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a b s t r a c t

Induced biomineralization of materials has been employed as a strategy to increase integration with host
tissue, and more recently as a method to control cell function in tissue engineering. However, minerali-
zation is typically performed in the absence of cells, since hypertonic solutions that lack the nutrients and
culture components required for the maintenance of cell viability are often used. In the present study, we
exposed fibroblast-seeded three-dimensional collagen–chitosan hydrogels to a defined culture medium
modified to have specific concentrations of ions involved in biomineralization. The modified medium
caused a significant increase in calcium deposition in collagen–chitosan gels, relative to constructs incu-
bated in a standard medium, though serum supplementation attenuated mineral deposition. Collagen–
chitosan constructs became opaque over 3 days of mineralization in modified Dulbecco’s modified Eagle
medium (DMEM), in contrast to translucent control gels incubated in standard DMEM. Histological stain-
ing confirmed increased levels of mineral in the treated constructs. Rheological characterization showed
that both the storage and loss moduli increased significantly in mineralized materials. Mineralization of
fibroblast-seeded constructs resulted in decreased cell viability and proliferation rate over 3 days of incu-
bation in modified medium, but the cell population remained over 75% viable and regained its prolifer-
ative potential after rescue in standard culture medium. The ability to mineralize protein matrices in the
presence of cells could be useful in creating mechanically stable tissue constructs, as well as to study the
effects of the tissue microenvironment on cell function.

� 2012 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

There is a clear need for materials and methods to improve bone
healing outcomes, particularly in cases of large defects and non-
unions. The natural healing response is often not adequate to ob-
tain full repair, and in such cases strategies to augment bone
regeneration can be applied. Autografts and allografts are currently
used clinically, but are hampered by issues of tissue availability
and consistency [1]. The generic tissue engineering approach is
to combine cells, biomaterials, and growth factors in a controlled
fashion to create living materials that can replace damaged tissue
and/or enhance regeneration. In the case of bone tissue, a wide
range of strategies have been employed, using a variety of cell
types, materials, and biochemical factors [2].

One strategy for potentiating the bone healing response is to
use materials that have been exogenously mineralized using de-
fined ionic solutions. Simulated body fluid (SBF) is a solution for-
mulated with ion concentrations similar to blood plasma, which
mineralizes the surfaces and pore walls of both natural [3–7] and

synthetic [8–10] scaffolds if thermodynamic conditions are appro-
priate. Kokubo et al. [11] first described how soaking a biomaterial
in SBF leads to the ex vivo formation of a bone-like apatite coating,
and later studies showed that such coatings can be both osteocon-
ductive [10] and osteoinductive [13], and can facilitate the regen-
eration of bone [12,14]. SBF-induced mineralization has been
further examined as a method for controlling osteoconductivity
[5,9,15], as well as for protein [13,16] and gene delivery [17,18].
Taken together, this body of work has shown that SBF can be a
useful tool to modify biomaterials for bone tissue engineering
applications.

Previous studies using SBF to modify material scaffolds have
been performed in the absence of cells, since the high ionic concen-
trations and lack of nutrients in SBF are not conducive to the main-
tenance of cell growth. However, cell-seeded materials have been
proposed for a number of orthopedic applications. Natural bioma-
terial hydrogels are of interest in such cases due to their ability to
mimic the natural extracellular matrix [19] and provide tissue-spe-
cific cues to enhance cell attachment and stem cell differentiation
[20]. Direct encapsulation of cells during gel formation can be used
to facilitate homogenous cell distribution in hydrogels. Numerous
natural polymers including collagen [3], chitosan [21], and
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composite matrices [22–25] have been employed to engineer tis-
sues and have shown promise in bone regeneration [26]. A draw-
back of natural hydrogel materials is that they often lack
mechanical strength and represent only the protein component
of the native bone tissue. Mineralization of such matrices has been
pursued as a strategy to improve their mechanical properties and
more closely mimic the native matrix [6]; however, the cellular
component is typically not included during the mineralization
process.

In the present study, we mineralized three-dimensional (3-D)
hydrogels using a modified culture medium that combined the io-
nic constituents of SBF with the nutrients, vitamins, and amino
acids needed to maintain cell viability. The model tissue constructs
consisted of fibroblast cells embedded in collagen–chitosan hydro-
gel matrices developed previously in our laboratory [24,26]. Fibro-
blasts were used as a model cell type to examine the feasibility of
mineralization in the presence of cells, since this non-mineralizing
cell type allowed us to isolate the effects of mineralization to the
medium alone. Both unseeded and fibroblast-seeded hydrogels
were exposed to mineralizing solutions that were formulated to in-
duce biomineralization while also supporting cell growth, and the
effects of such treatment on mineral content, mechanical proper-
ties, and cellular viability were determined. Our primary goal
was to demonstrate that mineralization of protein-based hydrogels
is possible in the presence of cells. The ability to mineralize cell-
seeded protein matrices could be useful in creating mechanically
stable and osteogenic tissue constructs, as well as in studying the
process of biomineralization.

2. Materials and methods

2.1. Media formulations

The composition of the mineralization medium was based on
previously studied simulated body fluid (SBF) formulations, with
modifications to enhance both mineralization and the ability to
support cell growth. The base medium was Dulbecco’s modified
Eagle medium (DMEM; high glucose, Invitrogen, Carlsbad, CA),
which was supplemented with ionic salts. Table 1 shows the ion
concentrations of relevant biological fluids and mineralizing med-
ia. The main augmentation to the modified medium formulation
was a fourfold increase in calcium (Ca2+) and phosphate (PO3�

4 ) in
order to promote biomineralization, and an increased carbonate
(HCO�3 ) level to provide buffering capacity. These modifications
are further discussed in Section 3.

The modified medium (mDMEM) formulation was prepared by
adding salts directly to DMEM to achieve final concentrations of
141 mM NaCl, 5.3 mM KCl, 10 mM CaCl2�H2O, 1.0 mM MgCl2,
8.4 mM NaHCO3, 0.8 mM MgSO4, and 4.0 mM KH2PO4. The med-
ium was prepared at 25 �C and titrated to a pH of 7.4. In experi-
ments examining the effect of serum, mDMEM and control
DMEM were supplemented with varying concentrations of fetal
bovine serum (FBS; Invitrogen) and 1% penicillin/streptomycin
(P/S; Invitrogen). As per previous protocols, mDMEM was changed
every 12 h to avoid precipitation in the culture solution and DMEM

was changed every 3 days. In subsequent mineralization experi-
ments using cells, the mineralization medium (MM) used was
mDMEM supplemented with 2% FBS. The control medium (DM)
was DMEM supplemented with 10% FBS.

2.2. Collagen–chitosan gel fabrication

Collagen–chitosan gel composites were formed through a b-GP
induced mechanism as previously described [24]. Briefly,
4.0 mg ml�1 bovine Type I collagen (MP Biomedicals, Solon, OH)
was dissolved in 0.02 N acetic acid (Sigma) and was mixed with
2.0 wt.% chitosan (93% DDA; Biosyntech, Quebec, Canada) dis-
solved in 0.1 N acetic acid at a mass ratio of 50/50 collagen/chito-
san. Beta-glycerophosphate (b-GP) and glyoxal were added as
physical and chemical cross-linkers, respectively, at concentrations
of 7.0 wt.% b-GP and 0.5 mM glyoxal. A 400 ll aliquot of the pre-
gelled mixture was injected into a well of a 24-well plate to create
a disk-shaped construct with diameter of 1.5 cm. Gelation was
then initiated by incubation of the mixture at 37 �C for 30 min. Gels
were washed three times in phosphate buffered saline (PBS; Invit-
rogen) for 10 min to remove excess b-GP prior to use.

2.3. Calcium quantification

Calcium deposition on acellular gels after 3 days of incubation
in either modified medium or DMEM containing 0%, 2%, 5%, and
10% FBS was quantified using an orthocresolphthalein complex-
one (OCPC) method as previously described [27]. Briefly, colla-
gen–chitosan gels were washed three times in PBS for 10 min
and frozen at days 0, 1, and 3. Samples were then digested in
0.5 ml of 1.0 N acetic acid overnight. 10 ll of the dissolved solution
was then incubated at 10 min at 25 �C with 300 ll of a working
solution consisting of 0.05 mg ml�1 of OCPC solution and ethanol-
amine/boric acid/8-hydroxyquinoline buffer (Sigma). Samples
were read spectrophotometrically at 575 nm. Calcium values were
quantified via a standard curve prepared from 0.0 to 100 lg ml�1.

2.4. Gel morphology and von Kossa staining

Acellular gel morphology was examined 3 days after incubation
in mineralization medium (MM = mDMEM + 2% FBS) and in control
medium (DM = DMEM + 10% FBS). Gels were washed three times in
PBS for 10 min each and then transferred to a 12-well plate for
imaging using a standard CCD camera in manual mode with a con-
stant exposure setting.

For von Kossa staining, acellular gels were washed three times
in PBS for 10 min and then placed in zinc-buffered formalin (Ana-
tech LTD, Battle Creek, MI) for 30 min, followed by immersion in
70% ethanol (Fisher Scientific, Pittsburgh, PA). Samples were cryo-
sectioned into the top, middle (300 lm from the top face), and bot-
tom face at the Histology Core Facility at the University of
Michigan Dental School. Gels were stained with von Kossa reagent,
embedded in paraffin and then mounted on slides. Images were ta-
ken at 4� magnification using an Olympus IX15 Microscope sys-
tem (Olympus America, Center Valley, PA) and stitched together

Table 1
Ionic composition of biological fluids and media formulations.

Na+ K+ Ca2+ Mg2+ HCO�3 SO2þ
4 HPO2�

3
pH

Media formulation ion concentrations (mM)
Blood plasma 142 3.6–5.5 2.1–2.6 1.0 27 1.0 0.65–1.45 7.2–7.4
Simulated body fluid (SBF) 141 4.0 2.5 1.0 4.2 0.5 1.0 7.4
Dulbecco’s modified Eagle’s medium (DMEM) 110 5.3 1.8 0 20 0.8 0.9 7.4
Modified DMEM (mDMEM) 141 5.3 10 1.0 8.4 0.8 4.0 7.4
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using Metamorph Premier software (Molecular Devices, Sunny-
vale, CA). Images were quantified using ImageJ software (National
Institute of Health, Bethesda, MD) using thresholding and color
discrimination to define positive staining. The ratio of the stained
to unstained area was used to determine the fraction of the sample
that was positively stained in each sample.

2.5. Gel rheology

Acellular collagen–chitosan constructs incubated in MM or DM
for 3 days were washed three times in PBS for 10 min each and
then evaluated by gel rheometry using an AR-G2 rheometer (TA
Instruments, New Castle, DE). Gels were loaded onto a Peltier stage
preheated to 37 �C. An 8 mm steel parallel plate was used with a
gap height of 1500 lm. A strain sweep was performed over the
course of 45 min with strain rates from 0.1% to 100% and a constant
frequency of 1 radian s�1. Reported values were taken over the lin-
ear range of the samples.

2.6. Cell culture and assays

Prior to gel fabrication, human neonatal dermal fibroblasts
(hFbs; Lonza Inc., Walkersville, MD) were cultured in DMEM con-
taining 10% FBS and 1% PS. For cell assays, hFbs were used at pas-
sage 7–9 and placed directly into the solution of collagen and
chitosan at a concentration of 1.0 � 106 cells ml�1 prior to gelation,
to allow for homogenous encapsulation within formed gels. Previ-
ous studies have shown that cells survive the encapsulation pro-
cess [24,26], and hFbs were used in this study as a model cell
type to isolate the effects of mineralization to the modified media
solution.

Cell-seeded constructs in the MM condition were cultured for
1 day in DM, 3 days in MM, and then 7 days in DM for a recovery
period. Samples were collected at days 0, 1, 2, 4, 5, 7, and 11 cor-
responding to initial conditions, 1 day in DM, 1 day in MM, 3 days
in MM, 1 day’s recovery in DM, 3 days of recovery in DM, and
7 days’ recovery in DM (Fig. 1). Gels were washed three times in
PBS for 10 min when switching between culture medium. Cell-
seeded gels cultured in DM only were used as controls and samples
were collected at corresponding time points.

To evaluate the toxicity of the MM media, cell viability was
examined using a vital stain kit (Live/Dead�, Molecular Probes, Eu-
gene, OR). Constructs were washed three times in sterile PBS and
incubated at 37 �C for 45 min in a solution containing 4.0 lm cal-
cein-AM and 4.0 lm ethidium homodimer-1 in PBS. Gels were
then washed again in PBS and imaged using a laser scanning

confocal microscope (Olympus FluoView 500 Laser Scanning Con-
focal Microscope, Olympus). Image scans were captured at a hori-
zontal plane 150 lm above the bottom surface of the gel and
quantified using ImageJ software.

To quantify cell number during the mineralization period, DNA
was extracted in 4.0 M guanidine hydrochloride solution and mea-
sured using a commercially available DNA assay (PicoGreen kit,
Invitrogen). Calcium deposited on the constructs during the miner-
alization period was also measured using the OCPC assay described
above.

2.7. Statistical analysis

One-way ANOVA testing with Tukey’s post hoc analysis was
used to analyze the effect of FBS concentration over time and be-
tween FBS concentrations on calcium deposition in acellular
hydrogels. Student’s T-test was used to assess the significance of
the fractional area of von Kossa staining, rheological data, cell via-
bility, DNA content, and calcium deposition in cell-seeded hydro-
gels treated with mineralizing medium, compared to control
medium. One-way ANOVA with Tukey’s post hoc analysis was used
to analyze the effect of medium type over time on DNA content in
cellular hydrogels. Statistical significance was set at p < 0.05.
Numerical values are presented as mean ± standard error of the
mean (SEM). N = 4 for each assay, and error bars on graphs repre-
sent the standard error of the mean.

3. Results and discussion

3.1. Rationale for media formulations

This work demonstrated the ability to mineralize protein bio-
materials and change their properties in both the presence and ab-
sence of embedded cells. Mineralization techniques typically
employ simulated body fluid (SBF); however, the lack of nutrients,
vitamins, amino acids, and glucose prevent these media from being
used for cell culture. DMEM is a commonly used medium for cell
culture that can lead to the precipitation of mineral nodules on
hydroxyapatite and tricalcium phosphate scaffolds in normal cell
culture environments [28]. Therefore we used DMEM as a base
medium and supplemented it with the specific salts to enhance
the mineralization process. Table 1 shows the ion concentrations
of SBF, DMEM, and mDMEM, as well as blood plasma for reference.
The mineralizing DMEM (mDMEM) used in this study was formu-
lated to have specific ionic concentrations aimed at maximizing
mineral deposition [28]. mDMEM contained concentrations of so-
dium (Na+), magnesium (Mg2+), and sulfate (SO2�

4 ) similar to con-
ventional SBF. Calcium (Ca2+) and phosphate (PO3�

4 ) are the
primary ions required for biomineralization, and were therefore
added at concentrations approximately fourfold higher than con-
ventional SBF to promote rapid mineralization of substrates. The
carbonate (HCO�3 ) level was maximized to serve as a pH buffer in
the media to allow culture in a CO2 incubator, though this anion
may be associated with decreased mineralization. Each of these
solutions was adjusted to physiological pH to provide an appropri-
ate environment for cell culture.

3.2. Effect of serum on calcium deposition

Serum is a necessary supplement in cell culture medium be-
cause it contains growth factors that maintain cell viability and
growth [28,29]. However, in some systems serum proteins can
detrimentally effect mineralization by delaying or inhibiting depo-
sition [13,30,31]. To investigate the effect of serum on calcium
deposition in collagen–chitosan materials, acellular hydrogel

Fig. 1. Experimental protocol showing timing of control cultures in standard DMEM
(DM) and mineralizing cultures in modified DMEM (MM). All cell-seeded hydrogels
were cultured in DM for 1 day. Mineralizing constructs were then incubated in MM
for 3 days, followed by a 7 day recovery period in DM. Control constructs were
incubated in DM for 11 days. Arrows on time scale indicate points at which
constructs were sampled and analyzed.
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constructs were exposed to mineralizing DMEM supplemented
with 0%, 2%, 5%, and 10% FBS. Gels incubated in control DMEM with
0%, 2%, 5%, and 10% FBS served as controls. Fig. 2 shows that cal-
cium deposition increased significantly (p < 0.01) from day 0 in
all samples incubated in mineralizing DMEM by day 1, and that
mineralization continued to increase to day 3 in culture. In con-
trast, samples exposed to control DMEM showed no evidence of
calcium deposition regardless of serum content or time point. In
mDMEM samples, the presence of serum had no effect on the de-
gree of calcium deposition at the day 1 time point, but by day 3 ser-
um-supplemented samples showed decreased mineral deposition,
relative to the sample with no serum (p < 0.01). There was no sig-
nificant difference between 2%, 5% and 10% serum. These data
show that FBS had an inhibitory effect on calcium deposition, but
that mineralization did occur in the presence of serum proteins.
Because of the need for at least a low level of serum for cell main-
tenance, mineralization studies conducted with cells were per-
formed using mDMEM supplemented with 2% FBS as the
mineralization medium (MM). The control medium (DM) was stan-
dard DMEM supplemented with 10% FBS, which is widely used for
cell culture.

3.3. Mineralization of collagen–chitosan materials

Fig. 3 shows data on mineralization and mechanical properties
of acellular collagen–chitosan matrices incubated in MM and DM
for 3 days. Histological evaluation of von Kossa stained sections ta-
ken at the top, middle, and bottom of the constructs showed clear
differences in degree of phosphate deposition between mineraliz-
ing and control conditions (Fig. 3A). After 3 days in incubation,
constructs in DM remained translucent, whereas those in MM were
opaque, and dark staining for calcium was more prominent in MM
samples (Fig. 3A inset). Quantification of relative phosphate stain-
ing showed that hydrogels in MM exhibited significantly higher
phosphate levels at the top and middle of the constructs, though
staining in the bottom section was not statistically different com-
pared to constructs in DM. These results support the finding that
MM induces mineralization, but show that mineral deposition
was not evenly distributed through the material.

Fig. 3B shows the storage (G0) and loss (G00) modulus from acellu-
lar collagen–chitosan gels exposed to DM or MM for 3 days. Relative
to control gels, mineralized gels exhibited a threefold increase in
stiffness as reflected by the storage modulus (p < 0.05). The loss
modulus also increased significantly (p < 0.001) in the MM condi-
tion, as compared to the DM condition. These data show that the
mechanical properties of hydrogel constructs can be augmented
by mineralization, even over relatively short time periods. SBF

treatment can affect the properties of scaffolds, though the effects
can vary depending on the distribution of the mineral throughout
the scaffolding material [8,18]. Increasing the stiffness and tough-
ness of protein hydrogel materials is desirable in order to allow
implantation of constructs, particularly in load-bearing applica-
tions. A stiffer matrix may also attenuate the cell-mediated matrix
remodeling that occurs in 3-D protein hydrogels [32], and may direct
the phenotype of progenitor cells toward an osteogenic phenotype
[33].

3.4. Effect of mineralization on cell function

Viability data for hFbs embedded in 3-D collagen–chitosan mate-
rials are shown in Figs. 4 and 5A. Green staining indicates the cyto-
plasm of living cells, whereas red-stained nuclei identify dead
cells. The culture protocol is shown schematically by the arrows in
Fig. 4. Control constructs were cultured in DM for 11 days, whereas
mineralized constructs were cultured in DM for one day, followed
by 3 days of incubation in MM, and then 7 days of culture recovery
in DM. All samples were imaged and assayed for cell function at days
1, 2, 4, 5, 7, and 11. After one day of culture in DM, cells began to
spread through the collagen–chitosan matrix (Fig. 4A and B) and
exhibited very high viability (>90%). Constructs subsequently ex-
posed to MM showed significantly decreased viability (p < 0.05) over
the incubation period in MM (days 2 to 4, Fig. 4D and F), but viability
was still high (�80%). The morphology of cells incubated in MM was
more rounded than the control cells, which were highly stellate and
exhibited viability over 90% (Fig. 4C and E). Upon reintroduction into
standard medium, cells in the mineralized constructs recovered a

Fig. 2. Calcium deposition in collagen–chitosan gels through incubation in miner-
alizing DMEM (mDMEM). (⁄) denotes p < 0.05 from the groups containing FBS.
Values are mean ± standard error, n = 4.

Fig. 3. (A) Quantification of calcium deposition in different regions of collagen–
chitosan constructs using histological staining for calcium (n = 4 at each location).
Inset shows control and mineralized collagen constructs (top row, scale
bar = 1 mm) and representative histology sections (bottom row, scale
bar = 500 lm). (B) Storage (G0) and loss (G00) moduli for control and mineralized
collagen–chitosan constructs after 3 days of culture (n = 4, ⁄ denotes p < 0.05 from
the control DM group).
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spread morphology (Fig. 4H, J and L) and viability returned to the
same level as in control constructs by day 11 (>90%).

The DNA content of hydrogel constructs was used as a measure
of cell number and is shown in Fig. 5B. Cell number increased stea-
dily and significantly (p < 0.001) over time in the DM condition,
resulting in an approximately fivefold increase by day 11. Con-
structs in the mineralization group showed an initial rise in DNA
content, which subsequently dropped significantly upon incuba-
tion in MM from days 2 to 4 (p < 0.0001). Similar to cell viability,
cell number in mineralized constructs recovered after transfer to
DM, although the DNA content did not recover to the same levels
as controls. The cell viability and cell number data provide differ-
ent but complementary information on cell ‘‘health’’ in the con-
structs. A lack of cell proliferation would lead to a decrease in
overall cell number over time, though viability observed as a snap-
shot at any given time can still be high, as observed in MM at the
days 1 and 2 time points. Cell death is suggested by the data at the
days 4 and 5 time points, since both viability and cell number were
decreased. In contrast, when cells are proliferating then cell num-
ber will increase and viability can also be high. This corresponds to
the trends observed in DM. Taken together these data suggest that
incubation in mineralizing medium significantly reduces, and per-
haps completely inhibits, the proliferation of the embedded cells
while cell viability is also affected but remains high overall.

Fig. 5C shows calcium deposition in cell-seeded constructs over
the time course of the experiment. Upon transfer to MM at day 2,
constructs in the mineralizing group showed a sharp and signifi-
cant increase in calcium content and reached a level �140-fold
higher than controls after 3 days of incubation in MM (p < 0.001).
The calcium levels remained similarly high after transfer to

recovery medium for the remainder of the experimental period.
In contrast, constructs cultured in control medium (DM) showed
very little calcium deposition, though a statistically significant in-
crease over day 0 was observed at days 7 and 11 in DM (p < 0.001).

Fibroblasts were used as a model cell type in this study in order
to isolate the effects of the modified medium. Unlike bone marrow
stromal cells and osteoblasts, fibroblasts are a non-mineralizing
cell type and therefore increases in mineral content of the matrices
can be attributed purely to the effect of the medium, and not cel-
lular action. Preliminary studies showed that hFbs could survive
3 days of incubation in MM, though longer culture periods lead

Fig. 4. Confocal micrographs of fibroblast-seeded collagen–chitosan gels cultured
in control medium (A, C, E, G, I, K) or under mineralizing conditions (B, D, F, H, J, L).
Cells are stained so that the cytoplasm of living cells is green and the nuclei of dead
cells are red. Arrows at sides show culture protocol. Scale bar = 200 lm.

Fig. 5. Quantification of (A) cell viability (n = 4), (B) DNA content (n = 4), and (C)
calcium content (n = 4) of collagen–chitosan constructs cultured in control and
mineralizing medium (# denotes statistical significance from day 0 controls; ⁄
denotes statistical significance from DM controls; ^ denotes statistical significance
from day 7).
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to increased cell death (data not shown). In 3-D collagen–chitosan
hydrogels, cell viability and proliferation rate decreased over
3 days of incubation in MM, but the cell population remained over
75% viable. These effects can be attributed to the hypertonic nature
of MM, which is required to induce mineralization but can also
modify cell function. Importantly, both the viability and prolifera-
tive capacity of fibroblasts recovered when collagen–chitosan con-
structs were cultured in standard DMEM after mineralization.
These results suggest that the medium and protocol employed
were sufficient to mineralize 3-D protein constructs in the pres-
ence of living fibroblasts, and it is likely that similar results would
be observed with other cell types.

A number of further questions remain to be answered in future
studies. The specific structure and type of mineral being deposited
is of interest because it has relevance to creating biomimetic mate-
rials. In addition, it is known that the presence of mineral, either as
a substrate or in solution, can affect differentiation of progenitor
and stem cells. The influence of material stiffness on cell phenotype
is of great interest in the field of tissue engineering, and mineralized
matrices may provide a tool to examine such effects. While the bio-
chemical and mechanical effects of matrix mineralization can be
difficult to decouple, the ability to mineralize 3-D protein-based
materials may be another tool to study the effects of the tissue
microenvironment on cell function. In addition, creating mineral-
ized matrices in the presence of cells may be used to direct progen-
itor cell differentiation and/or to create more mechanically stable
biomimetic constructs for orthopedic and other applications.

4. Conclusions

This study represents an initial step in the development of tech-
niques to mineralize 3-D protein constructs in the presence of liv-
ing cells. A modified culture medium and protocol were developed
to achieve mineralization of collagen–chitosan matrices at physio-
logical pH and temperature. Typically used SBF formulations do
not support cell viability and growth and therefore are limited in
their utility in the presence of cells. The modified medium used
in this study contained a similar panel of mineralizing ions similar
to SBF, though at modified concentrations, and also contained the
nutrients and buffers needed to sustain cell function. It was shown
that 3 day incubation of 3-D collagen–chitosan materials resulted
in mineral deposition and stiffening of the gels. Cell viability was
reduced and cell number decreased during incubation in mineral-
izing medium; however, a viable cell population was maintained
and it was shown that viability and proliferation recovered after
rescue in standard medium. These results suggest that in vitro
mineralization in defined media can be used to modulate the com-
position and properties of engineered tissues in the presence of liv-
ing cells.
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