanical compatibility for energetically
favorable cell� material interactions. This conclusion can be
extended to all other cell-seeded sca� olds employed in
regenerative medicine although DFSC and PCL/SF/CNC
sca� olds were used in the study for restoring dental bone
volume.

Figure 7. DFSC osteogenesis di� erentiation on sca� olds without
osteoinduction medium for 30 days detected by immunostaining (A)
and alizarin red S staining (B), with osteoinduction medium for 10
days (C, D), respectively. Data presented are mean± SD, scale bar =
100� m,n = 3,*p < 0.05,** p < 0.01. The intensity of PCL sca� old is
control, i.e., normalized to one.

Figure 8.Schematic of sensible“resonant” window model describes
that, within this window (area under the red line), maximum
mechanical interaction can occur only when cell sti� ness and
substrate sti� ness (sca� old local sti� ness) are comparable.
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� CONCLUSIONS
Cells require compliant sca� olds to encourage energetically
favorable interactions for mechanotransduction, which are
converted into changes in cellular biochemistry to direct the
phenotypic evolution. This study has successfully varied
sca� old mechanical properties without a� ecting their surface
chemistry. In doing so, this work has provided systematic
evidence to substantiate the signi� cance of micromechanical
compatibility (relative rigidity) between cells and sca� olds
(i.e., at the cellular level) in regenerative medicine as
exempli� ed by enhanced osteoinduction and associated gene
expression. The study further provides evidence that the
requirement of compliance at the cellular scale, though
biological in nature, follows thermodynamic laws of the energy
interchange in the cell/substrate system. The broader impact
of this work is that scienti� c advances can be extended to yield
novel implications for thermodynamic studies into cellular self-
regulating behavior and new thoughts regarding energetic
processes at the subcellular level.
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