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AFM and Nanoindentation Studies of Bone Nodules on
Chitosan-Polygalacturonic Acid-Hydroxyapatite

Nanocomposites

R. Khanna1,2, D. R. Katti1 and K. S. Katti1

Abstract: Here we report a new in situ nanoindentation technique developed to
evaluate the composite mechanical behavior of cell-biomaterial construct under
physiological conditions over the time scale of bone nodule generation. Using
this technique, mechanical behavior of osteoblast cell-substrate interfaces on tissue
engineered materials (chitosan-polygalacturonic acid-nanohydroxyapatite (CPH)
films) is investigated. Mechanical behavior of cells in the elastic regime over the
time scale of cell adhesion (1 day), proliferation (4 days), development (8 days)
and maturation (22 days) of bone nodules is evaluated. Our results indicate that the
elastic properties of flat cells are higher (indicating stiffer response, after 4 days,
as compared to the round cells after 1 day and oriented cells after 8 days. Elas-
tic properties of cells (∼5-12 MPa), soaked CPH films (∼10-20 MPa) and that of
cell-CPH composites (∼3-9 MPa) fall in the same order of magnitude. A similar
range of elastic properties of cell-CPH composites are measured over time, imply-
ing that unique interactions between cells and CPH films are maintained that may
provide a favorable mechanical environment to growing cells and bone nodules.
Atomic Force Microscopy (AFM) imaging studies on individual cells reveal that
the cells respond to local changes in substrate topography (as a result of substrate
swelling) by modulating their shapes and various focal adhesions. Overall, CPH
films provide a favorable microenvironment for cell organization and bone nodule
regeneration that regulates the mechanical behavior of cell-substrate interactions.
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1 Introduction

Tissue engineering attempts to repair or regenerate damaged tissue by using an
engineered scaffold material system that favors cell adhesion, proliferation, differ-
entiation and organization to develop healthy tissue while the scaffold degrades
(Engelmayr et al. 2008; Freed et al. 2009; Khanna et al. 2011b; Langer & Vacanti
1993; Wei & Ma 2008). Engineering an osteoinductive nature to the scaffold re-
quires replication of the favorable local environment of native bone. Moreover, an
appropriate mechanical environment of scaffold is required to regenerate healthy
bone. Several advanced tissue engineering strategies have been used to develop
scaffolds with mechanical properties similar to native tissues (Engelmayr et al.
2008; Freed et al. 2009; Pagliari et al. 2011; Rezwan et al. 2006) Many polymer
scaffolds developed till now do not fulfill the mechanical property requirements for
bone regeneration and as a result, either scaffolds exhibit inadequate mechanical
properties or exhibit limited ability to stimulate bone regeneration. One effective
tissue engineering strategy to mimic the mechanical environment of native bone is
engineering the mechanical properties of tissue engineered constructs to match the
biomechanical characteristics of native bone. Current materials design strategies
include the use of hydroxyapatite in conjunction with several synthetic and natu-
ral biodegradable polymers (Gaharwar et al. 2011; Verma et al. 2006a; Verma
et al. 2008a, 2009; Verma et al. 2008b) to induce mineralization (Ambre et al.
2011; Katti et al. 2010b; Nudelman et al. 2010; Verma et al. 2006b; Verma et al.
2010) regeneration of hierarchically organized bone’s extracellular matrix (ECM)
(Khanna et al. 2011b) as well as use of artificial ECMs (Lutolf & Hubbell 2005) and
has shown significant improvement in mechanical properties by biomimetic means
(Katti et al. 2006b; Verma et al. 2008b) In addition, the versatility in properties
of hydrogels have led to their widespread use in several biomedical applications
(Allan S 2002; Banwell et al. 2009) including tissue engineering (Du et al. 2008;
Slaughter et al. 2009; Wheeldon et al. 2010) and bone regeneration (Abrahamsson
et al. 2010; Gkioni et al. 2010; Khanna et al. 2011b; Verma et al. 2010).

In the field of bone tissue engineering, measurement of elastic properties of prolif-
erating and differentiating cells, and the developing bone nodules on biodegradable
constructs is useful. This evaluation is the focus of the present study, in addition to
the evaluation nanomechanical elastic properties of cell-biomaterial interfaces over
the time scale of cell adhesion, proliferation and tissue regeneration as material
degrades. Nanoindentation is a depth sensing technique and has been used to eval-
uate the mechanical properties of various engineering materials, (Basu & Barsoum
2007; Oliver & Pharr 1992, 2004, 2010; Pharr & Oliver 1992; Rho et al. 1999;
Saha & Nix 2002) yeast cells, (Arfsten et al. 2008) mineralized and soft tissues,
(Balooch et al. 2008; Ebenstein & Pruitt 2004; Ebenstein & Pruitt 2006; Roy et al.
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1999) biological composites, (Katti et al. 2006a; Mohanty et al. 2006) and dental
materials (Balooch et al. 2004; Kinney et al. 2003) Analysis of local mechani-
cal properties of biological systems have also been carried out using Atomic Force
Microscopy (AFM) and indentation methods to evaluate the changes in properties
over time for chondrocytes (Ng et al. 2007) stem cells, (Darling et al. 2008; Tai
et al. 2008; Yim et al. 2010) and also for understanding tissue physiology, disease
progression, wound healing processes and cell-matrix interactions (Discher et al.
2009; Guilak et al. 2009; Ingber 2003; Subra 2007; Van Vliet et al. 2003; Wang et
al. 1993).

Experimental set up, testing methodology and results of nanoindentaion tests on
live osteoblasts and osteoblasts-tissue culture polystyrene composites have been
described in our prior work. (Khanna et al. 2011a) In this work, biodegradable
and biocompatible biopolymers (chitosan and polygalacturonic acid) and nanohy-
droxyapatite particles are used to prepare CPH films to mimic bone’s extracellular
matrix (ECM). In vitro bone nodules were found in absence of osteogenic supple-
ments, thereby suggesting osteoconductive and osteoinductive properties of CPH
films and scaffolds (Khanna et al. 2011b; Verma et al. 2010) In addition, our previ-
ous studies (Khanna et al. 2011b) indicate that the micro and nanostructure of the
bone nodules reveal a hierarchical structure mimicking natural bone (mineralized
collagen fibers and fibrils) as well as chemistry of the natural bone. CPH films
showed swelling characteristics in cell culture media over 48 days as shown by
changes in the physico-chemical-mechnical characteristics of the films (Khanna et
al. 2010) The specific objectives of this work were to perform in situ nanoindenta-
tion experiments on dry, soaked (w/o cells) and cell-seeded CPH nanocomposites
using in situ nanoindentation technique. In situ nanomechanical experiments on
soaked and cell-seeded samples were performed over the time scale of initial cell
adhesion (1 day), proliferation (4 days), developing bone nodule (8 days) and bone
nodule formation (22 days), respectively. Topographical changes in cellular mor-
phology were analyzed after one day and after two days cell-seeded CPH films by
contact mode AFM.

2 Experimental

2.1 Materials used and CPH nanocomposite film synthesis

Chitosan (MW 190,000, >85 % deacetylation) and polygalacturonic acid (MW
25000) were obtained from Sigma-Aldrich chemicals, USA. Disodium hydrogen
phosphate (Na2HPO4), an ultrapure bioreagent, was obtained from J.T. Baker,
USA. Calcium chloride (CaCl2) GR grade, was obtained from EM Sciences, USA.
TCPS petridishes were procured from BD Biosciences, USA. HAP nanoparticles
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were prepared by wet chemistry route from Na2HPO4 and CaCl2. The detailed
processing route is reported elsewhere (Katti et al. 2006c). CPH nanocomposite
films were made using chitosan, and polygalacturonic acid biopolymers and HAP
nanoparticles. Briefly, CPH nanocomposite films were prepared at a concentra-
tion of 1g/100 ml with deionized water (DI) and 20 % sonicated solution of HAP
nanoparticles. Films were deposited directly onto TCPS petri dishes. Detailed film
synthesis route is described elsewhere .( ) (Khanna et al. 2011a; Khanna et al.
2011b).

2.2 Cell culture experiments

Human osteoblasts (hFOB 1.19; CRL 11732; ATCC) were cultured and expanded
in Dulbecco’s Modified Eagle Medium (DMEM/F12; Hyclone), supplemented with
2.5 mM l-glutamine (without phenol red), 10 % fetal bovine serum (FBS; ATCC)
and 0.6 mg/ml antibiotic (G418; J R Scientific Inc.). Samples were UV-sterilized
for 1 h under biohazard safety hood, seeded with a cell density of 2× 104 cells/cm2and
placed under standard cell culture conditions (37oC, 5 % CO2) in a humidified at-
mosphere. At the end of predetermined time, cell-seeded samples were taken out of
incubator, washed 2X with PBS to remove unattached cells and by-products of cells
and CPH samples. Prior to live cell indentation experiments, representative optical
micrographs were recorded using an inverted microscope (Axiovert CFL model,
Carl Zeiss). Cell viability was assessed by trypan blue exclusion, was >90%. The
hFOBs used in the experiments were between passages 6-9. Fresh media was added
to cell seeded samples every 4 days.

2.3 Atomic force microscopy (AFM)

AFM was employed to determine the cell morphology, and topography of soaked
CPH nanocomposite films. Contact mode AFM (multimode AFM: Veeco Metrol-
ogy Group, Santa Barbara, CA), equipped with a Nanoscope IIIa controller and
J-type piezoscanner was used with silicon nitride cantilever probes (Model: NP-
S20) with a nominal stiffness of 0.06 N/m. Size, morphology, topography and sub-
surface topographic features of cell and CPH nanocomposite films were obtained
by high resolution height and deflection images, respectively. Briefly, cell-seeded
CPH nanocomposite film (1 day and 2 days cultured) samples were washed 2X
with PBS and fixed with 2.5% glutaraldehyde for 6 h at room temperature. Cells
and bone nodule samples were imaged in a fully hydrated environment (cell culture
fluid; 37oC) using fluid cell set up (Veeco Metrology, CA).
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2.4 In situ nanomechanical testing of cells and cell-CPH composites

Displacement controlled nanoindentation experiments on dry, soaked and cell-seeded
samples were performed with Berkovich diamond indenter fluid tip (three-sided
pyramidal; 100-200 nm tip radius) using Hysitron Triboscope nanomechanical in-
strument (Minneapolis, MN) equipped with multimode AFM (nanoscope IIIa con-
troller and J-type piezo scanner system) (Veeco Metrology, Santa Barbara, CA).
Details about experimental set up with custom designed fluid cell, 37oC heat-
ing stage and protocols for performing the temperature controlled in situ live cell
nanoindentation tests have been given elsewhere (Khanna et al. 2011a). Briefly,
cell seeded samples were glued inside the fluid cell and flushed with cell culture
medium. Subsequently, samples were placed onto nanoindentation sample stage
and the whole tip-sample-fluid assembly was heated and maintained at 37oC for
about 20 minutes for thermal equilibration to maintain physiological test condi-
tions. These kinds of environment and temperature-controlled nanoindentation ex-
periments have been referred as ‘In situ conditions’, in this manuscript. Extreme
care was taken to keep the samples completely immersed for the entire duration
of experiments. In this work, a novel cell-substrate indentation experiment was
designed in which the indenter tip causes large deformations (in excess of several
100s of nanometers) that yield the composite nanomechanical response from both
the cell and underlying substrate, as shown in the schematic (figure 1). Sectional
views of Berkovich indenter tip-cell-CPH film-TCPS substrate are shown schemat-
ically. Schematic describes that at a particular depth, indentation responses can be
obtained from various regions of cell-substrate composites, depending on the po-
sition of indenter tip. In situ cell and cell-substrate indentation experiments were
performed at maximum indentation depths of 1000, 2000, 3000, and 4000 nm, re-
spectively, at loading and unloading rate of 100 nm/s.

Dry substrates were indented at maximum indentation depths of 40, 100 and 500
nm with a loading-unloading rate of 10 nm/s, respectively. Soaked CPH films
were indented at indentation depths of 500, 1000 and 2000 nm with loading and
unloading rate of 100 nm/s. Low depth indentations did not result in good LD
curves due to very soft nature of surfaces of swollen CPH substrates. A triangular
loading function was used for all the nanoindentation experiments as also reported
for nanoindentation compression testing on single yeast cells (Arfsten et al. 2008;
Mashmoushy et al. 1998).

In a typical experimental routine, an indenter tip approaches the sample surface
with a force of 3 µN, while keeping the scan size to zero. After tip is engaged onto
the sample surface, the contact force is immediately changed to 0.75 µN. A special
nanoindentation test procedure was adopted to get varying mechanical responses
within the cells and cell-substrate composite bodies. Briefly, once the indentation
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Figure 1: Sectional view of Berkovich indenter tip-cell-substrate, showing the
schematic view of cell-substrate indentations on a single cell attached onto Chi-
PgA-HAP film deposited onto TCPS substrate; Dotted arrows pointing downwards
indicate the amount of deformation applied (P) onto cell-substrate construct to yield
composite responses of cell and CPH film.

response from the cell was identified, same cell was stressed again to a deeper pen-
etration depth without changing the position of indenter tip to get the mechanical
responses from bulk regions of the cell. Repeated loading and unloading cycles
were performed on cells to ensure the repeatability and reproducibility of the in-
dentation tests. Spacing between the indents was varied from 30-80 µm. All the
experiments on cell-seeded substrates were completed within 2 hours.

2.5 Analysis of L-D Data

Load-displacement curve of each test was carefully analyzed to separate cell in-
dentation and cell-substrate indentation responses. Composite cell-substrate inden-
tation response was identified by drawing tangents along the initial linear portion
of loading curve and any deviation from tangent line was recorded as a measure
of change in loading slope/stiffness. Contact stiffness was calculated by applying
power-law fit to initial unloading portion of load-displacement curve and analyti-
cally differentiating the power-law relation, following Oliver-Pharr method (Oliver
& Pharr 1992). Reduced modulus was calculated from the stiffness and contact
area measurements using Hysitron analysis software. Elastic modulus for each in-
dent was further determined from reduced modulus and is given by the following
relation.

1
Er

=
1−ν2

s

Es
+

1−ν2
i
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Where, Er=reduced elastic modulus; Es=elastic modulus of sample; Ei=elastic
modulus of indenter; ν i=Poisson’s ratio of indenter; νs=Poisson’s ratio of sample.
In this work, elastic modulus of 1141 GPa and Poisson’s ratio of 0.07 were used
for the diamond indenter tip. Poisson ratio of 0.5 was used for calculation of elastic
moduli of biological cells as also commonly in literature (Darling et al. 2008; Ng
et al. 2007) The CPH film display hydrogel-like swelling behavior and Poisson’s
ratio of 0.5 has been reported under immersed conditions in physiological fluids
.(Ahearne et al. 2005). In this work, all the experiments are performed under fully
immersed conditions. Therefore, a Poisson’s ratio of 0.5 has been chosen to obtain
the elastic moduli of soaked CPH films.

It should be noted that Oliver and Pharr method was initially developed for hard
elasto-plastic materials (Oliver & Pharr 1992) and neglects viscous effects that are
likely to be important for deformations under large strains/longer duration test con-
ditions. It may lead to some differences in absolute values of cell/substrate moduli
reported in this work. In addition, indentation data representing substrate effects
due to stiff TCPS were excluded from the data analysis. TCPS substrates were
only used as a support for deposition of CPH films.

For all the dry, soaked and cell-seeded samples, at least 30 indents were made
under each set of experimental conditions. All the experiments were repeated at
least 3 times on triplicate samples to ensure repeatability and reproducibility. To
be noted here that standard deviation calculations are often made to show the ex-
perimental error in measurement. In this work, at a particular depth, variation in
elastic properties arise due to presence of different constituents (such as cells and
CPH film) possessing different physical/biological characteristics thereby, expect
to exhibit their unique mechanical behavior. Under such a scenario, a range of
modulus values were plotted to indicate the difference in elastic properties of cells
and cell-CPH composites.

3 Results

3.1 Cellular response on biodegradable CPH films: AFM topography

Figure 2a shows a typical AFM height image (31 µm × 31 µm) of dry CPH
nanocomposite film, indicating presence of randomly distributed CP fibers (∼1-
2 µm in diameter). The average particle size of HAP nanoparticles was found to
be ∼50 nm (Khanna et al. 2009). The sectional profile in figure 2b shows the
height distribution of surface asperities on dry CPH film. Figure 2c shows a typ-
ical AFM height image (90 µm × 90 µm) of cellseeded CPH film after 1 day of
culture. Cells appear to lie flat onto the fibrous CPH microstructure and exhibit
maximum cell height of ∼1.25 µm as shown on the sectional profile. Topographic
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variations in fibrous nanocomposite microstructure and cell surface topography are
shown by sectional profile (figure 2d) Substantial changes in cellular responses and
substrate topography after 2 days of culture are typically shown by AFM height
and deflection images (31 µm × 31 µm) (figure 2e and figure 2g) and sectional
profile (figure 2f). Interestingly, a unique cell morphology is observed after 2 days
of culture. Several long filapodia are observed from cell periphery and spread over
several µm on CPH film substrate. Sectional profile (figure 2f) shows a maximum
depth of ∼600 nm inside the front edge of cell at ∼15 µm regions as shown by
dotted line suggesting that cell has taken the shape of grooves. Observation of
sample surface shows presence of sharp ridges, valleys and grooves indicating that
substrate topography is changed after 2 days of culture. AFM deflection image (fig-
ure 2g) clearly reveals the sub-surface features of cell and ∼300-400 nm filapodia
protruding on the sample surface.

3.2 In situ nanomechanical properties of dry and soaked CPH films

Nanoindentation experiments on soaked CPH films are performed under in situ
conditions (cell culture fluid; 37oC) to closely simulate the physiological condi-
tions.The nanomechanical elestic properties of dry CPH films are obtained with
displacement control experiments at depths of 40, 100 and 500 nm with constant
loading and unloading rate of 10 nm/s. Elastic moduli of CPH films at 40 nm
indentation depth is observed to be ∼10-33 GPa. A spread in elestic modulus
(E) indicates the nanomechanical property of individual constituents of CPH films
consisting of soft polymeric (lower range of E) and stiffer HAP (higher range of E)
materials. Mid-range of elastic moduli values result from CPH composite response.
At higher indentation depths, substrate effects are observed due to presence of stiff
TCPS substrate lying underneath the CPH films.

CPH films swell in cell culture media (Khanna et al. 2010) and it is possible
to perform indentations at higher depths of 1000, and 2000 nm, respectively at
loading and unloading rate of 100 nm/s. In situ nanoindentation tests were per-
formed on soaked CPH films for soaking durations of 1, 4, 8 and 22 days, re-
spectively. Selected nanoindentation data obtained at 1000 nm depths is described
here. The modulus of soaked CPH films after 1 day (ESoaked CPH, 1 day) is observed
to be 7.7-20.9 MPa, after 4 days (ESoaked CPH, 4 days ), 8.5-21.5 MPa, after 8 days
(ESoaked CPH, 8 days ), 10.8-22.8 MPa and after 22 days ( ESoaked−CPH, 22 days ), 7.5-
18 Mpa respectively. A significant decrease in elastic moduli of soaked CPH films
was not observed over 22 days of soaking in cell culture media. A similar trend in
elastic properties was obtained at other indentation depths as well.
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Figure 2: AFM analysis on dry and cell-seeded CPH films after 1 day and 2 days
of culture. Surface topography of dry CPH film is shown by height image (a,c) and
sectional analysis (b.d). AFM height images (c) and sectional analysis (d) show
flat cell morphology of 1 day cultured cells; after 2 days of culture, several uneven
grooves and ridges are observed in substrate topography and unique cellular re-
sponse is shown by filapodia extension over several micrometers on CPH substrate,
as shown in AFM height image (e) and sectional analysis (g). Dotted line points
to the front edge of the cell which is observed to be spread into ∼600 nm groovy
surface. Sub-surface features of cells and filapodia are revealed by deflection image
(g).
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3.3 in situ nanomechanical experiments on live osteoblasts and osteoblast-
CPH composites over time

3.3.1 In situ nanomechanical studies of cells and cell-CPH composites after 1
day of culture.

Figure 3a shows a schematic representation of cells attached onto CPH film during
the initial cell adhesion phase. Optical micrograph of 1 day cell-seeded CPH film
shows the presence of smaller sizes (up to 40 µm) of the cells representing an ini-
tial cell adhesion phase (figure 3b). The smaller sizes are expected in early stages
of cell adhesion wherein, cells are yet to flatten out on substrate and thus appear
larger. The small ‘spiky’ features observed are the salt particles in the cell culture
medium. Representative load-displacement (LD) curves on cells obtained at depths
of 1000 nm and 2000 nm depth are shown in figure 3c. The shape of the LD curves
indicates reversible cell deformation suggesting that cells recover their shape on
unloading. LD curves obtained at 3000 nm and 4000 nm indentation depths (fig-
ure 3d) represent the composite mechanical response of cell and underlying CPH
film substrate, as shown by increased stiffness. The increased stiffness (change)
is described as evidence of initiation of composite response. LD curves obtained
at higher depths are also reversible but display large hysteresis as compared to
low depth indentations. In situ elastic moduli of cells and cell-CPH composites
at a particular depth are shown by vertical bars in figure 3e-h. Elastic moduli of
cells at 1000 nm depth are in the range of 5.3-12.0 MPa and represent indentation
response from top layers of cell surface mainly, the membrane and cytoskeleton
structures. Unique mechanical behavior of cells are observed at depths of 2000 nm
i.e. ECell−A, 2000 nm= 1.7-2.5 MPa, and ECell−B, 2000 nm= 3.7-5.9 MPa. Bulk elas-
tic moduli of cells are measured at 3000 nm depths (ECell, 3000 nm= 1.1-2.3 MPa).
Elastic moduli of cell-CPH composites at 3000 nm (ECell−CPH composite, 3000 nm) is
found to be 3.3-8.0 MPa, and 1.6-6.6 MPa at 4000 nm (ECell−CPH composite, 4000 nm).
The inherent heterogeneity in the cellular internal structure can lead to a variation
in elastic moduli of cells. Varying thickness of cell-CPH composite layers under
the indenter tip can result in a spread in elastic moduli of cell-CPH composites.

3.3.2 In situ nanomechanical characterization of osteoblasts and osteoblasts-
CPH composites after 4 days of culture.

Figure 4a shows a schematic representation of flat cells, and cell-cell interactions
on CPH films with an increase in cell culture time to about 4 days. Figure 4b
shows a typical optical micrograph of cells attached onto CPH film after 4 days of
culture. Changes in cellular responses are suggested to result from cell clustering,
indicating cell assemblage and organization over time. Both flat and round cells
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Figure 3: Schematic describes cellular responses during initial cell adhesion (a)
as also shown by round cell morphology in optical micrograph (b) taken on 1 day
cell seeded CPH film. In situ nanomechanical responses of 1 day cultured cells and
cell-CPH substrates are obtained (c-h). Mechanical responses of cells and cell-CPH
composites are completely reversible as shown by LD curves (c, d). Distinct elas-
tic moduli of cells and cell-substrates are obtained: ECell, 1000 nm = 5.3-12.0 MPa;
ECell−A, 2000 nm = 1.7-2.5 MPa; ECell−B, 2000 nm = 3.7-5.9 MPa; ECell, 3000 nm = 1.1-
2.0 MPa; ECell−CPH composite, 3000 nm = 3.3-8.0 MPa; and ECell−CPH composite, 4000 nm
= 1.6-6.6 MPa.
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are observed over the entire sample surface and some round cells are also observed
within the cell clusters. After 4 days of culture, most of the cells are observed
to be flat and indentation depths of up to 3000 nm were sufficient to obtain cell-
CPH composite indentation responses. LD curves in figures 4c, d indicate that cell
and cell-CPH substrate deformations are reversible, and delayed elastic responses
are shown by hysteresis in LD curves. After 4 days of culture, steeper loading
slopes are observed at 1000 nm & 2000 nm depths (as compared to 1 day cultured
cells), which implies a stiff nanomechanical response of flat cells. In situ elastic
moduli of cells (1000 nm depth), cell-CPH composites (2000 and 3000 nm depth)
are plotted in figures 3e-g. In situ elastic moduli of 4 days cultured cells and cell-
CPH substrates: ECell, 1000 nm = 4.4-11.0 MPa, ECell−CPH Composite, 2000 nm= 3.9-6.3
MPa, and ECell−CPH Composite, 3000 nm= 3.7-6.0 MPa.

3.3.3 In situ nanomechanical analysis of cells and cell-CPH after 8 days of cul-
ture

A schematic representation of typical cellular responses observed on CPH films
demonstrating cell migration and orientation towards core regions indicative of
developing bone nodules is shown in Figure 5a. Optical micrograph (figure 5b)
taken on 8 days cell-seeded CPH substrate reveals large assembly of cells ori-
ented towards the dense core region. In this micrograph, most of the cells ap-
pear to be flat and a few round cells are also observed. The L-D responses of
8 days cultured cells were observed to be similar to those obtained after 1 and 4
days of culture. Some unique load-deformation responses were obtained on core
dense regions at indentation depths of 1000, 2000, 3000, 4000 nm, respectively,
as shown in figures 5c, d. The L-D curves show stiffer mechanical response of
living/nonliving constituents of developing bone nodule, not observed in samples
with 1 and 4 days of culture. Large deformations (up to 4000 nm) were applied
on core regions to obtain indentation responses from varying depths within the
dense regions and obtain multi-layer responses from cell-developing bone nodule-
CPH-TCPS substrates (figure 5d). As shown in figure 5d, high loads (1400 µN)
are measured beyond 2700 nm depth, which suggest that indentation response is
primarily dominated by influence of the stiff TCPS substrate underneath the CPH
film. Figures 5e-g show the in situ elastic moduli of live cells, developing bone
nodules (dense regions), and cell-CPH composites obtained on 8 days cell-seeded
CPH films at indentation depths of 1000 nm (figure 5e), 2000 nm (figure 5f), and
3000 nm (figure 5g), respectively. In situ elastic moduli of 8 days cultured cells,
developing bone nodules and cell-CPH substrates are: 5.7-8.1 MPa at 1000 nm
(ECell, 1000 nm ), and 29.2-35.5 MPa (EDeveloping bonenodule, 1000 nm ). 1.6-3.6 MPa for
the cell at 2000 nm (ECell, 2000 nm ), 59.8-74.4 MPa for developing nodule at 2000
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Figure 4: Schematic demonstrates the typical cellular responses such as cell spread-
ing, physical interactions between neighboring cells as shown by corresponding
optical micrograph (b) taken after 4 days of culture on cell-seeded CPH films. Flat
and round cells and cell clusters are observed all over the sample surface. In situ
nanomechanical responses of 4 days cultured cells and cell-CPH substrates are ob-
tained (c-g). LD curves show completely reversible cell deformation of cells and
cell-CPH composites. Distinct elastic moduli of cells and cell-substrates are ob-
tained: ECell, 1000 nm = 4.4-11.0 MPa; ECell−CPH Composite, 2000 nm = 3.9-6.3 MPa;
and ECell−CPH Composite, 3000 nm = 3.7-6.0 MPa.
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nm (EDeveloping bone nodule, 2000 nm ), 45.5-69.1 MPa for developing bone nodule at
3000 nm( EDeveloping bone nodule, 3000 nm ) and 3.7-9.2 MPa for the cell-CPH compos-
ite at 3000 nm, (ECell−CPH composite, 3000 nm) and 92.7-194.5 MPa for the cell-CPH-
TCPS composite response (ECell−CPH−TCPS composite, 3000 nm) at 3000 nm.

3.3.4 In situ nanomechanical analyses of bone nodules after 22 days of culture

In vitro bone nodules were observed on CPH films after 22 days of culture. These
experiments did not utilize differentiating media. Figure 6a shows the AFM height
image revealing a cylindrical orientation of collagen fibers (∼1.7µm). Mineral
deposits of various sizes in the nm-µm range are observed to overlay the surface
of bone nodule as shown in AFM height image (figure 6b). Optical micrograph
(figure 6c) reveals a round dense feature (∼500µm) that has been confirmed to
be bone nodule using Alizarin Red S staining and structural-chemical analyses as
reported previously (Verma et al. 2010). L-D curve obtained at 1000 nm depth
(figure 6d) indicates a stiff nanomechanical response of bone nodule constituents
as compared to cells. The L-D curve obtained at 2000 nm depth (figure 6e) shows
gradual steps (∼300-400 nm wide) with change in slope in loading portion of the
curve. These slope changes and steps are representative of the multiphase charac-
teristics of the bone nodule consisting of tissue and mineralized structures. In situ
elastic moduli of bone nodule are plotted separately for indentation depths of 1000
nm (figure 6f) and 2000 nm (figure 6g), respectively. A larger range of values of
elastic moduli (EBonenodule, 1000 nm=5.5-48.7 MPa and EBone nodule, 2000 nm=8.0-21.7
MPa) is observed which can be expected from varying elastic properties of bone
nodule constituents such as soft collagenous phases (collagen fibers, fibrils) and
stiff hydroxyapatite particles present at different length scales.

4 Discussion

Experiments reported in this work indicate that over the time scale of initial cell ad-
hesion and proliferation, nanomechanical properties of cells fall in the same order
of magnitude as that of soaked CPH substrate. With further increase in cell cul-
ture duration, cells start synthesizing bone nodules consisting of robust hierarchi-
cal structures of collagen and hydroxyapatite that result in stiffer nanomechanical
response and elastic moduli measured over 22 days of culture. Further, consistent
elastic moduli of soaked CPH films are obtained over 22 days of soaking which
suggests that CPH substrates provide sufficient mechanical support to growing cells
and bone nodules.
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Figure 5: Schematic describes the typical demonstration of cell organization and
orientation toward core regions (a) as also observed by optical micrograph (b) after
8 days of culture on cell-seeded CPH films. Stiffer nanomechanical responses of
developing bone nodules are shown by steeper loading curves at 1000, 2000 and
3000 nm, respectively. Elastic moduli of cells, developing bone nodules and cell-
substrates are obtained: ECell,1000nm = 5.7-8.1 MPa; Edeveloping bone nodule, 1000 nm
= 29.2-35.5 MPa; ECell, 2000 nm = 1.6-3.6 MPa; Edeveloping bone nodule, 2000 nm = 59.8-
74.4 MPa; Edeveloping bone nodule, 3000 nm = 45.5-69.1 MPa; ECell−CPH composite, 3000 nm
= 3.7-15.1 MPa and ECell−CPH−TCPS composite, 3000 nm = 92.7-194.5 MPa.
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4.1 Cellular responses to swelling of CPH films over duration of 22 days: AFM
topography

Physical characteristics of biomaterials are modified as a result of degradation that
is likely to influence interactions between cells and biomaterials. Using AFM imag-
ing on cell-seeded CPH films, changes in substrate topography (sectional analysis;
figures 2b, e, and f) are observed during 2 days of culture as a result of change in
swelling characteristics of CPH films, as reported previously (Khanna et al. 2010).
Topographical changes in cell shape, and extension of filapodia over several µm are
typical cellular responses to swelling of CPH films (as shown in figure 2) and cells
appear to take the shape of swelling substrate. On taking a critical look at shape,
size and long extensions of filapodia (figure 2g), it appears that focal adhesions
are continuously varying and mechanosensitive and modulate their shapes, sizes
and orientations in a response to change in substrate topography/stiffness. These
results suggest that cells can sense and respond to substrate swelling thereby ex-
hibiting dynamic physical interactions with the swelling substrate. Overall, CPH
films exhibit swelling characteristics, but severe degradation was not observed un-
til 48 days soaking in cell culture medium. Earlier, chitin based biomaterials sub-
strates have been shown to undergo lysozyme based enzymatic degradation. These
findings reach to an important conclusion that CPH films were in-tact and pro-
vided sufficient physical support for cell adhesion, proliferation and development
of hierarchically-organized bone nodules.

4.2 In situ load-deformation behavior of cells and cell-CPH composites

Depending on the amount of strain applied and timescale probed, the osteoblast
cells show both elastic and viscoelastic behavior. Nanomechanical properties of
cells measured with nanosized probes at smaller depths indicate the elastic de-
formation of cellular structures such as membranes, cytoskeleton and organelles
present near the cell surface. Cytoskeleton provides structural integrity to cell and
is known to be inherently viscoelastic and shows frequency or time dependent de-
formation. (Balland et al. 2006) The soft glassy model predicts that cytoskeleton
shows elastic recovery over a time scale of seconds, (Solon et al. 2007) and vis-
coelastic effects are more likely to occur at longer duration deformation of cell
which can be caused by both viscous flow and active remodeling. (Mahaffy et
al. 2004) Viscoelastic behavior of materials and biological cells has been widely
reported using indentation methods. (Arfsten et al. 2008; Darling et al. 2008; Ma-
haffy et al. 2004; Park et al. 2009) In this work, indentation tests are performed
at depths of 1000 nm, 2000 nm, 3000 nm, and 4000 nm at loading and unloading
rate of 100 nm/s for total duration of 20s, 40s, 60s, and 80 s, respectively. Smaller
hysteresis observed (figures 3 and 4) at smaller indentation depths display mini-
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mal effect of time-dependent mechanical response that may arise from the cellular
structures (mainly, cytoskeleton) present near the cell periphery. Large hysteresis
in LD cycles (figures 5 and 6) displays distinct time-dependent behavior arising
from within cells, bone nodules and swollen CPH films that can be expected under
high loading/strain conditions for longer duration tests

4.3 In situ mechanical behavior of cells, bone nodules and cell-CPH compos-
ites

Over time, a series of progressive cellular processes are observed such as initial
cell adhesion, cell clustering and cell migration and formation dense cell masses
(figures 2-6), that may also contribute to dynamic mechanical behavior of cells on
CPH substrates. Stiffer nanomechanical responses (as shown in figure 4c) are gen-
erally observed from flat cells as compared to round cells, which can be related to
cytoskeleton organization. Bone nodules formed on CPH films exhibits hierarchi-
cal structures of collagen and hydroxyapatite and may also contain cells embedded
within them. Varying load-deformation characteristics and mechanical properties
of bone nodules (figure 6) suggests that indentation response arises from individ-
ual constituents of bone nodules containing living (embedded cells) and non-living
materials (proteins and minerals). Composite mechanical behavior of bone nodule
measured at higher indentation depths of 2000 nm, indicates lower spread in elas-
tic moduli. It is interesting to note that hydroxyapatite clusters much larger than a
few nanometers are observed much prior to the establishment of fully mineralized
bone tissue as seen in figure 6. Such large clusters have also been described in sev-
eral theoretical and computational studies to play an important role for the elastic
and inelastic behavior of bone tissues (Crolet et al. 1993; Eberhardsteiner et al.
2012; Fritsch & Hellmich 2007; Fritsch et al. 2009; Hellmich et al. 2004; Katti et
al. 2010a; Pidaparti et al. 1996). The experimental evidence presented also pro-
vides input to development bone fibril models through computational approaches
.( ) (Pradhan et al. 2012; Pradhan et al. 2011).

In general, elastic moduli of both cells and cell-CPH composites decreased with an
increase in indentation depth. Variation in elastic properties of cell-CPH compos-
ites may be due to multilayer types of mechanical responses obtained from various
regions of cell bodies and swollen CPH films, depending on position of indenter tip
on cell-CPH construct. In addition, both cells and swollen CPH films possess vary-
ing degrees of time-dependent deformation behavior due to inherent differences
in viscoelasticity of cell and swollen CPH film arising from their inherent physi-
cal/biological characteristics All of these factors may contribute to spread in elastic
moduli of cell-CPH composites i.e. ECell−CPH composite, 3000nm, 1 day= 3.3-8.0 MPa,
ECell−CPH Composite, 3000 nm, 4 days= 3.7-6.0 MPa and ECell−CPHcomposite, 3000nm, 8 days=
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Figure 6: AFM height images showing the collagen fibers (∼1.7 µm diameter) (a)
and HAP particles (∼250 nm) (b) present on the bone nodules after 22 days of cul-
ture. (c). Load-deformation behavior of bone nodules at indentation depths of 1000
nm (d) and 2000 nm (e), respectively. Elastic moduli of bone nodule constituents
are: EBonenodule, 1000 nm =5.5-48.7 MPa and EBonenodule, 2000 nm =8.0-21.7 MPa.
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3.7-9.2 MPa. Elastic properties of cell-CPH did not change significantly over time,
suggesting that interactions between cells and CPH films were maintained over
time. Over 22 days, composite responses of bone nodule and CPH film substrate
were difficult to measure due to large thickness of bone nodules (∼1-2 mm) and
limitation with the maximum displacement limit (5 µm) that can be obtained with
nanoindentation instrument.

5 Conclusions

1. Here we present a novel in situ nanoindentation experiment developed to
evaluate the mechanical behavior of live osteoblasts, developing and mature
bone nodules and cell-biomaterial interfaces for tissue engineering applica-
tions. Overall, the CPH substrates provide favorable microenvironment for
cell organization and bone nodule generation and in-turn regulate the me-
chanical behavior of cell-substrate interactions for bone regeneration.

2. Over the time scale of cell adhesion, proliferation and bone nodule regenera-
tion (22 days), changes in mechanical behavior of cells are seen as shown by
elastic properties of cells with flat cells (4 days) indicating higher stiffness In
situ Mechanical Response of Human Osteoblasts on Chitosan-Polygalacturonic
acid-Hydroxyapatite Nanocomposites than round (1 day) and oriented cells
(8 days), respectively.

3. Consistent range of elastic properties of cell-CPH composites were measured
(ECell−CPH composite, 3000 nm, 1 day= 3.3-8.0 MPa, ECell−CPH,3000nm,4days,= 3.7-
6.0 MPa and ECell−CPHcomposite, 3000 nm, 8 days= 3.7-9.2 MPa) which reaches
to an important conclusion that interactions between cells and CPH films at
cell-CPH interfaces were maintained.

4. Cells can feel and respond to swelling of CPH films by modulating their
shape and focal adhesions as revealed by AFM topographic images on cells.

5. Overall, elastic moduli of cells and bone nodules fall in the same order of
magnitude as that of swelling CPH films (i.e. in MPa). These results suggest
that tissue engineered substrates such as CPH films may not need to possess
the bone-like stiffness of the order of GPa for bone nodule regeneration.

Hence, the deformation behavior of cells is observed to be different on synthetic
biodegradable CPH films than that on TCPS substrates. We have observed substrate
stiffness dependent differences between response of cells on TCPS and CPH films
i.e. elastic properties of cells cultured on CPH films (E∼5-12 MPa) match closely
with that of soaked CPH substrates (E∼10-20 MPa) and bone nodules are formed
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on CPH films. These results suggests that cells may get stimulated by substrate
of matching stiffness (CPH film) and start organizing themselves to develop their
own extracellular matrix. This further suggests that physico-chemical-mechanical
characteristics of biodegradable CPH substrates provide favorable microenviron-
ment for tissue regeneration which in turn regulates the mechanical behavior of
cell-substrate interactions.

In this work, in situ nanomechanical behavior of cells, bone nodules and cell-CPH
composites have been evaluated. Adopting this methodology, cell-substrate inter-
actions can be modulated by tuning the material properties so as to provide the
optimal template for cells for bone regeneration.∼Nanomechanical analyses on bi-
ological and biodegradable materials presented in this work are applicable in di-
verse areas of tissue engineering which employs the use of nanoindentaion as an
effective mechanical property measurement technique for studying the multiscale
experimental mechanics of cells-tissue-material systems over the time scale of tis-
sue generation These studies provide valuable input and also insight into develop-
ment of multiscale models of fibrillar and higher lever models of bone. Design of
scaffold systems for tissue regeneration is expected to be greatly enhanced with
computational techniques that predict the time evolution of scaffold mechanics.
It is very useful to have nanomechanical data of elastic behavior of cells and tis-
sues during bone generation available for the development of robust computational
models.
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