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ABSTRACT

Fibroblast growth factor 2 (FGF-2) is a key signaling molecule involved in wound healing,
tissue remodeling, and the regulation of cell proliferation. Despite its important biological
roles, the use of FGF-2 in cell culture and therapeutic settings is limited by its poor stability in
aqueous environments. Three different antioxidants were selected and screened in this study
for their ability to enhance the stability of FGF-2 in cell culture applications. BALB/3T3 and
NIH/3T3 cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented
individually with disodium ethylenediaminetetraacetic acid dihydrate (EDTA), sodium selenite
(Se), or zinc chloride (Zn), each at a final concentration of 0.1 uM. Cytotoxicity and cell prolif-
eration were subsequently assessed using the MT'T assay. The cells were then cultured at 37°C
for three days to assess the biological effects of antioxidant supplementation. All three antioxi-
dants individually enhanced the proliferation of both cell lines without inducing cytotoxicity.
These findings suggest that antioxidants may represent a promising approach for improving
vitro cell growth. Therefore, antioxidants were evaluated in parallel with FGF-2 by adding them
separately to DMEM and Roswell Park Memorial Institute (RPMI) 1640 serum and cells free
media under identical conditions to determine whether their proliferative effects were associated
with improved FGF-2 stability. The stability of FGF-2 in each medium was assessed using re-
versed phase high performance liquid chromatography (RP-HPLC). The results show that, even
in the presence of antioxidants, FGF-2 remained unstable at 37°C in both DMEM and RPMI
media, indicating that these antioxidants do not confer stability to FGF-2 in either medium.

1. INTRODUCTION

The most studied member of the FGF family is FGF-2, also known as basic fibroblast growth factor
(bFGEF). It is a single chain, non-glycosylated polypeptide. In both healthy and pathological conditions, FGF-
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2 plays an essential role in several biological functions, including regulating cell division and proliferation
[1]. These characteristics have made FGF-2 a desirable option for pharmaceutical uses such as cancer treat-
ment, tissue repair, and regenerative medicine [2]. Several physiological processes, such as mitogenesis, cell
migration, morphogenesis, angiogenesis, organ development, tissue regeneration, and wound healing, are
regulated by FGF-2 [3]. Elevated levels of FGF-2 have been detected in acute wounds and during tissue
repair [4], as well as in burns [5] and limb ischemia [6]. In in vitro, FGF-2 acts as a growth factor [7],
promoting proliferative effects in NIH/3T3 and BALB/3T3 cells [8, 9].

The intrinsic instability of FGF-2 in aqueous solutions has made it challenging to formulate into effec-
tive therapeutic products because it degrades quickly [10]. It has been demonstrated that heparin supple-
mentation stabilizes FGF-2, protecting it from acid, proteases, heat, and trypsin [11, 12]. However, the po-
tent anticoagulant activity of heparin restricts its application as an antioxidant and raises significant safety
concerns [11, 12]. The instability of FGF-2 solutions impacts cell proliferation, therapeutic effectiveness,
and purity; thereby, ensuring its 7n vitro stability is essential for the successful development of medicinal
formulations and cell culture applications.

Furthermore, solution conditions that maintain native conformational integrity impact protein stabil-
ity and functionality. Rapid changes in physiological conditions typically cause degradation, denaturation,
or aggregation, resulting in the permanent loss of biological activity. In addition, reactive oxygen species
(ROS) dramatically affect protein stability by oxidizing proteins and impairing cellular integrity [13]. Anti-
oxidants enhance the stability and solubility of proteins in liquid formulations, thereby preserving their
biological activity and structural integrity. In pharmaceutical preparations, antioxidants are classified as in-
active components and are routinely incorporated into protein formulations to improve stability and extend
shelf life. The selection of antioxidants is guided by the intended therapeutic application and the specific
experimental conditions [14, 15].

The stability of FGF-2 in aqueous solutions has been widely studied [16, 17], with a focus on the effect
of antioxidants minimizing chemical changes. Pharmaceutically authorized antioxidants, such as salts, pol-
ymers, proteins, and amino acids [18], help to stabilize proteins usually through ionic interactions. Similarly,
carbohydrates improve stability by raising surface tension and solution viscosity, which reduces protein ag-
gregation [18]. Furthermore, the addition of human serum albumin (HSA), or bovine serum albumin (BSA)
improves stability through hydrophobic, ionic, and electrostatic interactions [18, 19]. Most studies have
highlighted FGF-2 stability as an important factor affecting pharmaceutical formulations’ viability. As of
currently, there is no established method for stabilizing FGF-2 in aqueous solutions, and there is no evidence
of antioxidant selection that is especially suited to FGF-2. Little is known about the stability of FGF-2 in cell
culture medium, especially at physiological temperature of 37°C. The stability of FGF-2 in widely used cul-
ture media such as DMEM and RPMI remains uncertain. Therefore, understanding the stability of FGF-2
in cell culture media particularly in the presence of antioxidants is essential, as this simple and cost-effective
strategy has the potential to influence both FGF-2 stability and cellular responses.

In the present study, three distinct antioxidants such as EDTA [20], Se [21], and Zn [22] were selected
and investigated for their effects on the stability of FGF-2 in both Dulbecco’s Modified Eagle Medium
(DMEM) and Roswell Park Memorial Institute (RPMI) medium. These antioxidants were selected because
of their proven antioxidant and radical-scavenging characteristics and are expected to improve cell prolif-
eration and decrease oxidative damage to FGF-2 in culture medium. The resulting information is important
in optimizing FGF-2 formulations for in vitro applications. In this study, the effects of three antioxidants
EDTA, Se, and Zn on FGF-2 stability were independently evaluated in serum and cell free DMEM and RPMI
media using RP-HPLC [23, 24]. Additionally, the biological activity of FGF-2, including cytotoxicity and
cell proliferation responses, was assessed in vitroby the MTT assay using BALB/3T3 and NIH/3T3 fibroblast
cell lines to determine how these antioxidants influence FGF-2 function.

2. MATERIALS AND METHODS
2.1. Materials

Lyophilized FGF-2 was reconstituted at 1 mg/mL in 1 mL of Milli-Q water for stability testing and
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experimental use. The stock solution was diluted in Dulbecco’s Modified Eagle Medium (DMEM) or Roswell
Park Memorial Institute (RPMI) medium to a working concentration of 50 ug/mL. Unused aliquots of the
FGF-2 stock were stored at —20°C. Thermo Fisher Scientific (Cranbury, NJ, USA) supplied the Fetal Bovine
Serum (FBS) and 0.25% trypsin-EDTA solution. Disodium ethylenediaminetetraacetic acid dihydrate, so-
dium selenite, zinc chloride, Cell Proliferation Kit I (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide), and phosphate buffer saline (PBS) Buffer 1X, pH 7.4 were obtained from Millipore Sigma (Bur-
lington, MA, USA). Individual stock solutions of these compounds were prepared in Milli-Q water and used
as antioxidant sources in assays, cell proliferation studies, FGF-2 stability testing and in vitro cytotoxicity
assays. Acetonitrile was purchased from Fisher Scientific (Cranbury, NJ, USA), Dimethyl sulfoxide (DMSO),
orthophosphoric acid (HPLC grade) from Sigma Aldrich (Burlington, MA, USA), and 10N hydrochloric
acid from Ricca Chemical Company (Houston, TX, USA). Waters Corporation (USA) provided LectraBond
cap preslit PTFE/silicone septa, and Ricca supplied 12 x 32 mm glass screw-neck vials with quick-thread
closures. Mouse fibroblast cell lines BALB/3T3 and NIH/3T3 were obtained from the American Type Cul-
ture Collection (ATCC, Manassas, VA, USA). RPMI 1640 medium and DMEM were purchased from Life
Technologies Corporation (Grand Island, NY, USA). Milli-Q water was prepared in-house using Millipore
equipment (Millipore, Milford, MA, USA). Cell culture flasks were obtained from Corning (Corning, NY,
USA). Stock solutions and reagents were freshly prepared in DMEM and RPMI prior to use.

2.2. Methods

2.2.1. Cell Type and Cell Culture Conditions

Mouse fibroblast cell lines BALB/3T3 and NIH/3T3 were cultured in DMEM supplemented with 10%
FBS and 0.01 mg/mL streptomycin sulfate, 100 U/mL penicillin (Complete medium), and Cultures were
maintained in a humidified incubator at 37°C with 5% CO,, and the medium was replaced every three days.
Cell viability was monitored using the dye exclusion method [25], and cultures consistently maintained
about 90% viability throughout the study.

Because both BALB/3T3 and NIH/3T3 are adherent cell lines, sub-culturing was performed prior to
experimental setup. After removal of the spent medium, cells were washed with 10 mL of phosphate-buff-
ered saline (PBS, pH 7.4) and subsequently treated with 4 mL of 0.25% trypsin-EDTA prepared in Hanks’
balanced salt solution lacking calcium and magnesium. Cells were allowed to detach for 3 - 4 minutes at
room temperature, after which the cell suspension was collected, resuspended in complete medium, and
counted. Cells were then seeded at a density of 4000 cells per well into 96-well plates, with each condition
plated in duplicate wells. After overnight adhesion, the medium was replaced with fresh complete medium
before the addition of antioxidants and FGF-2 for cytotoxicity and proliferation assays.

2.2.2. Cell Cytotoxicity in the Presence of Antioxidants

The cytotoxicity of the antioxidants EDTA, Se, and Zn toward BALB/3T3 and NIH/3T3 mouse fibro-
blast cell lines was assessed using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay. This assay measures cell viability based on the capacity of mitochondrial succinate dehydrogenase in
metabolically active cells to reduce the yellow tetrazolium substrate to an insoluble purple formazan product.
The resulting formazan was quantified spectrophotometrically at 570 nm, with absorbance values directly
proportional to the number of viable cells.

For cytotoxicity assessment, BALB/3T3 and NIH/3T3 cells were seeded into 96-well plates at 4000 cells
per well in 50 pL of cell suspension in complete medium. Following overnight attachment, 50 uL of complete
medium containing three independent concentration series of each antioxidant were added separately. The
concentrations tested were 0.04, 0.08, 0.156, 0.313, 0.625, 1.25, 2.5, and 5.0 uM; 0.008, 0.016, 0.032, 0.063,
0.125, 0.25, 0.5, and 1.0 uM; and 0.001, 0.002, 0.005, 0.01, 0.04, 0.1, 0.2, and 0.4 uM. Control cell wells re-
ceived complete medium without antioxidants while wells containing medium alone served as reagent
blanks. Plates were incubated for three days at 37°C in a humidified atmosphere of 5% CO..

After exposure, 10 uL of MTT solution (5 mg/mL in PBS, pH 7.4) was added to each well, followed by
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a 3-hour incubation under the same conditions. The medium was then carefully aspirated without disturb-
ing the formazan crystals, and 200 uL of DMSO was added to solubilize the crystals. The plates were then
incubated for 30 minutes at 37°C to ensure complete dissolution. Absorbance was measured at 570 nm with
background correction using blank wells containing only MTT reagent and DMSO. Cytotoxicity was re-
ported as percent cell viability, calculated using optical density measurements from the test, control, and
blank wells according to the previously described method [26]. The data represents the mean viability per-
centage from three independent experiments.

2.2.3. Investigating How Antioxidants Influence FGF-2 Mediated Cell Proliferation

FGF-2 induced proliferation in the presence of selected antioxidants was evaluated using the MTT assay
in BALB/3T3 and NIH/3T3 fibroblast cell lines. Cells were seeded into 96 well plates at a density of 4000
cells per well in 50 pL of complete medium and incubated overnight to allow the cells attachment.

On the following day, 50 pL of complete medium containing three independent series of increasing
FGF-2 concentrations ranging from 0.1, 0.2, 0.5, 1.0, 2.5, 5.0, 12.5, and 25.0 ng/mL; 0.005, 0.01, 0.02, 0.05,
0.1, 0.5, 1.0, and 2.5 ng/mL; and 0.004, 0.008, 0.016, 0.032, 0.0625, 0.125, 0.25, and 0.5 ng/mL each supple-
mented with 0.1 pM of each individual antioxidant (EDTA, Se, and Zn), was added to the wells. Control
wells contained cells in complete medium without FGF-2 or antioxidants, and wells containing 100 pL of
complete medium served as reagent blanks.

Plates were incubated for 3 days at 37°C in a humidified atmosphere with 5% CO.. After treatment, 10
uL of MTT solution (5 mg/mL in PBS, pH 7.4) was added to each well, including controls and blanks, fol-
lowed by a 3 h incubation under the same conditions. The medium was then carefully aspirated to avoid
disturbing the formazan crystals, and 200 uL of DMSO was added to each well to solubilize the crystals.
Plates were incubated for an additional 30 min at 37°C to ensure complete dissolution. Absorbance was
measured at 570 nm with background subtraction using blank wells.

Cell proliferation was expressed as percent viability based on optical density values from treated, con-
trol, and blank wells, calculated as described previously [26]. Data represents viability values from three
independent experiments.

2.2.4. Reverse Phase HPLC Conditions

RP-HPLC analysis was performed [26] using a system equipped with a quaternary pump, online de-
gasser, thermostatted column compartment, autosampler with injection loop, and variable-wavelength UV
detector. Sample vials were maintained at 5°C in the autosampler, and all chromatographic analyses were
conducted at room temperature. Separation was achieved using a Zorbax 300SB-CN column (4.6 x 150 mm,
3.5 um), maintained at 20°C.

The mobile phase consisted of solvent A (0.1% orthophosphoric acid in water) and solvent B (0.1%
orthophosphoric acid in acetonitrile). FGF-2 was eluted using a linear gradient from 5% to 40% solvent B.
The flow rate was set to 0.6 mL min, the injection volume was 5 pL, and detection was carried out at 214
nm. Chromatographic data, including peak integration, peak area quantification, and retention time, were
processed using Empower software.

2.2.5. Analyzed Stability of FGF-2 in DMEM and RPMI Medium with Antioxidants

To examine the impact of the antioxidants EDTA, Se, and Zn on FGF-2 stability, FGF-2 stock solutions
were prepared at a concentration of 200 pg/mL in serum and cell free DMEM and RPMI media. Each anti-
oxidant was added individually to the stock solutions at a final concentration of 0.1 pM. For each medium,
two corresponding control vials containing FGF-2 at 200 pug/mL without antioxidants were prepared. One
test vial and one control vial for each medium were incubated at 37°C for defined time intervals (1, 2, 6, 12,
24, 48, and 72 h), while the second control vial from each medium was stored at 2°C - 8°C for the same time
points. Three independent vials were prepared for each condition at the specified time points. At each time
FGF-2 stability was assessed relative to freshly prepared FGF-2 from its stock solution, and the percentage
of FGF-2 recovered in DMEM and RPMI was quantified using Empower software.
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In Empower, Percent Recovery is calculated using a custom field with the formula:
(Amount/Theoretical Amount) x 100

Amount: The measured or calculated amount from the sample result. Theoretical Amount: The ex-
pected or nominal amount (based on standard concentration). The result is expressed as a percentage, rep-
resenting how much of the expected amount was recovered.

2.2.6. Statistical Data Analysis

Statistical analysis was performed using one-way analysis of variance (ANOVA) to compare differences
between groups. When significant differences were detected, post hoc comparisons were conducted using
Tukey’s test. In all analyses, p-values < 0.05 were considered statistically significant, and p-values < 0.01
were considered highly significant. Data are presented as mean * standard error (SE). Exact p-values are
reported in the respective figure legends.

3. RESULTS
3.1. Cells Cytotoxicity Depends on Antioxidants Concentration

The cytotoxic effects of the antioxidants EDTA, Se, and Zn were evaluated in BALB/3T3 and NIH/3T3
fibroblast cell lines by exposing the cells separately to increasing concentrations of each antioxidant (0.04,
0.08, 0.16, 0.31, 0.62, 1.25, 2.5, and 5.0 pM). Complete medium alone was used for the blank, and cells cul-
tured in complete medium without any antioxidants served as the controls. Cytotoxicity was assessed for 3
days using the MTT colorimetric assay. The resulting cell viability profiles for BALB/3T3 and NIH/3T3 cells
are presented in (Figures 1(A)-(F)) respectively.

After 3 days of exposure, both fibroblast cell lines exhibited increased cell growth relative to their un-
treated controls at the lower antioxidant concentrations. However, a clear concentration dependent decline
in cell growth was observed across the tested range of 0.031 - 5.0 uM. These results indicate that BALB/3T3
and NIH/3T3 cells display partial resistance to moderate antioxidant concentrations, although viability pro-
gressively decreased as concentrations increased. Notably, both cell lines showed pronounced sensitivity to
the highest Zn concentration tested (Figures 1(A)) and (Figure 1(B)). Following antioxidant treatment,
light microscopy observation showed noticeable morphological changes in both cell lines, with fibroblasts
taking on a rounded appearance instead of their characteristic spindle-shaped morphology (data not shown).
These changes are consistent with cytotoxic responses and indicate that both fibroblast cell lines are suscep-
tible to high antioxidant concentrations [27].

To further investigate the effects of lower antioxidant concentrations, EDTA, Se, and Zn were inde-
pendently evaluated at concentrations of 0.008, 0.016, 0.031, 0.063, 0.125, 0.25, 0.5, and 1.0 puM. At these
lower concentrations, both BALB/3T3 (Figure 1(C)) and NIH/3T3 (Figure 1(D)) cells show enhanced
growth. However, morphological abnormalities persisted at the upper end of 1.0 uM from each antioxidant,
where a substantial proportion of cells appeared rounded (data not shown). These observations suggest that
even low antioxidant concentrations can elicit detectable morphological alterations in fibroblasts.

An additional range of lower concentrations (0.001, 0.002, 0.005, 0.01, 0.04, 0.1, 0.2, and 0.4 uM) was
investigated to further determine the ideal range of antioxidants. In these conditions, both fibroblast cell
lines grew more. Furthermore, at these lowest concentrations, both BALB/3T3 (Figure 1)) and NIH/3T3
(Figure 1(F)) cells maintained high viability and their characteristic spindle-shaped morphology (data not
shown).

Since both fibroblast cell lines demonstrated sensitivity to EDTA at higher concentrations, BALB/3T3
and NIH 3T3 cells are likely more susceptible to EDTA-induced cytotoxicity at higher concentrations. This
result shows that different cell types and concentrations of EDTA can have different effects on cells [26],
[28]. In the same way, it is known that Se’s biological activity depends on concentration [29]. Higher
concentrations of Se can cause oxidative stress and increase the production of ROS, whereas lower concen-
trations have been demonstrated to promote cell proliferation [30]. Similarly, a concentration dependent
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Figure 1. The cytotoxic effects of EDTA, Se, and Zn on BALB/3T3 and NIH/3T3 cells. BALB/3T3 and
NIH/3T3 cells were exposed to increasing concentrations of EDTA, Se, or Zn (0.04 - 5 uM) for 3 days
at 37°C. Cell viability was determined using the MTT assay and the result was compared to untreated
controls. Error bars indicate the mean + SE derived from three independent experiments, each con-
ducted in duplicate wells. Both BALB/3T3 (A) and NIH/3T3 (B) cells exhibited concentration-depend-
ent reductions in viability, demonstrating increased sensitivity to the antioxidants at higher concentra-
tions. At these elevated levels, cells appeared rounded and showed marked alterations in morphology.
To further evaluate the effects of lower antioxidant concentrations, cells were treated with EDTA, Se,
or Zn in the range of 0.008 - 1.0 uM. At these concentrations, both BALB/3T3 (C) and NIH/3T3 (D)
cells displayed enhanced growth but remained sensitive to the upper end of the antioxidant’s concen-
tration. Morphological abnormalities persisted, with a notable proportion of rounded cells, indicating
that even low antioxidant concentrations induced detectable changes in fibroblast morphology. Finally,
optimized lower concentrations of EDTA, Se, and Zn (0.001 - 0.4 pM) were tested in BALB/3T3 (E)
and NIH/3T3 (F) cells. At these concentrations, both cell lines showed concentration dependent in-
creases in growth, and cell morphology appeared normal by light microscopy observation. Controls
cells were maintained separately. Statistical analysis was performed using one-way analysis of variance
(ANOVA). Cytotoxicity values for antioxidant treated groups were considered significantly different
from those obtained with 0 pM antioxidant (control, defined as 100% cell viability in control medium)
at p <0.05.
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reduction in cell viability was found in cytotoxicity tests of BALB/3T3 and NIH/3T3 cells exposed to higher
Zn concentrations. Because viability gradually declined with increasing Zn concentration after three days of
Zn treatment, it appears that Zn cytotoxicity varies by cell type [31] and has a concentration dependent
response [32]. In the present study, high EDTA [33], Se [30], and Zn [34] concentrations can induce cyto-
toxicity by causing oxidative stress in both tested BALB/3T3 and NIH/3T3 cells, resulting in reduced viabil-
ity and noticeable altered morphology when compared to their corresponding controls. In conclusion, it
was observed that both fibroblast cell lines were susceptible to higher concentrations of all three of the tested
antioxidants.

According to our earlier study [26], an extracellular concentration of 2.5 uM EDTA, Se, and Zn were
used in cell proliferation assays. In this study, microscopic analysis showed that BALB/3T3 or NIH/3T3 cell
viability and morphology were unaffected by exposure to 0.1 uM of EDTA, Se, or Zn separately. Both cell
lines maintained their distinctive spindle-shaped morphology at this concentration and showed higher via-
bility levels than untreated controls. Based on these findings, 0.1 uM was identified as a non-cytotoxic con-
centration for each antioxidant and was consequently selected as the working concentration for all subse-
quent cell proliferation and FGF-2 stability experiments.

3.2. Antioxidants in Combination with FGF-2, Induced Cell Proliferation

Both NIH/3T3 and BALB/3T?3 fibroblast cell lines require FGF-2 for optimal in vitro growth [8]. A
range of FGF-2 concentrations were assessed in this study with the objective to determine which concentra-
tion most effectively promotes cell proliferation. BALB/3T3 and NIH/3T3 cells were seeded separately into
96-well plates at a density of 4,000 cells per well in 50 uL of complete medium. After overnight incubation
to allow for cell attachment, 50 uL of FGF-2 solutions containing 0.1, 0.2, 0.5, 1.0, 2.5, 5.0, 12.5, or 25 ng/mL
were added. Control wells for each cell line contained cells cultured in complete medium without FGF-2,
while wells containing 100 uL of complete medium as blanks.

The plates were then incubated for 3 days at 37°C with 5% CO; in a humidified incubator. The prolif-
eration responses of BALB/3T3 and NIH/3T3 cells to the tested FGF-2 concentrations are shown in (Figure
2(A)). BALB/3T3 cells exhibited increased proliferation relative to their respective control; however, prolif-
eration decreased progressively as the FGF-2 concentration increased. NIH/3T3 cells also demonstrated a
modest increase in growth compared with control cells, but overall proliferation remained consistently lower
than that observed for BALB/3T3 cells and showed minimal variability across the FGF-2 concentration
range. These results (Figure 2(A)) suggest that NIH/3T3 cells may exhibit greater sensitivity to elevated
FGF-2 levels.

FGF-2 has been investigated over two more concentration ranges to further optimize the concentration:
1) 0.005, 0.01, 0.02, 0.05, 0.1, 0.5, 1.0, and 2.5 ng/mL, and 2) 0.004, 0.008, 0.016, 0.023, 0.063, 0.125, 0.25, and
0.5 ng/mL. BALB/3T3 and NIH/3T3 cells were separately seeded into 96-well plates at 4,000 cells per well in
50 uL of complete media for both FGF-2 concentration ranges. After that, the cells were kept in a humidified
incubator for three days at 37°C with 5% CO,. The results of the proliferation are shown in (Figure 2(B))
and (Figure 2(C)). As shown in (Figure 2(B)), BALB/3T3 and NIH/3T3 cells both multiplied more than
their corresponding controls when the FGF-2 concentration was reduced. However, at concentrations above
0.5 ng/mL, proliferation of both cell lines began to decrease, suggesting that higher FGF-2 levels may activate
inhibitory signaling pathways in both cell types.

In agreement with these observations, the data shown in (Figure 2(C)) indicate that further reductions
in FGF-2 concentration during the three-day incubation period increased the proliferation of both BALB/3T3
and NIH/3T3 cells in a concentration dependent manner. A slight decrease in proliferation was observed at
0.5 ng/mL FGF-2; however, both cell lines exhibited their highest proliferative response at 0.125 ng/mlL, at
which cell viability remained high. Although BALB/3T?3 cells consistently demonstrated greater prolifera-
tion overall, NTH/3T3 cells showed lower proliferative responses across all FGF-2 concentrations tested. This
pattern suggests that FGF-2 may not function as a potent mitogen for NIH/3T3 cells, or alternatively, that
NIH/3T3 cells may require a different optimal concentration range to achieve maximal growth. Based on
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these findings, the FGF-2 concentration range of 0.004 - 0.5 ng/mL was selected as the working range for
both BALB/3T3 and NIH/3T3 cells in all subsequent proliferation assays involving antioxidant treat-
ments.
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Figure 2. FGF-2 concentration optimization for BALB/3T3 and NIH/3T3 cells growth. BALB/3T3 and
NIH/3T3 cells were treated with a range of FGF-2 concentrations to determine the optimal dose for
proliferation. Error bars indicate the mean + SE derived from three independent experiments, each
conducted in duplicate wells. Initial testing with 0.1 - 25 ng/mL FGF-2 (A) showed increased prolifer-
ation at lower concentrations, followed by reduced cell growth and noticeable changes in cells mor-
phology as the concentration increased. Therefore, cells were subsequently treated with an intermediate
range of 0.005 - 2.5 ng/mL FGF-2 (B). In this range, both cell lines exhibited enhanced proliferation,
although morphological changes, including rounding, were still observed. BALB/3T3 and NIH/3T3
cells were further treated with 0.004 - 0.5 ng/mL FGF-2 (C) to determine a concentration range that
promoted proliferation while preserving normal cell morphology. At these lower concentrations, both
cell lines showed increased proliferation with morphology appearing normal under light microscopy.
All the results were compared with their corresponding controls. Statistical analysis was performed
using one-way analysis of variance (ANOVA). Proliferation values for FGF-2 treated groups were con-
sidered significantly different from those obtained with 0 ng/mL FGF-2 (control, defined as 100% cell
growth in control medium) at p < 0.05.

In later experiments, we investigated whether a specific antioxidant could enhance the stability of FGF-
2 and thereby promote the proliferation of BALB/3T3 and NIH/3T3 cells. A series of FGF-2 concentrations
(0.004, 0.008, 0.016, 0.023, 0.063, 0.125, 0.25, and 0.5 ng/mL) was prepared, and each concentration was
supplemented individually with 0.1 uM EDTA, Se, and Zn before being applied to BALB/3T3 and NIH/3T3
cultures. The culture medium alone served as the blank, and separate controls for each cell line were main-
tained in complete medium lacking both FGF-2 and antioxidants. All cultures were incubated for three days
at 37°C in a humidified atmosphere containing 5% CO..

The proliferative responses of BALB/3T3 and NIH/3T3 cells to combined FGF-2 and antioxidant treat-
ments are presented in (Figure 3(A)) and (Figure 3(B)). Supplementation with 0.1 uM EDTA, Se, and Zn
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individually enhanced the proliferation of BALB/3T3 cells in an FGF-2 dependent manner compared with
untreated controls (Figure 3(A)). However, under the same treatment conditions, NIH/3T3 cells showed a
modest increase in proliferation (Figure 3(B)), suggesting that the antioxidant and FGF-2 combinations
also stimulated their growth. All these results demonstrate that both cell lines need FGF-2 to promote in
vitro proliferation and that, as compared to control cultures, antioxidant supplementation boosts their pro-
liferative responses. The results imply that by reducing oxidative stress in the culture environment, these
lowest antioxidant concentrations may stabilize FGF-2 and contribute to the observed increases in cell pro-
liferation.
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Figure 3. Antioxidants effects on BALB/3T3 and NIH/3T3 cell proliferation mediated by FGF-2.
BALB/3T3 and NIH/3T3 cells were treated with increasing concentrations of FGF-2 (0.00 - 0.5 ng/mL)
in the presence of individually supplemented antioxidants (0.1 uM EDTA, Se, or Zn). Error bars indi-
cate the mean + SE derived from three independent experiments, each conducted in duplicate wells.
Both BALB/3T3 (A) and NIH/3T3 (B) cells exhibited enhanced proliferation with normal cell morphol-
ogy under these conditions. Cell proliferation at each FGF-2 concentration, relative to the untreated
control, was quantified for each antioxidant. Data represents mean percentage proliferation from three
independent experiments. Statistical analysis was performed using one-way analysis of variance (ANOVA).
Proliferation values for antioxidants treated with FGF-2 groups were considered significantly different
from those obtained with 0 ng/mL and 0 pM antioxidant (control, defined as 100% cell viability in
control medium) at p < 0.05.

3.3. FGF-2 Is Unstable in DMEM and RPMI Medium Supplemented with Antioxidants

To determine if the observed increase in cell proliferation was related to enhanced FGF-2 stability in
the presence of antioxidants such as EDTA, Se, and Zn, which have demonstrated radical-scavenging and
antioxidative properties, each antioxidant was evaluated individually. The stability of FGF-2 in serum and
cell free DMEM and RPMI media was supplemented with these antioxidants. Protein stability in aqueous
solutions at 37°C remains challenging to evaluate accurately due to the high variability and limited precision
of currently available bioassays [18, 35]. Therefore, analytical RP-HPLC was used to assess stability, accord-
ing to established growth factor measurement procedures [26].

The effects of column type, mobile-phase composition, and detector settings were systematically exam-
ined. Maintaining the column temperature at 20°C provided sufficient resolution to separate all sample
components within a 30-min run. Under these optimized conditions, FGF-2 produced a single peak at a
retention time of 8.7 min with high sensitivity and reproducibility. Additionally, 5 pL aliquots of DMEM
and RPMI were analyzed separately under the same RP-HPLC conditions to check for the interference from
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media ingredients (data not shown). There were no peaks at the FGF2 retention time, indicating that there
were no co-eluting contaminants in the FGF-2 signal and that the components of the culture media did not
affect detection. Individually, 0.1 uM EDTA, Se, and Zn was added to a 200 ug/mL FGEF-2 solution prepared
in serum and cell free DMEM or RPMI. All FGF-2 stability samples were prepared and subsequently incu-
bated at 37°C for various time intervals. Following incubation, each sample was analyzed by RP-HPLC, and
the percentage of recovered FGF-2 was compared with freshly prepared FGF-2 samples and corresponding
controls. The analytical results demonstrated that supplementation with 0.1 uM EDTA, Se, and Zn did not
enhance FGF-2 stability in either DMEM or RPMI. Detailed stability results for FGF-2 in the presence of
each antioxidant are presented in Table 1 and (Figure 4(A)) for DMEM, and in Table 2 and (Figure 4(B))
for RPML.
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Figure 4. Recovery of FGF-2 in DMEM and RPMI after treatment with antioxidants, determined by
RP-HPLC analysis. Error bars indicate the mean + SE derived from three independent experiments.
FGEF-2 solutions (200 pg/mL) were prepared in DMEM (A) and RPMI (B) supplemented individually
with 0.1 uM EDTA, Se, or Zn. For the control samples, 200 ug/mL FGF-2 was prepared in each medium
without antioxidants. Two sets of control vials were included: one stored at 2°C - 8°C, the other control
and all test samples were incubated at 37°C for designated time points. Then each sample and control
solutions was analyzed independently by RP-HPLC, and FGF-2 percent recovery was quantified using
Empower software. Freshly prepared FGF-2 was defined as 100% recovery and served as the reference
for calculating the recovery of all other samples. Statistical analysis was performed using one-way anal-
ysis of variance (ANOVA). FGF-2 stability values in DMEM and RPMI media for antioxidant-treated
groups were considered significantly different from those obtained with 0 ng/mL FGF-2 and 0 pM
antioxidant (control, defined as freshly prepared FGF-2 representing 100% recovery), at p < 0.01 for
DMEM and p < 0.04 for RPMI.

This study examined the antioxidants EDTA, Se, and Zn because they are chelating and free radical
scavenging agents that can reduce metal-catalyzed oxidation [36], particularly the oxidation of sulthydryl (-
SH) groups, as well as reduce protein oxidation and preserve protein integrity [37]. It was postulated that
these actions would promote FGF-2 stability in DMEM and RPMI culture media. The concentration of
antioxidants was thought to be appropriate for stabilizing proteins in aqueous solutions because they have
antioxidant effects [19]. But, the data indicate that FGF-2 was unstable at 37°C in both DMEM and RPM]I,
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and under the assessed conditions, none of them antioxidant was able to stabilize FGF-2 in either medium.
The results indicate that the antioxidants tested did not stabilize FGF-2 at 37°C, most likely due to the in-
trinsic structural instability of the FGF-2 under these conditions. This finding suggests that the thermal
sensitivity of FGF-2 may limit its 7n vitro utility by accelerating the loss of its structural integrity.

Table 1. Percent recovery of FGF-2 in DMEM determined by RP-HPLC analysis. FGF-2 solutions (200
ug/mL) were prepared in DMEM containing 0.1 pM EDTA, Se, or Zn, each individually. For the control
samples, 200 pg/mL FGF-2 was prepared in DMEM without antioxidants. Two sets of control vials were
included: one stored at 2°C - 8°C, the other control and all test samples were incubated at 37°C for
designated time points. Then each sample and control solutions was analyzed independently by RP-
HPLC, and the percent recovery of FGF-2 was calculated using Empower software. Freshly prepared
FGF-2 in DMEM was defined as 100% recovery and served as the reference for determining the recovery
of all other samples. Data represents mean values from three independent experiments.

% Recovery of FGF-2 in DMEM Medium
Samples Name

lh 2h 6h 12h 24h 48h 72h

Freshly prepared FGF-2 in DMEM 100 100 100 100 100 100 100
FGF-2 in DMEM at 2°C - 8°C 112.1 107.9 1055 101.6 95.8 85.4 0.0
FGF-2 in DMEM at 37°C 63.0 53.7 29.5 10.5 0.0 13.4 0.0
FGF-2 in DMEM with EDTA at 37°C 71.6 652  36.1 0.0 10.0 0.0 0.0
FGF-2 in DMEM with Se at 37°C 105.5 76.8  63.0 17.3 19.1 0.0 0.0
FGF-2 in DMEM with Zn at 37°C 103.0 81.8 41.6 13.8 16.8 0.0 0.0

Table 2. Percent recovery of FGF-2 in RPMI determined by RP-HPLC analysis. FGF-2 solutions (200
ug/mL) were prepared in RPMI supplemented individually with 0.1 uM EDTA, Se, or Zn. Control sam-
ples consisted of 200 ug/mL FGF-2 prepared in RPMI without antioxidants. Two control conditions
were included: one set of vials stored at 2°C - 8°C and another set control and all test samples were
incubated at 37°C for designated time points. Then each sample and control solutions was analyzed
independently by RP-HPLC, and FGF-2 percent recovery was quantified using Empower software.
Freshly prepared FGF-2 in RPMI was defined as 100% recovery and served as the reference for calcu-
lating the recovery of all other samples. Data represents mean values from three independent experi-
ments.

% Recovery of FGF-2 in RPMI medium

Samples Name

lh 2h 6h 12h 24h 48h 72h

Freshly prepared FGF-2 in RPMI 100 100 100 100 100 100 100
FGF-2 in RPMI at2°C - 8°C 103.0 82.0 804 881 813 755 0.0
FGF-2 in RPMI at 37°C 76.2 752  58.8 0.0 0.0 0.0 0.0
FGF-2 in RPMI with EDTA at 37°C 52.3 456 283 7.2 8.6 0.0 0.0
FGF-2 in RPMI with Se at 37°C 75.1 66.1 324 106 11.0 0.0 0.0
FGF-2 in RPMI with Zn at 37°C 77.1 75.8 0.0 125 11.7 0.0 0.0
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The findings of this study indicate that antioxidants alone are not an effective strategy for stabilizing
the structurally unstable FGF-2 at 37°C [38] in either DMEM or RPMI media. The short half-life of FGF-2
in aqueous culture media may be attributed to its susceptibility to oxidation, aggregation, and proteolytic
degradation [39-41] in DMEM and RPMI at 37°C. Although this is not a typical method for FGF-2 stabili-
zation, the prior study discovered that antioxidants [26] enhanced the stability of Epidermal Growth Factor
(EGF) [26], which is different from FGF-2. Alternatively, complexing stabilizer like heparin can increase the
stability of FGF-2, but heparin is widely recognized as an effective stabilizer for FGF-2 [11, 12], its utility is
limited. At high concentrations, heparin can induce cytotoxicity, inhibit cell proliferation, and promote
apoptosis in cultured cells, and its inherent anticoagulant activity limits its use as an inactive pharmaceutical
antioxidant. However, the limitations of this study indicate that preserving FGF-2 stability in water based
media such as DMEM and RPMI will require alternative strategies that are more convenient and effective
than the antioxidants tested here.

4. DISCUSSION

Growth factors, like FGF-2, are essential signaling proteins that control cell division, proliferation, and
survival. FGF-2 stability becomes essential for in vitro cell culture treatment. Although the stability of FGF-
2 in solutions has been investigated [39, 40], it is still unclear how stable it is at 37°C in commonly used cell
culture media like DMEM and RPMI. Therefore, analyzing FGF-2 stability in cell culture media is very
important. Three different antioxidants, including EDTA, Se, and Zn, were examined for their potential for
stabilizing FGF-2 under physiological parameters to find components that can sustain FGF-2 stability
throughout in vitro cell culture applications.

Antioxidants biocompatibility can be determined by using cell culture methods because the in vitro
cytotoxic test [42] is a simple, repeatable, reproducible, appropriate, and suitable 7in vitro assay for evaluating
fundamental biochemical properties. However, the colorimetric MTT test can be used to assess cytotoxicity
and cell proliferation assays, as well as to calculate the percentage of live cells and metabolic activity [43].
After three days of incubation, the cytotoxicity of each antioxidant was evaluated by comparing the viability
of the treated cells to that of the control cells, which had been grown to 100% viability. After three days of
incubation, the viability of BALB/3T3 and NIH/3T3 cells was found to be more effectively maintained sep-
arately by EDTA, Se, and Zn up to 0.4 uM, indicating that these cell types are not sensitive to these antioxi-
dants being studied.

When exposed to each antioxidant up to 5 uM, both BALB/3T3 and NIH/3T3 cells demonstrated an
increase in growth rate; but microscopic observations showed that the cell morphology changed to a
rounded shape at these higher concentrations of the antioxidants tested in this study. Therefore, the antiox-
idants were assessed at lowered concentrations. Neither cell line showed sensitivity to any of the antioxidants
at concentrations as high as 0.4 uM for each, and their morphology was normal. Additionally, compared to
those observed with Se and Zn, both cell lines demonstrated faster growth rates at the EDTA concentrations
tested in this study, indicating that the cells are more tolerant of the EDTA concentrations used in this
investigation. Furthermore, compared to EDTA and Se, the data indicates that after three days, both BALB/3T3
and NIH/3T3 cells showed lowered growth rates in response to Zn across the range of concentrations tested.
This demonstrates that Zn toxicity varies with cell type, exposure time, and concentration [31]. Similarly, at
all concentrations tested for Se, both cell lines showed reduced growth compared with EDTA. Since Se can
probably regulate cell growth when added to cell culture medium [44], depending on the concentration, it
may be toxic to cells [29]. Since Se serves as an antioxidant at lower concentrations and a pro-oxidant at
higher concentrations, its results imply that Se is functioning as a pro-oxidant at higher concentrations [45].
However, the cytotoxicity assay results varied depending on the cell culture medium used and the proce-
dures employed in the cytotoxicity investigations [46].

The results of the cytotoxicity assay showed that each antioxidant started to show cytotoxic effects at
concentrations ranging from 0.4 uM and above after three days of exposure. For the proliferation tests, a
concentration of 0.1 uM for each antioxidant (EDTA, Se, and Zn) was chosen to reduce cytotoxicity and
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preserve normal cell morphology. To assess the proliferation of BALB/3T3 and NIH/3T3 cells separately,
different concentrations of FGF-2 were tested for three days. The hypothesis was that by scavenging free
radicals in the culture medium, the antioxidants at 0.1 uM could reduce oxidative stress and improve FGF-
2 stability by keeping it in its reduced, physiologically active form. In comparison to the control under the
same conditions, BALB/3T3 cells showed higher proliferation after three days of treatment. Although, com-
pared to BALB/3T3 cells, NIH/3T3 cells exhibited lower proliferation under the same treatment conditions.
These results imply that while FGF-2 and antioxidant containing supplements can lower apoptosis in
NIH/3T3 cells, they are not enough to promote strong in vitro proliferation. This could indicate that for the
best NIH/3T3 cell proliferation, different FGF-2 concentrations or specific cell culture conditions would be
needed.

Since the FGF-2 samples were prepared in DMEM and RPMI media, it was crucial to make sure that
no medium derived components affected FGF-2 detection during the analytical run. Additionally, RP HPLC
analysis was carried out to support the hypothesis that stabilized FGF-2 could contribute to enhanced cell
proliferation. FGF-2 was successfully separated from both DMEM and RPMI using the RP HPLC method,
resulting in a distinct single peak. These results indicate that, under the experimental conditions used, the
media components did not interfere with the analysis of FGF-2. Freshly prepared FGF-2 was considered as
having 100% recovery and was used as the reference for calculating the recovery of all other FGF-2 samples.

The results of the RP-HPLC analysis showed that the stability of FGF-2 steadily decreased as incubation
time in both DMEM and RPMI increased. When incubated at 2°C - 8°C, FGF-2 started to become less stable
over time, and after 72 hours, it was completely degraded in both media types. After being incubated at
37°C, FGF-2 rapidly lost stability. In DMEM, significant degradation occurred within 12 hours, whereas in
RPM]I, the FGF-2 was completely degraded after six hours. These results suggest that incubation at 37°C in
serum-free culture medium may increase the kinetic energy of FGF-2, leading to structural instability and
denaturation. In addition, degradative processes may be accelerated under serum-free in vitro conditions,
resulting in a more rapid loss of FGF-2 integrity in both DMEM and RPMI medium at 37°C.

Similarly, when FGF-2 was prepared in DMEM or RPMI media containing individual antioxidants and
incubated over multiple time points, the samples supplemented with EDTA showed detectable degradation
within the first hour in both media. The extent of degradation increased progressively with longer incuba-
tion time. In DMEM, FGF-2 was completely lost after 12 h of incubation, whereas in RPMI, the FGF-2 was
nearly fully degraded by 24 h. These observations demonstrate that EDTA does not provide stabilizing ef-
fects on FGF-2 in either DMEM or RPMI at 37°C. When Se or Zn were added separately, FGF 2 was 100%
detectable in DMEM at 37°C for about an hour. However, as time went on, FGF-2 recovery began to decrease
and was completely lost after 48 hours of incubation. However, in RPMI containing either Zn or Se, FGF-2
started to deteriorate after 1 hour under the same conditions. Furthermore, these findings show that FGF-2
in serum-free culture media is highly sensitive to 37°C. In DMEM or RPMI conditions at 37°C, FGF-2 was
not stabilized by individual supplementation with 0.1 pM EDTA, Se, or Zn.

In addition, during the stability assessment, no FGF-2 degradation products such as monomers, cova-
lent dimers, or high molecular-weight species were detected by RP-HPLC analysis. As expected, non-cova-
lent aggregation is likely to increase when FGF-2 dissolution, ion complexation, salting-out effects, and
charge neutrality converge near the protein’s isoelectric pH. Under these conditions, the low pH and organic
solvent composition of the mobile phase limit the ability to detect such noncovalent aggregates. However,
neither DMEM nor RPMI media supplemented individually with EDTA, Se, or Zn showed any oxidized or
cleaved FGF-2 species. These findings indicate that under in vitro DMEM or RPMI conditions at 37°C,
supplementation with 0.1 uM EDTA, Se, or Zn alone is insufficient to stabilize FGF-2. Additional bioassay
studies may be required to confirm FGEF-2 stability and activity in serum containing media. Serum proteins
and endogenous growth factors may independently promote cell proliferation, as suggested by the prolifer-
ation experiments in which complete medium supplemented with antioxidants supported strong prolifera-
tion of cells. Components such as growth factors, amino acids, or serum albumin may further contribute to
stabilizing FGF-2 and enhancing its biological activity.
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5. CONCLUSION

BALB/3T3 and NIH/3T3 cells proliferated more when FGF-2 was supplemented separately with EDTA,
Se, and Zn at 0.1 pM each in cell culture medium. Antioxidant supplementation did not increase FGF-2
stability, as determined according to reverse phase HPLC analysis of FGF-2 in serum free DMEM and RPMI.
These results suggest that, independent of antioxidant addition, FGF-2 may be inherently unstable in
DMEM and RPMI at 37°C. Since serum contains albumin, endogenous growth factors, amino acids, and
other carrier proteins that may directly support proliferation or help stabilize FGF-2, the increased prolifer-
ation seen in the cell based assays are most likely due to the presence of 10% serum. However, several find-
ings regarding the stability of FGF-2 with antioxidants and cell toxicity have been documented in the liter-
ature, necessitating further investigation. Additionally, the findings indicate that variability in the observa-
tions may arise from differences in cell culture media, cell types, types and concentrations of antioxidants,
as well as variations in laboratory procedures, all of which can affect the repeatability of these results.

AUTHORS CONTRIBUTIONS

A. S. Prakasha Gowda planned and organized the study, conducted the experimental work, analyzed
the data, and prepared the manuscript. A.D. Schaefer was responsible for laboratory management and op-
erational oversight throughout the study and manuscript review. All authors approved the final version for
publication.

CONFLICTS OF INTEREST

The authors confirm that this article’s content has no conflict of interest. This article does not contain
any studies on human or animal subjects. The company had no role in the design of the study; in the collec-
tion, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish the
results.

REFERENCES

1.  Powers, C.J., McLeskey, S.W. and Wellstein, A. (2000) Fibroblast Growth Factors, Their Receptors and Signaling.
Endocrine- Related Cancer, 7, 165-197. https://doi.org/10.1677/erc.0.0070165

2. Akl M.R., Nagpal, P., Ayoub, N.M., Tai, B., Prabhu, S.A., Capac, C.M., et al. (2016) Molecular and Clinical Sig-
nificance of Fibroblast Growth Factor 2 (FGF2/bFGF) in Malignancies of Solid and Hematological Cancers for
Personalized Therapies. Oncotarget, 7, 44735-44762. https://doi.org/10.18632/oncotarget.8203

3. Ornitz, D.M. and Itoh, N. (2001) Fibroblast Growth Factors. Genome Biology, 2, reviews3005.1.
https://doi.org/10.1186/gb-2001-2-3-reviews3005

4. Katoh, M. (2016) Therapeutics Targeting FGF Signaling Network in Human Diseases. Trends in Pharmacological
Sciences, 37, 1081-1096. https://doi.org/10.1016/j.tips.2016.10.003

5.  Akita, S., Akino, K., Imaizumi, T. and Hirano, A. (2008) Basic Fibroblast Growth Factor Accelerates and Improves
Second-Degree Burn Wound Healing. Wound Repair and Regeneration, 16, 635-641.
https://doi.org/10.1111/j.1524-475x.2008.00414.x

6. Kumagai, M., Marui, A., Tabata, Y., Takeda, T., Yamamoto, M., Yonezawa, A., et al (2016) Safety and Efficacy of
Sustained Release of Basic Fibroblast Growth Factor Using Gelatin Hydrogel in Patients with Critical Limb Ische-
mia. Heart and Vessels, 31, 713-721. https://doi.org/10.1007/s00380-015-0677-x

7. Moya, M.L., Cheng, M., Huang, J., Francis-Sedlak, M.E., Kao, S., Opara, E.C., et a/ (2010) The Effect of FGF-1
Loaded Alginate Microbeads on Neovascularization and Adipogenesis in a Vascular Pedicle Model of Adipose

Tissue Engineering. Biomaterials, 31, 2816-2826. https://doi.org/10.1016/j.biomaterials.2009.12.053
8.  Zhan, X. and Goldfarb, M. (1986) Growth Factor Requirements of Oncogene-Transformed NIH 3T3 and BALB/c

https://doi.org/10.4236/ns.2026.186008 114 Natural Science


https://doi.org/10.4236/ns.2026.186008
https://doi.org/10.1677/erc.0.0070165
https://doi.org/10.18632/oncotarget.8203
https://doi.org/10.1186/gb-2001-2-3-reviews3005
https://doi.org/10.1016/j.tips.2016.10.003
https://doi.org/10.1111/j.1524-475x.2008.00414.x
https://doi.org/10.1007/s00380-015-0677-x
https://doi.org/10.1016/j.biomaterials.2009.12.053

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

3T3 Cells Cultured in Defined Media. Molecular and Cellular Biology, 6, 3541-3544.
https://doi.org/10.1128/mcb.6.10.3541-3544.1986

Gospodarowicz, D. and Moran, J.S. (1974) Stimulation of Division of Sparse and Confluent 3T3 Cell Populations
by a Fibroblast Growth Factor, Dexamethasone, and Insulin. Proceedings of the National Academy of Sciences of
the United States of America, 71, 4584-4588. https://doi.org/10.1073/pnas.71.11.4584

Freudenberg, U., Hermann, A., Welzel, P.B,, Stirl, K., Schwarz, S.C., Grimmer, M., et al (2009) A Star-PEG-
Heparin Hydrogel Platform to Aid Cell Replacement Therapies for Neurodegenerative Diseases. Biomaterials, 30,
5049-5060. https://doi.org/10.1016/j.biomaterials.2009.06.002

Wang, Y.J., Shahrokh, Z., Vemuri, S., Eberlein, G., Beylin, I. and Busch, M. (2002) Characterization, Stability, and
Formulations of Basic Fibroblast Growth Factor. In: Pearlman, R. and Wang, J.Y., Eds., Pharmaceutical Biotech-
nology, Springer, 141-180. https://doi.org/10.1007/0-306-47452-2 2

Vemuri, S., Beylin, I, Sluzky, V., Stratton, P., Eberlein, G. and Wang, Y.J. (1994) The Stability of bFGF against
Thermal Denaturation. Journal of Pharmacy and Pharmacology, 46, 481-486.
https://doi.org/10.1111/j.2042-7158.1994.tb03831.x

Schreck, R. and Baeuerle, P.A. (1991) A Role for Oxygen Radicals as Second Messengers. Trends in Cell Biology,
1, 39-42. https://doi.org/10.1016/0962-8924(91)90072-h

Kamerzell, T.J., Esfandiary, R., Joshi, S.B., Middaugh, C.R. and Volkin, D.B. (2011) Protein-Excipient Interactions:
Mechanisms and Biophysical Characterization Applied to Protein Formulation Development. Advanced Drug
Delivery Reviews, 63, 1118-1159. https://doi.org/10.1016/j.addr.2011.07.006

Rayaprolu, B.M., Strawser, J.J. and Anyarambhatla, G. (2018) Excipients in Parenteral Formulations: Selection
Considerations and Effective Utilization with Small Molecules and Biologics. Drug Development and Industrial
Pharmacy, 44, 1565-1571. https://doi.org/10.1080/03639045.2018.1483392

Chu, H., Gao, J., Chen, C., Huard, J. and Wang, Y. (2011) Injectable Fibroblast Growth Factor-2 Coacervate for
Persistent Angiogenesis. Proceedings of the National Academy of Sciences of the United States of America, 108,
13444-13449. https://doi.org/10.1073/pnas.1110121108

Dvorak, P., Bednar, D., Vanacek, P., Balek, L., Eiselleova, L., Stepankova, V., et al (2018) Computer-Assisted
Engineering of Hyperstable Fibroblast Growth Factor 2. Biotechnology and Bioengineering, 115, 850-862.
https://doi.org/10.1002/bit.26531

Benington, L.R., Rajan, G., Locher, C. and Lim, L.Y. (2021) Stabilisation of Recombinant Human Basic Fibroblast
Growth Factor (FGF-2) against Stressors Encountered in Medicinal Product Processing and Evaluation. Pharma-
ceutics, 13, Article 1762. https://doi.org/10.3390/pharmaceutics13111762

Ohtake, S., Kita, Y. and Arakawa, T. (2011) Interactions of Formulation Excipients with Proteins in Solution and
in the Dried State. Advanced Drug Delivery Reviews, 63, 1053-1073. https://doi.org/10.1016/j.addr.2011.06.011

Ferrero, M.E. (2016) Rationale for the Successful Management of EDTA Chelation Therapy in Human Burden by
Toxic Metals. BioMed Research International, 2016, Article 8274504. https://doi.org/10.1155/2016/8274504
Ebert, R., Ulmer, M., Zeck, S., Meissner-Weigl, J., Schneider, D., Stopper, H., et al (2006) Selenium Supplemen-
tation Restores the Antioxidative Capacity and Prevents Cell Damage in Bone Marrow Stromal Cells in Vitro.
Stem Cells, 24, 1226-1235. https://doi.org/10.1634/stemcells.2005-0117

Prasad, A.S. (2014) Zinc Is an Antioxidant and Anti-Inflammatory Agent: Its Role in Human Health. Frontiers in
Nutrition, 1, Article 14. https://doi.org/10.3389/fnut.2014.00014
Sluzky, V., Shahrokh, Z., Stratton, P., Eberlein, G. and Wang, Y.J. (1994) Chromatographic Methods for Quanti-

tative Analysis of Native, Denatured, and Aggregated Basic Fibroblast Growth Factor in Solution Formulations.
Pharmaceutical Research, 11, 485-490. https://doi.org/10.1023/a:1018946011652

https://doi.org/10.4236/ns.2026.186008 115 Natural Science


https://doi.org/10.4236/ns.2026.186008
https://doi.org/10.1128/mcb.6.10.3541-3544.1986
https://doi.org/10.1073/pnas.71.11.4584
https://doi.org/10.1016/j.biomaterials.2009.06.002
https://doi.org/10.1007/0-306-47452-2_2
https://doi.org/10.1111/j.2042-7158.1994.tb03831.x
https://doi.org/10.1016/0962-8924(91)90072-h
https://doi.org/10.1016/j.addr.2011.07.006
https://doi.org/10.1080/03639045.2018.1483392
https://doi.org/10.1073/pnas.1110121108
https://doi.org/10.1002/bit.26531
https://doi.org/10.3390/pharmaceutics13111762
https://doi.org/10.1016/j.addr.2011.06.011
https://doi.org/10.1155/2016/8274504
https://doi.org/10.1634/stemcells.2005-0117
https://doi.org/10.3389/fnut.2014.00014
https://doi.org/10.1023/a:1018946011652

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Sauer, D.G., Mosor, M., Jungbauer, A. and Diirauer, A. (2021) Separation of Truncated Basic Fibroblast Growth
Factor from the Full-Length Protein by Hydrophobic Interaction Chromatography. Separation and Purification
Technology, 254, Article ID: 117564. https://doi.org/10.1016/j.seppur.2020.117564

Strober, W. (2015) Trypan Blue Exclusion Test of Cell Viability. Current Protocols in Immunology, 111, A3.B.1-
A3.B.3. https://doi.org/10.1002/0471142735.ima03bs111

Gowda, A.S.P., Schaefer, A.D. and Schuck, T.K. (2025) Epidermal Growth Factor Stability and Cell Proliferation
Enhanced by Antioxidants. Advances in Bioscience and Biotechnology, 16, 65-89.
https://doi.org/10.4236/abb.2025.163004

Marins, J.S.R., Sassone, L.M., Fidel, S.R. and Ribeiro, D.A. (2012) In Vitro Genotoxicity and Cytotoxicity in Mu-
rine Fibroblasts Exposed to EDTA, NaOCl, MTAD and Citric Acid. Brazilian Dental Journal, 23, 527-533.
https://doi.org/10.1590/s0103-64402012000500010

Feril Jr., L.B., Ogawa, K., Watanabe, A., Ogawa, R., ef al (2017) Anticancer Potential of EDTA: A Preliminary in
Vitro Study. Mathews Journal of Cancer Science, 2, Article 9.

Abedelahi, A., Salehnia, M. and Allameh, A.A. (2008) The Effects of Different Concentrations of Sodium Selenite
on the 7in Vitro Maturation of Preantral Follicles in Serum-Free and Serum Supplemented Media. Journal of As-
sisted Reproduction and Genetics, 25, 483-488. https://doi.org/10.1007/s10815-008-9252-z

Selenius, M., Rundlof, A., Olm, E., Fernandes, A.P. and Bjornstedt, M. (2010) Selenium and the Selenoprotein
Thioredoxin Reductase in the Prevention, Treatment and Diagnostics of Cancer. Antioxidants & Redox Signaling,
12, 867-880. https://doi.org/10.1089/ars.2009.2884

Bozym, R.A., Chimienti, F., Giblin, L.J., Gross, G.W., Korichneva, I., Li, Y., et al. (2010) Free Zinc Ions Outside a
Narrow Concentration Range Are Toxic to a Variety of Cells in Vitro. Experimental Biology and Medicine, 235,
741-750. https://doi.org/10.1258/ebm.2010.009258

Du, Y., Guo, D., Wu, Q., Liu, D. and Bi, H. (2014) Zinc Chloride Inhibits Human Lens Epithelial Cell Migration
and Proliferation Involved in TGF-f1 and TNF-a Signaling Pathways in HLE B-3 Cells. Biological Trace Element
Research, 159, 425-433. https://doi.org/10.1007/s12011-014-9979-6

Ye, J., Wu, H., Wu, Y., Wang, C., Zhang, H., Shi, X., et a/ (2012) High Molecular Weight Hyaluronan Decreases
Oxidative DNA Damage Induced by EDTA in Human Corneal Epithelial Cells. Eye, 26, 1012-1020.
https://doi.org/10.1038/eye.2012.89

Slepchenko, K.G., Lu, Q. and Li, Y.V. (2017) Cross Talk between Increased Intracellular Zinc (Zn?*) and Accu-
mulation of Reactive Oxygen Species in Chemical Ischemia. American Journal of Physiology- Cell Physiology,
313, C448-C459. https://doi.org/10.1152/ajpcell.00048.2017

Manning, M.C., Patel, K. and Borchardt, R.T. (1989) Stability of Protein Pharmaceuticals. Pharmaceutical Re-
search, 6, 903-918. https://doi.org/10.1023/a:1015929109894

Wang, W. (1999) Instability, Stabilization, and Formulation of Liquid Protein Pharmaceuticals. International
Journal of Pharmaceutics, 185, 129-188. https://doi.org/10.1016/s0378-5173(99)00152-0

Son, D.H., Yang, D.J., Sun, J.S., Kim, S.K., Kang, N., Kang, J.Y., et a/. (2018) A Novel Peptide, Nicotinyl-Isoleucine-
Valine-Histidine (NA-IVH), Promotes Antioxidant Gene Expression and Wound Healing in HaCaT Cells. Ma-
rine Drugs, 16, Article 262. https://doi.org/10.3390/md 16080262

Estapé, D., Heuvel, ].V.D. and Rinas, U. (1998) Susceptibility Towards Intramolecular Disulphide-Bond For-
mation Affects Conformational Stability and Folding of Human Basic Fibroblast Growth Factor. Biochemical
Journal, 335, 343-349. https://doi.org/10.1042/bj3350343

Caccia, P., Nitti, G., Cletini, O., Pucci, P., Ruoppolo, M., Bertolero, F., et al. (1992) Stabilization of Recombinant
Human Basic Fibroblast Growth Factor by Chemical Modifications of Cysteine Residues. European Journal of

https://doi.org/10.4236/ns.2026.186008 116 Natural Science


https://doi.org/10.4236/ns.2026.186008
https://doi.org/10.1016/j.seppur.2020.117564
https://doi.org/10.1002/0471142735.ima03bs111
https://doi.org/10.4236/abb.2025.163004
https://doi.org/10.1590/s0103-64402012000500010
https://doi.org/10.1007/s10815-008-9252-z
https://doi.org/10.1089/ars.2009.2884
https://doi.org/10.1258/ebm.2010.009258
https://doi.org/10.1007/s12011-014-9979-6
https://doi.org/10.1038/eye.2012.89
https://doi.org/10.1152/ajpcell.00048.2017
https://doi.org/10.1023/a:1015929109894
https://doi.org/10.1016/s0378-5173(99)00152-0
https://doi.org/10.3390/md16080262
https://doi.org/10.1042/bj3350343

40.

41.

42,

43.

44,

45.

46.

Biochemistry, 204, 649-655. https://doi.org/10.1111/§.1432-1033.1992.tb16678.x

Sommer, A. and Rifkin, D.B. (1989) Interaction of Heparin with Human Basic Fibroblast Growth Factor: Protec-
tion of the Angiogenic Protein from Proteolytic Degradation by a Glycosaminoglycan. Journal of Cellular Physi-
ology, 138, 215-220. https://doi.org/10.1002/jcp.1041380129

Manning, M.C., Chou, D.K., Murphy, B.M., Payne, R.-W. and Katayama, D.S. (2010) Stability of Protein Pharma-
ceuticals: An Update. Pharmaceutical Research, 27, 544-575. https://doi.org/10.1007/s11095-009-0045-6

Ribeiro, D.A., Matsumoto, M.A., Duarte, M.A.H., Marques, M.E.A. and Salvadori, D.M.F. (2005) In Vitro Bio-
compatibility Tests of Two Commercial Types of Mineral Trioxide Aggregate. Brazilian Oral Research, 19, 183-
187. https://doi.org/10.1590/s1806-83242005000300005

Kasugai, S., Hasegawa, N. and Ogura, H. (1990) A Simple in Vito Cytotoxicity Test Using the MTT (3-(4,5)-
Dimethylthiazol-2-yl)-2,5-Diphenyl Tetrazolium Bromide) Colorimetric Assay: Analysis of Eugenol Toxicity on
Dental Pulp Cells (RPC-C2A). Japanese Journal of Pharmacology, 52, 95-100. https://doi.org/10.1254/jjp.52.95

Wang, H.P., Qian, S.Y., Schafer, F.Q., Domann, F.E., Oberley, L.W. and Buettner, G.R. (2001) Phospholipid Hy-
droperoxide Glutathione Peroxidase Protects against Singlet Oxygen-Induced Cell Damage of Photodynamic
Therapy. Free Radical Biology and Medicine, 30, 825-835. https://doi.org/10.1016/s0891-5849(01)00469-5

Hartikainen, H., Xue, T. and Piironen, V. (2000) Selenium as an Anti-Oxidant and Pro-Oxidant in Ryegrass. Plant
and Soil, 225, 193-200. https://doi.org/10.1023/a:1026512921026

Holmes, A.M., Mackenzie, L. and Roberts, M.S. (2020) Disposition and Measured Toxicity of Zinc Oxide Nano-
particles and Zinc Ions against Keratinocytes in Cell Culture and Viable Human Epidermis. Nanotoxicology, 14,
263-274. https://doi.org/10.1080/17435390.2019.1692382

https://doi.org/10.4236/ns.2026.186008 117 Natural Science


https://doi.org/10.4236/ns.2026.186008
https://doi.org/10.1111/j.1432-1033.1992.tb16678.x
https://doi.org/10.1002/jcp.1041380129
https://doi.org/10.1007/s11095-009-0045-6
https://doi.org/10.1590/s1806-83242005000300005
https://doi.org/10.1254/jjp.52.95
https://doi.org/10.1016/s0891-5849(01)00469-5
https://doi.org/10.1023/a:1026512921026
https://doi.org/10.1080/17435390.2019.1692382

	Instability of Fibroblast Growth Factor 2 in Cell Culture Media
	ABSTRACT
	1. INTRODUCTION
	2. MATERIALS AND METHODS
	2.1. Materials
	2.2. Methods
	2.2.1. Cell Type and Cell Culture Conditions
	2.2.2. Cell Cytotoxicity in the Presence of Antioxidants
	2.2.3. Investigating How Antioxidants Influence FGF-2 Mediated Cell Proliferation
	2.2.4. Reverse Phase HPLC Conditions
	2.2.5. Analyzed Stability of FGF-2 in DMEM and RPMI Medium with Antioxidants
	2.2.6. Statistical Data Analysis


	3. RESULTS
	3.1. Cells Cytotoxicity Depends on Antioxidants Concentration
	3.2. Antioxidants in Combination with FGF-2, Induced Cell Proliferation
	3.3. FGF-2 Is Unstable in DMEM and RPMI Medium Supplemented with Antioxidants

	4. DISCUSSION
	5. CONCLUSION
	AUTHORS CONTRIBUTIONS
	CONFLICTS OF INTEREST
	REFERENCES

