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Abstract. Vertebral compression fractures account for approximately 700,000 out of the
1.5 million total osteoporotic fractures that occur annually in the USA. There is growing
interest in substituting currently utilized clinical treatments for vertebral compression
fractures with an injectable, degradable, and bioactive system. In this research we studied
the osteoinductive effect of calcium phosphate incorporation into cellulose nanocrystal/
chitosan hydrogels with varying ratios of carbonate as an ionic crosslinker and genipin as a
covalent crosslinker. As calcium and phosphate ions have been shown to be osteoinductive in
time and concentration dependent manners, dibasic calcium phosphate was chosen as a
bioactive additive due to its desirable controlled ion delivery potential. Gelation time,
swelling ratio, erosion, compressive strength, and ion release behavior of different dibasic
calcium phosphate incorporated hydrogels were evaluated. Mesenchymal stem cells were
then exposed to mechanically competent hydrogels found capable of maintaining calcium and
phosphate concentrations within the established bioactive range in order to assess their
cytotoxicity and osteoinductivity. Our results demonstrate that hydrogels with higher
covalent crosslinking possessed better mechanical properties and stabilities as well as more
controlled calcium and phosphate ion release. Interestingly, dibasic calcium phosphate
incorporation not only improved hydrogel bioactivity but also resulted in greater compressive
strength.

KEY WORDS: vertebral compression fractures; hydrogel; chitosan; cellulose nanocrystals; calcium
phosphate.

INTRODUCTION

Vertebral compression fractures (VCFs) are caused by
the collapse of vertebral bone into itself which leads to
sudden focal back pain and loss of function (1,2). Nearly
three quarters of a million VCFs occur annually in the USA,
primarily as a consequence of osteoporosis (3). Surgical
interventions for VCFs normally consist of vertebroplasty or
kyphoplasty (4–7), which involve modifying fractured bone
tissue through the injection of poly(methylmethacrylate)

(PMMA) bone cement into the vertebral body (8). PMMA
is a non-bioactive, non-biodegradable polymer that possesses
a much higher compressive strength than native bone tissue.
While it is capable of treating the primary fracture, it leads to
a significantly higher risk in the presentation of new fractures
in patients treated with this material (9). Due to this
limitation, novel approaches for the treatment of VCFs are
greatly needed.

Chitosan hydrogels have been well studied as injectable,
biodegradable, and bioactive systems for bone regenerative
applications (10,11). One of the limitations of chitosan
hydrogels for load bearing applications is their low compres-
sive strength. This can be mitigated through compositing
chitosan with other materials. Physical incorporation of
cellulose nanocrystals (CNCs) (12,13) into chitosan hydrogels
has been shown to enhance the mechanical properties of the
resulting composite (CNC/chitosan) (14,15). CNC/chitosan
hydrogels can be fabricated through physical association and/
or chemical crosslinking of the chitosan cationic amine group.
Previous research has shown that a higher swelling ratio, and
more rapid degradability can be conveyed with ionic
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crosslinking (16–18), whereas improved mechanical proper-
ties and chemical stability can be achieved through covalent
crosslinking (16,17,19). Also, increased crosslinker density
has been found to be correlated with hydrogel mechanical
strength and stability (20,21).

An advantage of co-crosslinking CNC/chitosan hydrogels
via both ionic and covalent methods is to allow for the fine
tuning of the resulting material’s physical and mechanical
properties. Specifically, it is believed that through parameter
optimization, a matrix capable of desirable bioactive reagent
delivery for the treatment of VCFs can be achieved. Calcium
phosphates (CaPs) are an excellent candidate as a bioactive
additive due to their similar composition to natural bone (22)
and intrinsic osteoinductivity (23). We have recently shown
that mesenchymal stem cells (MSCs) exposed to sustained,
appropriate concentrations of calcium (Ca2+) and phosphate
(Pi) ions facilitate their osteoblastic differentiation (24,25).
The challenge with utilizing CaPs as bioactive fillers in CNC/
chitosan hydrogels is regulating desirable ion release over
time. The release rate of the ions in an aqueous environment
depends on CaP dissolution kinetics and hydrogel matrix
properties. The former can be regulated by different param-
eters such as nanocrystallinity and calcium/phosphate ratio
(26,27), while the latter depends on hydrogel stability in the
aqueous environment, which is directly related to crosslinking
type and density (14).

In this research, we incorporated moderately decompos-
ing dibasic CaP (24) into CNC/chitosan hydrogels bearing
different crosslinking ratios for which CaP quantity was
optimized in order to achieve suitable ion release profiles
and appropriate hydrogel physical properties. Hydrogels with
desirable ion release and material properties were exposed to
mesenchymal stem cells to evaluate their cytotoxic and
osteoinductive properties.

MATERIALS AND METHODS

Cellulose Nanocrystal Synthesis

Cellulose nanocrystals (CNCs) with no surface charge
(0CNCs) were obtained from cellulose microcrystals (CMCs,
Avicel PH-101) as described elsewhere (14). Briefly, 3 g of
CMCs was added to 150 mL of an acid solution consisting of
3 M citric acid and 6 M hydrochloric acid mixed together at a
volumetric ratio of 9:1. The hydrolysis reaction was first
conducted at 80 °C with continuous stirring for 4 h. There-
after, the reaction mixture was transferred into dialysis tubes
for processing in deionized (DI) water (28). The concentra-
tion of the CNC suspension was then adjusted to 0.1 wt% and
pH adjusted to 10 with a NaOH solution. CTAB powder was
added at a 1:2 M ratio of CNC carboxyl groups to CTAB to
cap the carboxyl groups to yield 0CNCs. This reaction was
initiated at 60 °C for 3 h with continuous stirring and
continued overnight at room temperature. A series of
dialysis steps were then used to process the product until
neutral pH was achieved.

Hydrogel Preparation

Low molecular weight chitosan (MW ~ 50,000–
190,000 Da; Sigma Aldrich) was dissolved in a 0.5% acetic

acid in double-distilled water (ddH2O) solution at 1.4% wt/v
using constant magnetic stirring for 72 h at room temperature
followed by vacuum filtration. 0CNCs were suspended in the
chitosan solution at 0.07% wt/v using 10 min of sonication
employed with a probe-tip sonicator (Thermo Fisher) at
200 W. Dibasic calcium phosphate (DCP; Jost Chemical Co)
was also suspended in the chitosan solution at 6% (DCP6)
and 10% (DCP10) wt/v using the probe-tip sonicator at
200 W. Chitosan solutions without DCP were utilized as
non-bioactive control groups. To prepare crosslinking solu-
tions, sodium bicarbonate (ionic crosslinker) and genipin
(covalent crosslinker) were dissolved in ddH2O using the
probe-tip sonicator at 200 W. The crosslinking solutions were
created so that for each hydrogel, the molar ratio of
crosslinker per deacetylated chitosan site (85% of total
amines) was 5, 10, and 15 for sodium bicarbonate and 0.312,
1.25, and 2.5 for genipin. Hydrogels were fabricated by
adding the appropriate crosslinking solution to a 0CNC/
DCP/chitosan solution and mixing using high-speed vortexing
for 15 s. The samples were then placed in a water bath at
37 °C for further evaluation. Crosslinking solution combina-
tions with ratios of 5:0.312:1, 5:1.25:1, 5:2.5:1, 10:0.312:1,
10:1.25:1, 10:2.5:1, 15:0.312:1, 15:1.25:1, or 15:2.5:1 of carbo-
nate:genipin:chitosan (C:G:C) were evaluated.

Ion Release Study

Ca2+ and Pi release from DCP and hydrogels containing
DCP was measured in ddH2O at 37 °C over 14 days.
Preformed hydrogels were immersed in water directly, and
as a control, DCP powder was placed in a Transwell insert
(Corning) and then immersed in water. At certain time
points, ddH2O was exchanged and the solution was saved
for ion release measurement.

Calcium release was measured using the Calcium Liqui-
Color Assay (Stanbio laboratory) following the manufac-
turer’s protocol. In brief, the solution was diluted using a
color and base reagent, mixed well, and read by a BioTek
Cytation 5 fluorospectrometer plate reader at 550 nm. The
absorbance was converted to Ca2+ content using a standard
concentration curve in the linear range (0–15 mg/dL).
Samples above the linear range were diluted with ddH2O
prior to being mixed with the color and base reagents.

Phosphate release was measured using the Phosphate
Colorimetric Assay Kit (Sigma-Aldrich) according to the
manufacturer’s suggested procedure. In brief, the samples
were mixed with phosphate reagent in a horizontal shaker
and incubated at room temperature for 1 h while being
protected from light. The absorbance was recorded at 650 nm
with a BioTek Cytation 5 fluorospectrometer plate reader.
The absorbance was converted to phosphate ion content
using a standard curve in the linear range (0–5 nmol/mL).
Samples above the linear range were diluted with ddH2O
prior to being mixed with the assay reagent.

Gelation Time Determination

Gelation time was determined using the tube inversion
method (29). The hydrogel mixture was incubated in a plastic
vial at 37 °C, which was then inverted every 30 s. The gelation
time was recorded as the time that the mixture no longer
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flowed and the vial could be completely inverted without the
sample falling due to gravity.

Compressive Strength Assessment

Crosslinked cylindrical hydrogel disks with thickness of
~ 5 mm and diameter of ~ 10 mm were removed from their
gelation vials. The mechanical properties of the samples were
measured via compression tests using a TA Universal
mechanical testing device. The strain response for each
sample was monitored under a 5-kg load and a crosshead
speed of 1 mm/min until 80% strain was achieved.

Swelling Measurement

Hydrogel swelling was assessed by first immersing
samples in phosphate buffered saline (PBS) at 37 °C for
24 h. After 24 h, the samples were removed from PBS and
blotted gently with Kimwipes to remove surface associated
water after which they were weighed. The samples were then
frozen at − 80 °C and lyophilized under vacuum (0.1 mmHg)
and at − 50 °C for 72 h to make sure all solvent was removed.
The samples were weighed after 3 days and the swelling ratio
was measured using Eq. 1:

Swelling ¼ Ww

Wd
ð1Þ

where Ww is the wet hydrogel weight before lyophilization
and Wd is the dry hydrogel weight after lyophilization.

Mass Loss Determination

Hydrogel mass loss was determined by immersing
samples in PBS at 37 °C for a period of 14 days. At specific
intervals, the samples were removed from PBS and blotted
gently with Kimwipes to remove surface associated water
after which they were weighed. Mass loss (%) was deter-
mined using Eq. 2:

Mass Loss %ð Þ ¼ W0−Wt

W0
ð2Þ

where W0 and Wt are the initial weight and the weight at a
specific time point, respectively. The endpoint data (i.e., day
14) are reported in this manuscript.

Cell Culture and Seeding

Murine mesenchymal stem cells (MSCs) were purchased
from Cyagen, loaded into T-75 cell culture flasks (Corning),
and grown at 37 °C in a humidified incubator with 5% CO2

using growth media consisting of Dulbeco’s modified Eagle’s
medium (DMEM, Invitrogen) supplemented with 10% fetal
bovine serum (FBS, Invitrogen) and 1% penicillin–
streptomycin (Pen-Strep, Invitrogen). Media was changed
every 48 h until cells approached ~ 80% confluency after
which they were dissociated using a 0.05% trypsin-EDTA
solution (Invitrogen). Detached MSCs were counted using a
hemocytometer and passed to new T-75 flasks at a splitting

ratio of 1:4 or 1:5 dependent on overall cell count. After the
fifth passage, cells were used for in vitro bioactivity studies.
Tissue cultured polystyrene 24-well plates (Corning) were
seeded with 30,000 cells/well and exposed to growth media
alone as a negative control, 0CNC/C:G:C hydrogels with
different crosslinking ratios (5:1.25:1, 5:2.5:1, 10:2.5:1,
15:2.5:1) as potentially inert hydrogels or 0CNC/DCP6/
C:G:C hydrogels with different crosslinking ratios (5:1.25:1,
5:2.5:1) or 0CNC/DCP10/C:G:C with different crosslinking
ratios (5:2.5:1, 10:2.5:1, 15:2.5:1) as potentially bioactive
hydrogels. MSCs were cultured for up to 14 days at 37 °C in
a humidified incubator with 5% CO2 for which growth media
was changed every 3 days. Cell proliferation, viability,
alkaline phosphatase (ALP) activity, and mineralization were
assessed at 1, 3, 7, and 14 days.

Proliferation Assay

Cell proliferation was determined using the Quanti-iT
PicoGreen dsDNA Assay (Thermo Fisher Scientific). At each
end point, the samples were rinsed with PBS and exposed to
1% Triton X-100 (Sigma-Aldrich) followed by three freeze–
thaw cycles in order to lyse the cells. Lysates were diluted
with TE buffer (200 mM Tris-HCL, 20 mM EDTA, pH 7.5)
and mixed with PicoGreen reagent according to the manu-
facturer’s protocol. A BioTek Cytation 5 fluorospectrometer
plate reader was utilized to measure the fluorescence of each
sample (ex. 480 nm, em. 520 nm), and the cell number was
determined using a MSC standard curve (0–200,000 cells/
mL).

Viability Assay

Cell viability was evaluated at each time point using a
MTS Cell Proliferation Colorimetric Assay Kit (BioVision).
MTS reagent (20 μL) was added to growth media (500 μL)
followed by 4 h incubation at 37 °C in a humidified incubator
with 5% CO2. Absorbance of each sample was measured at
490 nm. Cell viability was reported as the ratio of absorbance
in the experimental groups compared to exposure to growth
media alone as a negative control.

Alkaline Phosphatase Activity Assay

Cell ALP activity was quantified at each time point using
an Alkaline Phosphatase Assay Kit (BioVision). In brief,
20 μL of cell lysate was combined with 50 μL of p-nitrophenyl
phosphate (pNPP) solution in assay buffer. The mixture was
incubated for 1 h at room temperature away from light. The
reaction was stopped by the addition of 20 μL of stop solution
and the absorbance of the resulting solution was measured at
405 nm using a plate reader. To eliminate any background
effects, 1% Triton X-100 was incubated with pNPP, exposed
to stop solution after 1 h, and its absorbance deducted from
the value for each sample. The absorbance values were
converted to the content of p-nitrophenyl (pNP) using a
standard curve (0–20 nmol/mL) which was dephosphorylated
using excess ALP enzyme. ALP activity was reported as pNP
content normalized by cell count.
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Mineralization Assay

Cell-based mineral deposition was measured at each time
point using an Alizarin Red assay. At each time point, the
media was removed after which the cells were washed with
ddH2O and fixed in 70% ethanol for 24 h. The ethanol was
removed and the samples were incubated in 1 mL of 40 mM
Alizarin Red solution (Sigma-Aldrich) for 10 min. The
samples were rinsed with ddH2O several times to ensure all
non-absorbed stain was removed. Absorbed Alizarin Red was
desorbed using 1 mL of a 10% cetylpyridinium chloride
(CPC, Sigma-Aldrich) solution, after which stain concentra-
tion was measured at 550 nm using a plate reader. Absor-
bance of each sample was converted to the concentration of
absorbed Alizarin Red using a standard curve (0–0.2740 mg/
mL). Samples above the standard curve linear range were
diluted with CPC until a solution in the linear range was
obtained. Cell-based mineral deposition was calculated by
subtracting mineralization found in blank wells exposed to
the same experimental conditions. All results were normal-
ized by cell count.

Statistical Analysis

JMP software was used to make comparisons between
experimental groups with Tukey’s HSD test specifically
employed to determine pairwise statistical differences
(p < 0.05). The statistical analysis results are reported in the
supplemental information section. Groups that possess differ-
ent letters have statistically significant differences in mean,
whereas those that possess the same letter have means that
are statistically insignificant in their differences.

RESULTS

Calcium and Phosphate Release from Cellulose Nanocrystal/
Dibasic Calcium Phosphate/Carbonate:Genipin:Chitosan
(0CNC/DCP/C:G:C) Hydrogels

Ca2+ and Pi release profiles from DCP and hydrogels
containing DCP are reported in Fig. I. DCP is a CaP with a
relatively low KSP that facilitates gradual dissolution and
related ion release. In specific, DCP6 (Fig. 1a, b) and DCP10

(Fig. 1c, d) released 21% and 22% of their total ion content,
respectively, within 14 days. Both 0CNC/DCP6/C:G:C and
0CNC/DCP10/C:G:C hydrogels with the same crosslinking
ratios showed similar ion release rates, indicating the
differences in overall DCP content had neglectable influence
on hydrogel ion release behavior. However, certain hydrogel
formulations were found to retard the ion release rate for
incorporated DCP. Specifically, the covalent crosslinking ratio
was found to be quite important in ion release profile as the
genipin content directly related to release rate (i.e., 14–19%
for C:G:C X:0.3125:1, 9–12% for C:G:C X:1.25:1, and 5–8%
for C:G:C X:2.5:1). In contrast, ionic crosslinker
concentration made much less of an impact on ion release.
The lowest ion release rate belongs to the hydrogel with the
highest covalent and ionic crosslinker content (i.e., C:G:C
15:2.5:1) which was almost one fifth that of neat DCP (i.e.,
5% compared to 22%).

Figure 2 represents the concentration of calcium and
phosphate ion released from different materials after their
immersion in water for 14 days for which the data was
determined directly from the aforementioned ion release
experiment (Fig. 1). As we have shown previously, calcium
ion concentrations of 1–16 mM and phosphate ion concen-
trations of 1–8 mM were successfully able to induce mesen-
chymal stem cell (MSC) osteogenic differentiation without
being cytotoxic (24). As shown in Fig. 2a, b, 0CNC/DCP6/
C:G:C hydrogels showed desirable controlled ion release
properties with formulations maintaining the therapeutic
window of calcium and all hydrogels except C:G:C 5:0.312:1,
10:0.312:1, and 15:0.312:1 as well as DCP itself achieving
phosphate release in the therapeutic window. In contrast,
0CNC/DCP10/C:G:C hydrogels showed less desirable
controlled release profiles, with only C:G:C 15:1.25:1 and
15:2.5:1 maintaining the release of both ions within their
respective therapeutic windows.

Materials Properties of Cellulose Nanocrystal/Dibasic Cal-
cium Phosphate/Carbonate:Genipin:Chitosan (0CNC/DCP/
C:G:C) Hydrogels

Gelation times for different 0CNC/DCP/chitosan
hydrogels are shown in Fig. 3. Incorporation of DCP
decreased gelation time, however, the amount of DCP
content did not have a noticeable impact. Also, increasing
genipin content for all 0CNC/DCP/chitosan hydrogels was
found to decrease the gelation time. For hydrogels without
DCP, genipin content decreased the gelation time of
hydrogels with lower carbonate content (i.e., C:G:C 5:X:1
and C:G:C 10:X:1), but it did not change the gelation time for
higher carbonate content (i.e., C:G:C 15:X:1). Carbonate
content was found to impact gelation time for all hydrogels
regardless of DCP incorporation and content with the
greatest impact seen with the lowest covalent crosslinking
ratio (i.e., C:G:C X:0.312:1).

The swelling ratio and mass loss of 0CNC/DCP/chitosan
hydrogels are reported in Table I for which statistical analysis
was conducted to determine the impact of ionic crosslinking
ratio (Table S1), covalent crosslinking ratio (Table S2), and
DCP incorporation (Table S3). DCP incorporation decreases
the hydrogel swelling ratio dramatically. The swelling ratio
for 0CNC/chitosan hydrogels was found to be 17–28, while it
was only 5–7 for hydrogels containing DCP. Increased DCP
content also slightly decreased the swelling ratio. The hydro-
gel swelling ratio also varied slightly as a function of cross-
linker quantity. Increasing hydrogel carbonate or genipin
content caused a slight decrease in hydrogel swelling. Hydro-
gel mass loss at 14 days decreased approximately 10% when
DCP was incorporated regardless of the amount added (i.e.,
45–35% for 0CNC/C:G:C hydrogels and 39–21% for 0CNC/
DCP/C:G:C hydrogels). Ionic and covalent crosslinking did
not dramatically alter hydrogel mass loss over 14 days.

The compressive strength of 0CNC/DCP/C:G:C
hydrogels is detailed in Fig. 4 for which statistical analysis
was conducted to determine the impact of ionic crosslinking
ratio (Table S4), covalent crosslinking ratio (Table S5), and
DCP incorporation (Table S6). DCP incorporation signifi-
cantly increased hydrogel compressive strength with the
greatest impact found with low carbonate content hydrogels
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(i.e., C:G:C 5:X:1). Higher DCP content (DCP10) showed
further improvement in hydrogel compressive strength when
compared to lower DCP content (DCP6). The compressive
strength of 0CNC/C:G:C hydrogels without DCP was not
significantly influenced by changes in carbonate or genipin
content. However, in 0CNC/DCP/C:G:C hydrogels, the lowest
carbonate containing formulations (i.e., C:G:C 5:X:1) showed
statistically significant increases in compressive strength. The
greatest compressive strength observed among all of the

different formulations evaluated was 324 kPa which was
achieved with 0CNC/DCP10/C:G:C 5:1.25:1 hydrogels.

Bioactivity of Cellulose Nanocrystal/Dibasic Calcium Phos-
phate/Carbonate:Genipin:Chitosan (0CNC/DCP/C:G:C)
Hydrogels

As 0CNC/C:G:C hydrogels were being designed for VCF
repair applications, their impact on mesenchymal stem cell

Fig. 1. Cumulative calcium and phosphate ion release. a Ca2+ and b Pi release from 0CNC/DCP6/C:G:C hydrogels as well as c Ca2+ and d Pi

release from 0CNC/DCP10/C:G:C hydrogels was measured for hydrogels that were immersed in ddH2O for 14 days at 37 °C. The cumulative
data were normalized by maximum ion content for each material (N = 4)

Fig. 2. Released calcium and phosphate ion concentration. a Ca2+ and b Pi release from 0CNC/DCP6/C:G:C hydrogels as well as c Ca2+ and d
Pi release from 0CNC/DCP10/C:G:C hydrogels was measured for hydrogels that were immersed in ddH2O for 14 days at 37 °C (N = 4)
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(MSC) health and osteogenesis needed to be explored. The
choice of hydrogels used in these biological experiments were
made based on their capacity to maintain calcium and
phosphate ion release within the osteoinductive therapeutic
window for 14 days while possessing a compressive strength
of at least 120 kPa. Based on this criteria, five DCP containing
formulations (i.e., 0CNC/DCP6/C:G:C 5:1.25:1 and 5:2.5:1,
and 0CNC/DCP10/C:G:C 5:2.5:1, 10:2.5:1, and 15:2.5:1) were
studied further. 0CNC/C:G:C 5:1.25, 5:2.5:1, 10:2.5:1, and
15:2.5:1 were evaluated as biologically inert controls to
determine the impact calcium and phosphate ion release
had on hydrogel cytotoxicity and inductivity. Neat DCP was
also included to investigate the impact of controlled ion
release on stem cell behavior. MSC proliferation and viability
due to the presence of different hydrogel formulations are
shown in Fig. 5, for which statistical analysis was conducted to
assess the impact of formulation (Table S4) and time
(Table S5). MSCs seeded on tissue cultured plastic (Ctrl)
and incubated in growth media proliferated to seven times

initial seeding cell number over 14 days of culture (Fig. 5a). In
contrast, MSCs exposed to any hydrogel formulation showed
some decrease in cell count in the first day followed by either
remaining at a constant amount throughout the rest of the
14 days of the experiment for 0CNC/chitosan hydrogels or
proliferating slightly (i.e., up to two times of initial seeding)
for 0CNC/DCP/chitosan hydrogels (Fig. 5a). The number of
cells exposed to DCP6 slightly decreased at day 1 to 75%
initial seeding followed by an increase to 50% initial seeding
by day 3 and after while the decrease in cell number exposed
to DCP10 was up to 25% at day 1 and remained constant
afterward. At each time point, MSCs given growth media
alone (Ctrl) were found to be at statistically significantly
greater cell counts than all hydrogel formulations and cells
exposed to 0CNC/DCP/C:G:C hydrogels maintained
statistically significantly greater numbers than 0CNC/C:G:C
hydrogels and DCP alone (Table S4). A MTS assay showed
that MSCs exposed to any 0CNC/C:G:C hydrogel formulation
as well as DCP for up to 14 days were more than 50%

Fig. 3. Gelation time for 0CNC/C:G:C hydrogels with varying crosslinking ratios and DCP incorporation.
Hydrogels were prepared without DCP (O), with 6% DCP (D6), and 10% DCP (D10). The inversion
method at 37 °C was used to determine in situ gelation time. Results are an average of four independent
measurements

Table I. Swelling Ratio and Mass Loss for C:G:C Hydrogels with Different Crosslinking Ratios and DCP Incorporation. The Swelling Ratio
Was Determined as the Ratio of Wet Weight to Dry Weight of Hydrogels After Immersion in PBS for 24 h at 37 °C. Mass Loss Was Measured
by Immersing Hydrogels in PBS at 37 °C for 14 Days and Comparing the Change in Mass Over Time. Results Are the Averages of Four

Independent Measurements

C:G:C 0CNC 0CNC/DCP6
0CNC/DCP10

Swelling ratio Mass loss (%) Swelling ratio Mass loss (%) Swelling ratio Mass loss (%)

5:0.312:1 28.7 ± 1.3 45.4 ± 2.1 7.1 ± 0.2 37.3 ± 1.9 6.8 ± 0.5 39.4 ± 5.2
5:1.25:1 25.8 ± 2.1 42.8 ± 5.9 6.8 ± 0.2 33.5 ± 7.1 6.0 ± 0.3 34.6 ± 7.7
5:2.5:1 19.8 ± 1.4 37.0 ± 3.4 5.6 ± 0.1 31.0 ± 4.9 4.7 ± 1.0 30.5 ± 13.8
10:0.312:1 25.3 ± 3.3 40.5 ± 5.4 6.7 ± 0.3 36.7 ± 6.7 6.6 ± 0.3 38.6 ± 7.3
10:1.25:1 22.7 ± 3.3 38.0 ± 10.6 6.2 ± 0.2 33.6 ± 8.3 5.7 ± 0.8 33.8 ± 10.4
10:2.5:1 18.0 ± 1.6 35.5 ± 9.6 5.5 ± 0.2 29.9 ± 5.2 5.3 ± 0.4 29.9 ± 8.7
15:0.312:1 23.6 ± 2.3 43.8 ± 5.9 6.2 ± 1.3 32.9 ± 1.9 6.2 ± 2.4 37.8 ± 7.4
15:1.25:1 21.3 ± 0.4 39.7 ± 16.1 5.5 ± 1.3 22.5 ± 7.4 5.3 ± 1.1 32.9 ± 5.9
15:2.5:1 16.9 ± 1.8 34.3 ± 12.9 5.3 ± 0.9 21.5 ± 9.4 5.2 ± 0.3 23.6 ± 8.4
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metabolically active compared to the control treatment (Fig.
5b). No statistically significant differences in viability were
observed among any 0CNC/C:G:C hydrogel groups or time
points (Table S4 and Table S5). MSCs exposed to 0CNC/
DCP/C:G:C hydrogels showed more than 80% metabolic
activity compared within 14 days compared to the control
treatment. The difference between viability of the MSCs
exposed to 0CNC/DCP/C:G:C were statistically significantly
greater than 0CNC/DCP/chitosan hydrogels and DCP for all
time points (Table S5). Interestingly, neither crosslinker type
(i.e., ionic or covalent) nor crosslinker ratio was found to
dramatically impact MSC proliferation or viability.

MSC ALP activity and mineralization due to interactions
with different hydrogel formulations are provided in Fig. 6,
for which statistical analysis is provided (Table S4 and
Table S5). MSCs exposed to media alone (Ctrl) showed
background levels of ALP expression, which were statistically
significantly lower than any 0CNC/C:G:C hydrogels, any
0CNC/DCP/C:G:C hydrogels, and both DCPs at each time
point (Fig. 6a; Table S4). Furthermore, MSCs cultured with
0CNC/DCP/C:G:C hydrogels had statistically higher ALP
activity than those presented with their respective 0CNC/
C:G:C hydrogels at days 7 and 14 (Fig. 6a; Table S4).
Controlled ion release from any of the 0CNC/DCP10/C:G:C
hydrogels caused statistically significant increased cell-based
ALP activity compared to DCP10 at days 7 and 14 (Fig. 6a;
Table S4). MSCs exposed to 0CNC/DCP10/C:G:C 15:2.5:1 also
showed higher ALP activity compared to cells cultured with
0CNC/DCP6/C:G:C 5:1.25:1 and 0CNC/DCP6/C:G:C 5:2.5:1 at
day 14 (Fig. 6a; Table S4). MSC mineralization evaluation
revealed similar trends to the ALP activity data (Fig. 6b). By
day 7, the presence of any DCP or hydrogel containing DCP
yielded an increase in cell-based mineral deposition com-
pared to the Ctrl group (Fig. 6b; Table S4). Controlled ion
release from 0CNC/DCP10/C:G:C 10:2.5:1 and 15:2.5:1
hydrogels caused statistically significant cell-based minerali-
zation than DCP10 at day 7 and 14 (Fig. 6a; Table S4).
Additionally, MSCs exposed to 0CNC/DCP10/C:G:C 10:2.5:1
and 15:2.5:1 showed slightly higher levels of mineralization

compared to cells cultured with 0CNC/DCP6/C:G:C 5:1.25:1,
0CNC/DCP6/C:G:C 5:2.5:1, and 0CNC/DCP10/C:G:C 5:2.5:1
formulations for days 3, 7, and 14 though the differences were
found to be statistically insignificant (Fig. 6b; Table S4).

DISCUSSION

The goal of our current research was to design an injectable
bioactive hydrogel capable of stimulating bone remodeling.
CaPs are an attractive candidate as a bioactive additive since
they mimic the inorganic phase of natural bone and are
inherently bioactive (22). The enclosed hydrogel system has
been designed to be injectable and capable of undergoing in situ
gelation allowing it to be useful for minimally invasive
procedures which is not possible with solid scaffold materials
(25,30). Also, our composite hydrogel’s mechanical properties
and stability better mimic native bone better than other
injectable materials such as PMMA, calcium phosphate, calcium
sulfate cement (31), and other softer hydrogels (32–34).
Interestingly, the addition of DCP as a bioactive component
enhances material processability and reduces cost compared to
scaffolds for which growth factor incorporation has been used to
convey osteoinductivity (35).

The osteoinductive properties of CaPs have been shown
to be dependent on their total concentration and controlled
release of their calcium and phosphate ions (23,25). Based on
the ion release results (Figs. 1 and 2), increasing the ratio of
both ionic and covalent crosslinker in 0CNC/DCP/C:G:C
hydrogels led to a decrease in the ion release rate compared
to DCP alone. This behavior can be attributed to physical
entanglement and entrapment of the dibasic calcium
phosphate within the chitosan matrix due to increased
crosslinker density shortening the average crosslink distance
(36), which decreases the pore size in the polymeric network
and hinders ion diffusion (37,38). The effect of genipin
content was found to be more significant than carbonate
content, which is unsurprising, as covalent crosslinker is less
flexible than physical, ionic crosslinking (39). 0CNC/DCP6/
C:G:C X:2.5:1 and X:1.25:1 as well as 0CNC/DCP10/C:G:C

Fig. 4. Compressive strength for 0CNC/C:G:C hydrogels with different crosslinking ratios and DCP
incorporation. Hydrogels were prepared without DCP (O), with 6% DCP (D6), and 10% DCP (D10).
Results are the average of four independent measurements. Statistical analysis of the differences between
groups is available in supplementary information (Table S4, Table S5, and Table S6)

Page 7 of 12 41The AAPS Journal (2019) 21: 41



15:2.5:1 and 0CNC/DCP10/C:G:C 15:1.25:1 were capable of
maintaining the Ca2+ and Pi concentration within the
therapeutic window (i.e., non-cytotoxic and inductive
range - 1 mM≤Ca2+≤ 16 mM and 1 mM≤ Pi≤ 8 mM)
(24) (Fig. 2). These results confirm that a versatile
hydrogel network can be developed with the capacity to
achieve desirable release profiles of different loading
concentrations of bioactive reagents.

DCP incorporation also yielded decreased hydrogel
gelation times, with the most significant changes observed in
hydrogels with the lowest carbonate content (i.e., 5:X:1) (Fig.
3). These observations can be attributed to the formation of
additional complexes or reversible ionic crosslinks between
the phosphate content of DCP and chitosan (40), which
increased crosslinking density and led to decreased gelation
time (41,42). Since localized charge density is lowest in

hydrogels with the lowest carbonate content, the most
significant decreases in gelation time due to this impact can
be observed with these materials. Ideally, hydrogels should
undergo fast gelation (< 20 min) to limit surgery-related
infection risks and efficiently fill the defect site (43). Accord-
ing to our results, all hydrogels except those with C:G:C
5:0.312:1 can be formed before the ideal time limit.

DCP incorporation showed a noticeable decrease in
hydrogel swelling ratio and slight improvement in stability
(i.e., ~ 10% less mass loss; Table I). These observations are
likely due to the synergistic effects of charge density and
physical density. The increased ionic crosslinks provided by
the presence of DCP limit hydrogel molecular rearrange-
ment, thus restricting water infiltration-related expansion
(40). Also, the presence of DCP in the same chitosan
hydrogel volume increases overall material density limiting

Fig. 5. Health of MSCs exposed to 0CNC/C:G:C hydrogels with different crosslinking ratios and DCP
incorporation. MSC a proliferation and b viability were measured for cells cultured with different materials
in growth media for 14 days at 37 °C. Cell count was measured by the Quanti-iT PicoGreen Assay with or
without 0CNC/C:G:C or 0CNC/DCP/C:G:C hydrogels with different crosslinking ratios (N = 4). Cell
metabolism was indirectly evaluated by NAD(P)H activity using a MTS assay with or without 0CNC/C:G:C
or 0CNC/DCP/C:G:C hydrogels with different crosslinking ratios (N = 4). Statistical analysis of the
differences between groups and time points is available in supplementary information (Table S4 and
Table S5)
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the physical space for which water can penetrate, swell the
hydrogel, and lead to matrix erosion (36–38).

Enhanced mechanical properties were observed in all
DCP incorporated hydrogel formulations for which higher
compressive strength correlated with greater DCP content
(Fig. 4). DCP incorporation in the lowest carbonate content
(i.e., 5:X:1) hydrogels facilitated the most significant improve-
ment in compressive strength compared to the higher
carbonate content hydrogels (Fig. 4). Due to their high
compressive strength and moduli, CaPs have been widely
used as polymer matrix fillers capable of yielding composites
with highly desirable mechanical properties (44–47). A major
factor affecting the physical properties of the polymer/CaP

composites is their interfacial stability. Due to the significant
differences between hydrophobic polymers and CaPs, their
composites can often be weaker and less stable (48).
However, in the case of the hydrophilic 0CNC/ C:G:C
matrix, the ionic bonding between the phosphate content of
DCP and the amine sites in chitosan can lead to efficient
interactions at the component interface, leading to greater
compressive strength of the resulting composite. This
phenomenon was best observed when DCP was
incorporated within the lowest carbonate content hydrogels.
This is believed to have been caused by a higher density of
DCP/chitosan ionic interactions rather than higher carbonate
content hydrogels due to fewer carbonate ions available to

Fig. 6. Differentiation of MSCs exposed to 0CNC/C:G:C hydrogels with different crosslinking ratios and
DCP incorporation. MSC alkaline phosphatase (ALP) activity (a) and cell-based mineralization (b) of
MSCs cultured with different materials in growth media for 14 days at 37 °C. Cell ALP enzyme activity was
analyzed by an ALP Assay with or without 0CNC/C:G:C or 0CNC/DCP/C:G:C hydrogels with different
crosslinking ratios (N = 4). Alizarin red (ALZ) staining was used as an indirect measure of mineralization
with and without 0CNC/C:G:C or 0CNC/DCP/C:G:C hydrogels with different ionic crosslinkers and
crosslinking ratios (N = 4). ALZ content for matching acellular hydrogel formulation over the same
incubation time was subtracted to determine cell-based mineralization. ALP activity and mineralization
were normalized on a per cell basis, and statistical analysis between groups and time points is available in
supplementary information (Table S4 and Table S5)
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compete for complexation (49). Ideally, the mechanical
properties of hydrogels intended for VCF repair applications
should approach those of the human vertebrae (compressive
strength for healthy adults range from 0.6 to 6 MPa (50) and
osteoporotic vertebrae, which are 25 to 35% weaker (51)).
Our results indicate that 0CNC/DCP6/C:G:C 5:0.312:1,
5:1.25:1, 5:2.5:1, and 0CNC/DCP10/C:G:C 5:0.312:1, 5:1.25:1,
5:2.5:1, 10:2.5:1, 15:1.25:1, 15:2.5:1 can all potentially be
candidates for the treatment of VCFs due to their sufficient
compressive strength (Fig. 4).

While enhanced hydrogel mechanical competency is an
attractive feature, the primary rationale for DCP incorporation
into 0CNC/C:G:C hydrogels was to improve their bioactivity.
Therefore, hydrogels with the ability to control Ca2+ and Pi release
while possessing sufficient compressive strength and gelation time
(0CNC/DCP6/C:G:C 5:1.25:1 and 5:2.5:1 as well as 0CNC/DCP10/
C:G:C 5:2.5:1, 10:2.5:1, and 15:2.5:1) were further assessed by a cell
study. Our results showed that DCP incorporation moderated the
initial decrease in MSC cell number to ~ 75% of initial seeded cell
count with 0CNC/DCP/chitosan hydrogels compared to ~ 25% of
initial seeded cell count observed with 0CNC/chitosan hydrogels
(Fig. 5). The decrease in cell number in the first day of culturing can
be attributed to the influence of hydrogel components (52–54),
mechanotransduction (55,56), and pH (57,58) on cells during their
initial contact with hydrogels. Incorporation of DCP into the
hydrogels enhanced theMSC response to the hydrogels due to the
desirable effect Ca2+ and Pi have on MSC growth and viability
(25,59,60), as well as the environment pH (basic carbonate and
acidic CaP can neutralize one another). Interestingly, the presence
of DCP6 and DCP10 yielded lower cell numbers than DCP
incorporated hydrogels likely due to higher concentration of Ca2+

and Pi generated from the uninhibited neat CaPs (24). While
sudden cell death was found at day 1 forMSCs due to the presence
of 0CNC/C:G:C hydrogels, cell count remained stable for the rest
of the experiment. In contrast, MSCs exposed to 0CNC/DCP/
C:G:C hydrogels grew statistically significantly over the 14 days of
the study. Due to the presence of 0CNC/DCP/C:G:C hydrogels,
cell numbers were still lower than the control group, though this
could have been due to the fact thatMSC differentiation decreases
their proliferative capacity. MTS results that showed a statistically
significant improvement in the viability of MSCs exposed to the
DCP incorporated hydrogels though cells that survived initial
exposure to 0CNC/C:G:C hydrogels were found to be ~ 60%
viable throughout the study as well. MSCs cultured with 0CNC/
DCP/C:G:C hydrogels excitingly showed statistically significant
greater ALP activity (an early marker for osteoblast
differentiation) than those incubated with neat DCP or 0CNC/
C:G:C hydrogels (Fig. 6a). Furthermore, statistically significant
enhanced osseous mineralization (a late marker for osteoblast
differentiation) was observed for MSCs exposed to the same
hydrogel formulations (Fig. 6b). Hydrogels with 10% DCP
induced slightly higher ALP activity and mineralization than 6%
DCP incorporated hydrogels, likely due to modestly higher Ca2+

and Pi release (closer to the upper boundary of their therapeutic
window; Fig. 2).

CONCLUSION

This research detailed an injectable chitosan-based
hydrogel system with cellulose nanocrystals as a reinforcing
reagent, carbonate, and genipin as ionic and covalent

crosslinkers, respectively, and dibasic calcium phosphate as a
bioactive additive. Co-crosslinking yielded hydrogels that can
control the release of inductive calcium and phosphate ions,
as well as offered a tunable system that can be readily
modified for a variety of future applications. The incorpora-
tion of dibasic calcium phosphate decreased the gelation time,
the swelling ratio, and the mass loss of hydrogels, as well as
improved their compressive strength. Additionally, dibasic
calcium phosphate moderated the cytotoxic effect of cellulose
nanocrystal/chitosan hydrogels and induced significant osteo-
genic differentiation of mesenchymal stem cells. The resulting
composite hydrogel represents a novel biomaterial with
desirable processing, mechanical, and bioactive properties,
making it an attractive candidate for treating vertebral
compression fractures in osteoporotic patients.
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