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Abstract Photopolymerizable hydrogels offer great
potential in cartilage tissue engineering due to their
ability to conform to irregular defect shapes and be
applied in a potentially minimally invasive manner.
An important process requirement in the use of
photopolymerizable hydrogels is the ability of the
suspended cells to withstand low intensity ultraviolet
light (UV) exposure (4-5 mW/cm?) and photoinitiator
concentrations. For cartilage integration with under-
lying subchondral bone tissue, robust localized osteo-
blast activity is necessary. Yet, while it is known that
osteoblasts do not respond well to UV light, limited
work has been conducted to improve their survivabil-
ity. In this study, we evaluated the cellular cytotoxicity
of five different human cell sources at different
UV exposure times, with and without a commercially
used photoinitiator. We were able to confirm that
human osteoblasts were the least tolerant to varying
UV exposure times in comparison to bone marrow
stem cell, periodontal ligament cell, smooth muscle
and endothelial cell lineages. Moreover osteoblasts
cultured at 39 °C did not deteriorate in terms of
alkaline phosphatase expression or calcium deposition
within the extracellular matrix (ECM), but did reduce
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cell proliferation. We believe however that the lower
proliferation diminished osteoblast sensitivity to UV
and the photoinitiator. In fact, the relative survivability
of osteoblasts was found to be augmented by the
combination of a biochemical factor and an elevated
incubation temperature; specifically, the use of
50 mg/1 of the anti-oxidant, ascorbic acid significantly
(P < 0.05) increased the survivability of osteoblasts
when cultured at 39 °C. We conclude that ascorbic
acid at an incubation temperature of 39 °C can be
included in in vitro protocols used to assess cartilage
integration with bone ECM. Such inclusion will
enhance conditions of the engineered tissue model
system in recapitulating in vivo osteoblast activity.

Keywords Cytotoxicity - Osteoblasts - Ascorbic
acid - Photoinitiator - Photopolymerizable hydrogels

Introduction

Tissue engineering has been emerging as the potential
approach to restoring and enhancing tissue or organ
function in the health care industry (Nerem and
Sambanis 1995; Nguyen and West 2002). In the
musculoskeletal arena, photopolymerizable hydrogel
approaches are thought to offer several advantages,
namely that the geometry of defects to be filled with de
novo tissue can be arbitrary, delivery may be carried
out via injection (Elisseeff et al. 1999) thus permitting
minimal invasiveness and finally, hydrogel materials
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are considerably less expensive than biodegradable
fibrous scaffolds thus presenting a more cost effective
procedure. In brief, a polymer mixture in monomer
form is prepared, with a very low concentration of
photoinitiator (0.02-0.05 % w/v) (Elisseeff et al.
2000); cells are suspended within the solution and
the mixture is subsequently injected into the repair
site. Next, the monomer solution is exposed to
ultraviolet light (UV) at low intensity (4—5 mW/cm?)
during which free radicals initiate polymerization
(Williams et al. 2003). Despite their critical function,
the highly mobile free radicals cause a number of
adverse affects such as damage to extracellular
proteins as well as cell apoptosis and necrosis events
(Moan et al. 1989; Terakado et al. 1984; Atsumi et al.
1998).

Our long term goal is to provide better anchorage
and fixation between tissue engineered cartilage and
the underlying subchondral bone for the treatment of
osteoarthritis, using a reliable engineered tissue model
system for bone and cartilage. This system requires
a reasonable degree of survivability of osteoblasts
so that integration can occur. Previous experiments
including our own experience suggests that osteoblasts
ordinarily do not survive well under combined ultra-
violet light and photoinitiator environments (Williams
et al. 2005). This may explain the limited success that
has been achieved thus far in co-relation of in vitro
to in vivo results and the successful integration of
engineered cartilage to bone in vitro (Wang et al.
2007).

Cartilage integration involves the following two
challenges: first, the scaffold that is used initially must
be harmonized in the joint; secondly, the ensuing
developing tissue must anchor with the underlying
bone to provide a strong fixation. We note that none of
the existing techniques in cartilage tissue engineering
have been able to restore a sustained articular surface
because subchondral bone integration to de novo
cartilage tissue via osteoblast activity at the interface
has to date, not been sufficiently addressed (Buckw-
alter and Mankin 1998). Thus, the main objective
of this study was to determine how the detrimental
effects of photopolymerization parameters to human
osteoblast survivability could be minimized while still
permitting sufficient gelation. Primarily, these param-
eters were ultraviolet light (UV) exposure time and
photoinitiator concentration. In addition, we included
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in this effort, four additional human cell sources as a
means of comparison. Since our focus was targeted on
osteoblasts which are traditionally known to be
cultured at relatively lower temperatures (34 °C)
(Bodine et al. 1996), we also examined the role of
in vitro temperature incubation on osteoblast viability.
Finally, we focused our efforts on the utility of the
antioxidant, ascorbic acid on augmenting the surviv-
ability of the osteoblasts.

Materials and methods
Cell culture

Five different cell lines were culture expanded and
comparatively evaluated as a function of varying UV
intensities and photoinitiator concentrations:

Human bone marrow derived mesenchymal stem cells

(BMSCs)

Human BMSCs are a well characterized population of
adult stem cells that can differentiate into other cell
lines to produce cartilage, bone, fat and muscle tissue.
BMSCs (Science cell, Carlsbad, CA, USA) were
seeded onto Poly p-lysine coated T-75 flasks (Fisher
Scientific, Pittsburgh, PA, USA). The cells were
cultured until passage 3 (P3) in low glucose medium
[Dulbecco’s modified eagle medium, (DMEM), Invit-
rogen, Grand Island, NY, USA] supplemented with
10 % fetal bovine serum [(FBS), ATCC, Manassas,
VA, USA] and 1 % penicillin—streptomycin (ATCC).

Human pulmonary artery endothelial cells (HPAEC)

HPAEC:s (Fisher Scientific) were seeded in T-75 flasks
with proprietary endothelial cell growth medium
(Fischer Scientific) and culture was expanded to P4.

Human pulmonary artery smooth muscle cells
(HPASMC)

Human pulmonary artery smooth muscle -cells
(HPASMC) (Genlantis, San Diego, CA, USA) were
cultured (up to P4) in T-75 flasks (Fisher Scientific)
in proprietary smooth muscle cell growth medium
(Genlantis).
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Human osteoblasts (hFOB)

Human Osteoblasts (hFOB 1.19) (ATCC) were
cultured (passage number was not provided by the
depositor) in basal medium (Invitrogen) supplemented
with 10 % FBS (ATCC), 1 % Penstrep (ATCC) and
0.3 mg/ml of an aminoglycoside antibiotic (Sigma
Aldrich, St Louis, MO, USA).

Human periodontal ligament cells (PDLCs)

Human PDLCs (P3) were received as a gift from
the University of Miami, FL (Dr. Herman Cheung).
The cells were cultured in basal medium (up to P3)
supplemented with 10 % FBS (ATCC), 1 % Penstrep
(ATCCOC).

Effect of UV light at different exposure times

In order to study the effect of UV exposure times on
the cells, a cell suspension (10° cells/ml) was prepared
for each cell type; 200 pl was subsequently placed in
each well of a 96 tissue culture well plate providing a
final density of 20,000 cells/well. Cells (n = 4/group)
were exposed to 4-5 mW/cm? of long wave unfiltered
UV light (365 nm) for time durations of 0, 5, 10, 15
and 20 min. These time intervals were chosen to
provide an adequate dynamic range of exposure times.
After exposing the wells to different time intervals,
the plates were incubated at 37 °C and 5 % CO,
humidified environment for 2 days.

Effect of photoinitiator concentration on different
cell lines

We used the commercially available photoinitiator,
Irgacure 2959 (BASF Corporation, Florham Park,
New Jersey, USA) given its extensive usage in tissue
engineering research studies (Kim et al. 2009; Yang
et al. 2005), and it’s relatively less toxic effect on
cells. (Atsumi et al. 1998; Williams et al. 2005). Three
concentrations were prepared: 0, 0.03 and 0.05 % (w/v
ratios). Briefly, 50 and 100 mg of Irgacure 2959
were dissolved in 1 ml of 70 % ethanol solution.
The contents were sterilized using 0.2 pm syringe
filters and subsequently, 6 and 5 pl/ml of the solutions
were added into 1 ml of cell solution respectively to
give the eventual desired w/v ratios of 0.03 and

0.05 %. Cells were seeded in the 96 well plate as
described in the UV exposure experiments (N = 4/
group). The two different concentrations of photoini-
tiator were added in each of the respective groups and
placed in an incubator for 2 days. Cells without
photoinitiator exposure served as controls.

Combined effects of UV exposure times
and photoinitiator concentration

The five different cell lines (BMSCs, HPAEC,
HPASMC, hFOB 1.19, PDLCs) were exposed to
combined Photoinitiator (0.05 % w/v ratio) and long
wave UV light for different time durations of 0, 5, 10,
15 and 20 min. Well plates were housed in an
incubator for 2 days to permit cell growth.

Effect of incubation temperature

We assessed the effect of incubator temperature on
osteoblasts owing to the sensitivity of this cell type to
this parameter. Osteoblasts were cultured in three 96
well plates. Wells in the 96 well plate were grouped
into 4 wells and each group was treated with both UV
light exposure of 10 min and photoinitiator concen-
tration as 0.05 % w/v ratio. The wells without any
treatment (n = 4) acted as controls. All samples were
kept at 3 different incubation temperatures of 34°, 37°
and 39 °C for 48 h and maintained at 5 % CO, in a
humidified environment.

Effect of temperature on the osteoblast phenotype

Alkaline phosphatase activity The matrix matura-
tion phase of osteoblasts is characterized by maximal
expression of alkaline phosphatase (ALP) and once the
mineralization is complete in the matrix, calcium
deposits can be visualized in the extracellular matrix
(ECM). In order to assess ALP activity (n =3
samples/group), osteoblasts were plated using the
same medium conditions as before [“Human bone
marrow derived mesenchymal stem cells (BMSCs)”
section] at 37 and 39 °C, via a colorimetric assay
(Abcam, Cambridge, MA, USA). After 3 days of
culture, 20,000 cells were taken for each sample and
were lysed in 100 pl of assay buffer. Lysed cells were
subsequently centrifuged at 13,000g for 3 min to
remove the insoluble material. 30 pl of sample was
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taken in replicates of 3 for each sample in 96 well
plates. Next, 50 pl of assay buffer was added to make
a net volume of 80 pl in the wells. In addition,
background samples were made by taking 30 pl of
test samples, and adding 50 pl of assay buffer and
20 pl of stop solution. Thereafter, 50pn of 5 mM
p-nitrophenyl phosphate solution was added to each
well containing the test samples and background
samples. The samples were covered to prevent
exposure to light and the reaction was held at 25 °C
for 1 h. Next the reaction was halted by the addition of
10 pl stop solution (Abcam) to each well (except to
the background samples) and gently shaken. The
optical density was measured per manufacturer
instructions using a microplate reader (wavelength
of 405 nm; model Synergy HT, Biotek Instruments,
Winooski, VT, USA). For continuity in the text, ALP
results are directly presented in the “Discussion”
section.

Calcium distribution As an indicator of the osteo-
blast maturation process during cell culture, sample
calcium mineral distribution was evaluated using von-
Kossa histological staining (IHC world, Woodstock,
MD, USA). In brief, 20,000 cells/ml were grown on
chamber slides (Fisher Scientific) and kept at the two
different temperatures (37 and 39 °C) using the same
medium conditions as before [“Human bone marrow
derived mesenchymal stem cells (BMSCs)” section].
After 3 days, the slides were washed with phosphate
buffered solution and were fixed with 10 % formalin
(Fisher Scientific). Finally, the von-Kossa stain (IHC
world) was applied by treating the slides with silver
nitrate solution and exposing them to UV light for 1 h,
which served to highlight spatial locations of calcium
deposits in the specimens. For continuity in the text,
histology on calcium distribution is directly presented
in the “Discussion” section.

Effect of using anti-oxidants

In order to assess the benefits of anti-oxidant incor-
poration on osteoblast survival rate, we used 50 mg/ml
of ascorbic acid in our cell culture system. Photoini-
tiator concentrations of 0.05 % w/v ratio were added
into the selected wells. Ascorbic acid was added to the
wells (n = 4) and exposed to long wave UV light
for 10 min. Plates were incubated at three different
temperatures of 34, 37 and 39 °C for 2 days.
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Cytotoxicity evaluation using sulforhodamine B
(SRB) assay

At the conclusion of each of the aforementioned
experiments, a sulforhodamine B (SRB) assay (Sigma
Aldrich) was performed to access cytotoxic effects of
UV exposure times and photoinitiator concentrations
on the different cells. The SRB assay is a measure of
cell cytotoxicity as a function of proliferation rate of the
surviving cells. The assay was performed similar to
assays conducted previously (Tang and McGoron
2009). In brief, the assay is based on the measurement
of viable cellular protein content in the cells colori-
metrically (Vichai and Kirtikara 2006). Cells were first
fixed to the bottom of a well plate with 10 % (wt/vol)
trichloroacetic acid. After the cells were fixed, Sulfor-
hodamine-B (SRB) dye was added for cell staining at a
concentration of 0.4 % (wt/vol) which bound to viable
cellular proteins. Next, 1 % (vol/vol) acetic acid was
used to remove the unbound SRB dye. 10 mM Trizma-
base was then used to extract the protein bound SRB.
The optical density (OD) of the dye was measured
(Pisco et al. 2006) at 565 nm wavelength using a
microplate reader (Biotek, Winooski, VT, USA).
Comparisons were made between control and treated
samples. A higher OD value would translate to
increased cell proliferation. Cell cytotoxicity was
reported based on ‘‘Relative Survival’> which was
determined from the absorbance values (n = 4 sam-
ples/group) measured. For reporting purposes, a nor-
malization process was carried out similar to previous
studies (Williams et al. 2005). In brief, results were
normalized such that the average absorbance of the
control groups was equal to one; first, the average
absorbance of the background wells that contained
only the specific cell culture medium and the SRB dye
were subtracted from each of the individual absorbance
values. Next, normalization was performed by dividing
each of the absorbance values by the average absor-
bances of the corresponding control group of cells,
without any exposure to UV and photoinitiators, but
otherwise grown under identical culture conditions.

Statistical analysis

Statistical analysis was performed using commercially
available software (SPSS, IBM, version 20, Armonk,
NY, USA). A one way ANOVA and post hoc Tukey test
was used to determine statistical significance (P < 0.05)
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between groups in all experiments conducted. For
continuity in the text, histology on calcium distribution
is directly presented in the “Discussion” section.

Results
Effect of UV light at different exposure times

The human cell sources investigated showed altered
viability after exposure to UV light (4—5 mW/cm?)
(Fig. 1). The periodontal ligament cells were the most
resistant to UV exposure. On the other hand, the
Osteoblast survival rate considereably decreased,
particularly after >10 min of UV exposure.

Effect of photoinitiator concentration

Figure 2 demonstrates the survival rate of 5 different
cell lines with different concentrations of photoiniti-
ator (Irgacure 2959; 0, 0.03 and 0.05 %) and without
UV exposure. In general, the effect of photoinitiator
alone had little effect on the different cell types.

Combined effect of UV exposure
and photoinitiator

The effect of combined UV exposure and a photoini-
tiator concentration of 0.05 % (w/v) were assessed.
This amount of photoinitiator concentration was cho-
sen as it is very commonly used and reported in the
literature (Kim et al. 2009; Yang et al. 2005; Burdick
and Anseth 2002). The general trend was that of
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Fig. 1 Cell toxicity results for human cells from different
sources after different UV exposure times. Cells were incubated
at 37 °C
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Fig. 2 Cell toxicity results for human cells from different

sources incubated at 37 °C for 48 h after exposure to different
photoinitiator concentrations
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Fig. 3 Cell toxicity results for human cells from different
sources after exposure to different UV exposure times and
concentrations and a fixed photoinitiator concentration of
0.05 % (w/v). Cells were incubated at 37 °C. Note that relative
survivability of osteoblast was significantly reduced (P < 0.05)
at all UV exposure times shown in comparison with the other
cell types that were investigated

exaggerated decrease in survivability in all five cell
types studied (Fig. 3) in comparison to UV exposure
alone (Fig. 1). Our findings further suggested that
osteoblasts were the least tolerant to the combined effect
of UV light and photoinititator, ranging at ~17 % for
10 min of UV exposure and only 6 % at 20 min.

Effect of incubation temperature

After obtaining baseline information on the variability
of osteoblast viability on UV exposure times and
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Fig. 4 Cell toxicity results for human osteoblasts as a function of
incubator temperature. Cells were exposed for a total of 10 min
under UV light and using a fixed photoinitiator concentration
of 0.05 % (w/v). The “asterisk” indicates that the difference
between the groups was statistically significant (P < 0.05).
Consistent with previous Figs. (1-3) relative survival was based
on comparisons to the normalized, average absorbances of the
control group, i.e., without UV and photoinitiator

photoinitiator concentrations in comparison to other
human cell sources, we proceeded to focus on further
improving osteoblast survivability within the framework
of commonly utilized parameters in injectable photo-
polymerizable hydrogels. Namely these were UV expo-
sure times of 10 min and a photoinitiator concentration
of 0.05 % (w/v) (Yang et al. 2005; Burdick and Anseth
2002; Namba et al. 2009). We speculate that these
numbers were chosen not only to ensure sufficient live
cell numbers, but also to ensure sufficient gelation of the
hydrogels. Human osteoblast survivability under these
conditions was approximately 17 %. These experiments
were conducted at 37 °C and we proceeded to augment it
to 39 °C. At this higher temperature, a 5 % increase in
osteoblast survivability was observed (Fig. 4).

Effect of adding ascorbic acid

When, 50 mg/l of ascorbic acid was added to the
cultured cells, incubated at 39 °C, we found that the
osteoblast viability improved to ~34 %, an increase
of 12 % in comparison to cultures grown at identical
conditions but without the antioxidant (Fig. 5).
The differences in normalized relative survivability
(mean =+ standard deviation) for osteoblast culture
with and without ascorbic acid antioxidant at 39 °C
incubation temperature was found to be significant
(P < 0.05) (Table 1).
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Fig. 5 Survivability of osteoblasts with and without ascorbic
acid. The “asterisk” indicates that the difference between the
groups was statistically significant (P < 0.05). Consistent with
previous Figs. (1-4) relative survival was based on comparisons
to the normalized, average absorbances of the control group, i.e.,
without UV and photoinitiator

Table 1 Osteoblast relative survivability with and without
ascorbic acid antioxidant at 37 and 39 °C incubation temperatures

Groups exposed to 0.05 % w/v Average Standard
photoinitiatior concentration and deviation
10 min of UV exposure; (n = 4

samples/group)

37 °C alone 0.17 0.02

37 °C + ascorbic acid 0.23 0.01

39 °C alone 0.22 0.01

39 °C + ascorbic acid 0.34 0.02

Discussion

In the past decade considerable efforts have focused on
utilizing polymerizable scaffolds for tissue engineering
(Mann et al. 2001; Paxton et al. 2009; Chan-Park et al.
2004; Beamish et al. 2010; Ramaswamy et al. 2006). In
this context, the effects of UV exposure and photoini-
tiator concentrations on cell viability have always been a
concern, but none more so than for osteoblasts which are
extremely sensitive to ultraviolet light (Williams et al.
2005). Accordingly, we attempted to augment the
survivability of human osteoblasts in these environ-
ments by exploring additional variables, namely, a
higher incubation temperature and incorporation of the
antioxidant, ascorbic acid. These changes may serve to
improve photopolymerizable approaches in tissue engi-
neering and outcomes related to bone-engineered tissue
integration approaches (Ramaswamy et al. 2006, 2008).



Cytotechnology (2013) 65:587-596

593

In this regard, on-going research efforts in our labora-
tories are specifically attempting to target an approach to
more successfully integrate subchondral bone to tissue
engineered cartilage constructs.

Osteoblasts were significantly reduced in surviv-
ability (P < 0.05) compared to all the other four
human cell types (PDLCs, HPASMCs, HPAECs and
BMSCs) investigated at all time durations of UV
exposure (5, 10, 15 and 20 min) when in concomitant
0.05 % w/v photoinitiator environments. These results
confirmed that human osteoblasts were considerably
more prone to cell necrosis under combined UV light
exposure and photo initiator concentrations. When
osteoblasts were exposed to 10 min of UV exposure
and a 0.05 % (w/v) concentration of photoinitiator at
34 °C, this lower temperature decreased cell viability.
This was in contradiction to reports in the literature
(Reinholz et al. 2000; Harris et al. 1995) where at
34 °C, rapid cell division was observed. We were then
able to further ameliorate osteoblast survivability
under photopolymerization environments (combined
10 min of UV exposure and 0.05 % (w/v) photoini-
tiator concentration) at an elevated temperature of
39 °C, suggesting thus, that for photopolymerization
studies, osteoblasts require relatively higher, rather
than reduced incubation temperatures. We proceeded
to conduct statistical analysis on temperature effects of
osteoblast survivability and noted that temperature
alone at 39 °C augmented the cellular viability
significantly (P < 0.05) in comparison to lower incu-
bation temperatures (34 and 37 °C) (Fig. 4). This
result illustrates the importance of this elevated
temperature as a singular independent entity in
promoting osteoblast viability. Meanwhile, anti-
oxidation effects of ascorbic acid minimized free
radical toxicity effects during UV polymerization and
was found to be consistent with use of ascorbic acid
elsewhere (Nojiri et al. 2011; Montecinos et al. 2007;
Martinez et al. 2010). When ascorbic acid was
combined with incubation temperatures at 39 °C,
osteoblast survivability was further enhanced signif-
icantly (P < 0.05), (Fig. 5); [normalized average +
standard deviation (n = 4 samples/group) osteoblast
survivability for: (a) 37 °C without ascorbic acid:
0.17 4 0.02 (b) ascorbic acid at 37 °C: 0.23 £ 0.01,
(c) elevated temperature of 39 °C without ascorbic
acid: 0.22 + 0.01, (d) ascorbic acid at 39 °C: 0.34 +
0.02]. We speculate that the increased osteoblast

survivability at the higher temperature of 39 °C can be
attributed to a reduction in the proliferation rate of the
cells. For example, Williams et al. (2005) showed that
higher proliferation rates caused greater cell suscepti-
bility to toxic components in photopolymerization
environments i.e., (UV and photoinitiator) and thereby
resulted in decreased cellular viability. Interestingly,
use of either ascorbic acid or the 39 °C incubation
temperature promoted roughly the same level of
osteoblast survivability. However, we have for the first
time demonstrated that the combined effects of ascorbic
acid at a concentration of 50 mg/l and an elevated
incubation of 39 °C significantly improves (P < 0.05)
osteoblast survival versus using only one of either of
these two parameters (Fig. 5).

Under these conditions, although the UV and photo-
initator environmental conditions still considerably
reduced human osteoblast survivability (owing to the
innate sensitivity of osteoblasts to any changes inin vitro
culture parameters) (Williams et al. 2005) in compar-
ison to controls grown in more standard conditions,
we note that we still were able to maintain ~34 %
survivability; this is considerably greater than for other
osteoblast groups in our study, as well as those that
have been reported elsewhere (Williams et al. 2005).
In addition, we note that average osteoblast-like cell
densities in osteoinductive environmental conditions
are in the order of roughly 240,000 cells/cm® (Rajzer
et al. 2010) whereas photopolymerizable tissue engi-
neering studies use ~ 850,000 cells/cm? (Ramaswamy
et al. 2008, 2009). This amount is closer to the higher
end of amounts typically used; the 66 % reduction
(290,000 cells/cm?) nonetheless produces approxi-
mately the same number of osteoblast-like cell densities
[240,000 cells/cm?, (Rajzer et al. 2010)] thought to be
indicative for increased osteoblast activity. Thus, in
spite of the greater sensitivity of osteoblasts to UV
exposure time and photointiator concentrations, the
addition of ascorbic acid during UV and photoinitiator
exposure at an incubation temperature of 39 °C would
retain a sufficient number of live osteoblast that inturn,
would allow for an elevated level of cellular activity
(e.g. such as osteoinduction). We noted however that
an incubation temperature of 39 °C could potentially
aggravate osteoblast ALP-activity and/or ECM-mineral
distribution, and thus, we proceeded to look at alkaline
phosphatase (ALP) expression and the presence of
calcium deposits at 37 versus 39 °C. We determined that
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37°C

Fig. 6 Von-Kossa staining conducted at 37 and 39 °C after
3 days of osteoblast culture. Osteoblasts appear as elongated
structures while arrows point to examples of calcium deposited
by the osteoblasts. Osteoblast proliferation rate was observed to
be slower at 39 °C. On the other hand, this slower rate improved

ALP expression (average £ standard deviation; n = 3
samples/group) was in the order of 2.26 + 0.12 U/ml
and 2.00 £ 0.06 U/ml for cells cultured at 37 versus
39 °C for 3 days. We believe that the relatively lower
expression at 39 °C is due to the lower proliferation
rate of the osteoblasts that we observed during the
cell culture studies at this temperature. However the
expression magnitudes at both temperatures are
comparable to literature reports for ALP activity from
osteoblasts that underwent similar (but not identical)
cell culture, and which was found to be in the order of
2.23 £+ 0.14 U/ml (Li et al. 2009). Overall therefore,
we believe our findings for osteoblasts cultured at 39 °C
while relatively lower than that at 37 °C, was due to the
slower proliferation rate rather than a result of the cells
being adversely affected.

We also assessed elevated temperature effects on
the ability of the osteoblasts to synthesize calcium
primarily because crystalline salts deposited in the
matrix of bone are composed principally of calcium
and phosphate, which are combined to form hydroxy-
apatite crystals and an indicator of healthy cellular
activity. We confirmed that as observed during cell
culture studies that at 39 °C, proliferation rate was
affected and lower cell numbers were seen after 3 days
of cell culture. However calcium mineral deposition
was clearly visualized in regions surrounding cells
in both the 37 and 39 °C conditions (Fig. 6), thereby
providing preliminary evidence that the ability of
osteoblasts to produce calcium is not affected at
39 °C.

It is important to point out that the intended
application of our findings is not in the clinic as
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39°C

relative survivability of the cells, because high proliferation rates
have shown to make cells more vulnerable to toxic effects (UV
and photoinitiator concentrations) present in photopolymerized
environments (Williams et al. 2005)

cartilage tissue engineering is still an emerging field
as indicated by several leading groups in the area
(Prestwich 2011; Noth et al. 2008; Elisseeff 2004);
rather, these conditions can readily be used in in vitro
engineered cartilage tissue model systems where
experiments with injectable hydrogels are actively
being conducted (Sukarto et al. 2012; Papadopoulos
etal. 2011; Roberts et al. 2011; Zhang et al. 2011; Lee
etal. 2008). The benefit of incorporating our findings is
that controlled in vitro experiments to assess integra-
tion studies for engineered cartilage to bone extracel-
lular matrix can be achieved without compromising
osteoblast activity, a critical component to the inte-
gration process, prior to progressing to more variable
in vivo models.

Conclusions

In conclusion, for studies involving cellular photopo-
lymerization protocols, we have demonstrated that
significant improvement (P < 0.05) of human osteo-
blasts in situ are possible by combined usage of an
increased incubation temperature of 39 °C and the use
of ascorbic acid at a concentration of 50 mg/l. We
speculate that more improvements to osteoblast sur-
vivability may be possible by fine tuning the ascorbic
acid concentration further and/or with the use of
additional antioxidants such as uric acid and Beta-
Carotene. A limitation of our approach was that we
conducted our investigations in monolayer culture as
opposed to 3-dimensional (3-D) matrices, such as
hydrogels. However, we expect our results to represent



Cytotechnology (2013) 65:587-596

595

«

a “worst case scenario” since the UV environmental
conditions which severely diminish osteoblast viability
were introduced by means of direct exposure, while in
the case of tissue engineered 3-D constructs, cells
remain suspended within a gel or scaffold material, thus
offering some level of protection. We therefore recom-
mend the implementation of the enhanced culture
parameters found herein for cellular experiments that
involve photopolymerizable materials and osteoblasts.
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