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Objective: Basic fibroblast growth factor (bFGF), also known as FGF-2, is a crucial member
of the fibroblast growth factor family, involved in a variety of biological functions including
cellular proliferation, wound healing, angiogenesis, intercellular signalling, and cell
differentiation, In contemporary stem cell research, serum-free media enriched with various
additives and growth factors are employed, and among these, bFGF being particularly
significant. Despite its extensive potential applications, the clinical utilization of bFGF is
limited due to its instability, especially in aqueous environment. Therefore, a thorough
investigation of the protein’s structural integrity and stability is essential. This study focuses
on the expression, purification, and characterization of bFGF for structural and stability
analysis through biophysical methods.

Method: The differential scanning calorimetry (DSC) used for stability analysis.
Furthermore, the study aims to evaluate the biological activity of the protein in cellular
context. For this purpose, gold nanoparticles were synthesized.

Results: The results from the Cell Migration Assay indicated that the proliferation of HT29
cells was enhanced following treatment with bFGF in conjunction with gold nanoparticles.
Also, a MTT assay was conducted.

Conclusions: Intrinsic fluorescence measurement indicated a structural alteration
surrounding the tryptophan residue, while circular dichroism (CD) analysis showed a
decrease in the protein’s secondary structure.
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Introduction
The mammalian fibroblast growth factor (FGF) family is composed of 18 glycoproteins that

are secreted and activated by FGF receptors (FGFRs), playing essential roles throughout both
developmental and adult life stages. In the context of development, FGFs and FGFRs are
pivotal in the regulation of mesodermal patterning and organ formation. In adult organisms,
these molecules are involved in the regulation of numerous processes related to angiogenesis,
including the mechanisms of wound healing (1). Fibroblast growth factors exhibit extensive
mitogenic activity, stimulating growth in fibroblasts, malignant cells, and endothelial cells.
Furthermore, FGFs are vital for the maintenance of adult organ systems, tissue regeneration,
hematopoiesis, and embryonic development (2). The identified protein family can be categorized
into two main types: FGF1 (aFGF) and FGF2 (bFGF). The endogenous protein bFGF, which has a
molecular weight of 18 kDa and binds heparin, is recognized for its ability to enhance cell migration,
proliferation, and differentiation across various tissues (3).

The crystallographic analysis of FGF2 reveals that the protein has a globular conformation,
with a folded diameter of around 4 nanometers. Its tertiary structure is defined by a f barrel,
which consists of 12 antiparallel j strands interconnected by  turns (4). A multitude of clinical
trials has recognized and evaluated the diverse therapeutic uses of bFGF, encompassing the
treatment of diverse medical conditions such as burns, oral ulcers, fractures, pressure and
diabetic ulcers (3), and ischemic brain injuries (5).

The stability of the bFGF protein is a significant concern in its application for the development
of pharmaceutical products, a fact that is broadly recognized in the field (4) . Circular dichroism
(CD) is a reliable method extensively employed for the analysis of various protein structures
and their stability (6,7,8,9). Conversely the fluorescence technique serves as a highly
informative tool in the investigation of protein conformational changes, offering significant
insights into protein chemistry and biophysics. This is achieved through the phenomenon of
emission maximum shift, which can be effectively integrated with quenching and self-
guenching processes (9,10,11,12). The present investigation aims to produce the bFGF protein
and improve protein expression in E. coli bacteria. Additionally, this study pursues performing
structural and stability studies on the protein through circular dichroism (CD) and intrinsic
fluorescence spectroscopy approaches. This study investigates protein activity in the context of
gold nanoparticles, examining their effects through wound healing repair tests and MTT assays,
both in their presence and absence. Differential scanning calorimetry (DSC) is widely
recognized as a valuable technique for assessing the equilibrium thermodynamic stability and
stability mechanisms of proteins. Additionally, it can be employed qualitatively to evaluate
thermal stability, which serves as an indicator of ligand binding. There are numerous
documented instances of its application in this context (13,14). The final step involves the
validation of the thermodynamic parameters using the DSC technique. The documents from
various studies suggest that gold nanoparticles significantly enhance the cell proliferation
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effects of bFGF and also have a notable impact on reducing the cytotoxicity of bFGF which
completely aligne with our study (15, 16, 17).

Method

The fibroblast growth factor 2 gene was inserted into the pET-21a construct. This gene
features a hexa-His tag at the C-terminus and is responsible for producing wild-type bFGF. The
chemicals and reagents utilized in this study, along with the dialysis tubing's cellulose
membrane, were sourced from Sigma-Aldrich. Additionally, the LB medium and kanamycin
sulfate required for bacterial culture were also obtained from Sigma-Aldrich. IPTG and the E.
coli BL21 DE3 strain were acquired from Thermo Fisher. RPMI-1640 culture medium, fetal
bovine serum, trypsin, as well as penicillin and streptomycin antibiotics, were provided by
Gibco. The HT29 cell line was procured from the cell bank of the Iran Pasteur Institute.

1.1 Protein expression and purification

The gene responsible for encoding fibroblast growth factor 2, appended with a HisTag at the
N-terminal, was cloned into the Ndel and Xhol restriction sites of the pET-21a vector.
Following this, the plasmid was introduced into the E. coli BL21 (DE3) expression strain, and
the resulting colony was cultured in LB media supplemented with 100 mg/mL of ampicillin.
The bacterial culture was incubated at 37 °C with shaking at 180 rpm until the optical density
at 600 nm (OD600) reached 0.5. At this point, isopropyl B-D-1-thiogalactopyranoside (IPTG)
was added to a final concentration of 1 mM to induce protein expression, and the culture was
maintained at 37 °C for an additional 4 hours. Subsequently, the bacterial cells containing the
recombinant protein were harvested by centrifugation at 4000 RPM at 4 °C, and the resulting
pellet was collected. To facilitate cell lysis, a lysis buffer composed of 50 mM Tris-HCI, 1 mM
phenylmethylsulfonyl fluoride (PMSF), 300 mM NaCl, 10 mM imidazole, and a protease
inhibitor cocktail was prepared at pH 8. The bacterial pellet was then resuspended in this lysis
buffer, and the mixture was subjected to intense sonication for 10 minutes while kept on ice.
Finally, the sample underwent centrifugation at 12000 RPM to separate the pellet from the
supernatant, and the presence of proteins in the supernatant was confirmed using SDS-PAGE
with a 12.5% gel.

The Ni-NTA affinity chromatography technique was employed owing to the presence of a 6-
histidine tag at the N-terminus of the target protein. Initially, the resin was equilibrated using
10 ml of the lysis buffer obtained from the previous step. Subsequently, 5 ml of the supernatant
was introduced into the column, which was then placed on a rotator for one hour to ensure
gentle mixing. Following this, wash steps were conducted by incrementally increasing the
imidazole concentration to 20 mM and 40 mM, each with a volume of 10 ml. After confirming
the absence of absorption through UV detection at 280 nm, the target protein was eluted using
a solution of 300 mM imidazole.
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1.2 Determination of protein concentration by Bradford method

After dissolving 100 mg of Coomassie Brilliant Blue G-250 powder in 5 mL 0f96%  ethanol
and adding 100 mL of 85% phosphoric acid (w/v), a solution was prepared. The final volume
of the resulting solution was brought up to one liter with distilled water and filtered using filter

paper.

1.2.1 Protein Standard Solution

A BSA (Bovine Serum Albumin) solution with a concentration of 1 mg/mL was used to
prepare the standard. The absorbance of the resulting sample contents from the tubes was read
at a wavelength of 595 nm after 15 minutes of mixing. Finally, the concentration of the
unknown protein was determined.

After purification, the eluted samples were collected in three stages, and their absorbance was
measured at 280 nm using an ELISA reader. Then, their concentration was determined using
the Bradford method
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Fig. 1. Bradford Calibration Curve for Determining Protein Concentration

To eliminate excess imidazole, which adversely affects spectroscopic analyses and poses
toxicity to cells in cellular studies, we utilized a dialysis technique. Initially, the dialysis bag
tube was regenerated, followed by the introduction of 0.8 mg/ml of pure bFGF into the bag (flat
width: 29 mm; MWCO: 14.5 kD). The dialysis process was carried out overnight at 4°C,
utilizing a buffer composed of 50 mM Tris-HCI and 100 mM NacCl, adjusted to a pH of 7.

1.3 Synthesis of gold nanoparticles and interaction with bFGF

A total of 500 microliters of a gold solution with a concentration of 0.01 M was combined with
19.5 milliliters of double-distilled water and heated until boiling. Following this, 600
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microliters of 0.16 M sodium nitrate were introduced into the mixture, which was then
maintained at 70°C for a duration of 15 minutes. After synthesis, the nanoparticles were
characterized using transmission electron microscopy (TEM) after cooling and storing them at
4°C in a refrigerator.

Using bFGF protein at a concentration of 0.01 mg/mL (equivalent to 60 ng/mL) and gold
nanoparticles synthesized at a concentration of 2.28 x 10”7 M, a final concentration of 50 ng/mL
Is prepared. Ultimately, an interaction is carried out between the protein and the synthesized
gold nanoparticles using the specified concentrations.

To achieve this, 200 pL of bFGF protein is diluted with double-distilled water to a final volume
of 1 mL, resulting in a concentration of 200 ng/mL. This dilution is necessary to account for
the expected dilution of the protein upon mixing with the culture medium.

Similarly, for the synthesized gold nanoparticles, 440 uL of the nanoparticle solution is diluted
with 560 pL of double-distilled water to reach a concentration of 150 ng/mL, which will then
be diluted to 50 ng/mL after mixing with the culture medium.

For the interaction between the protein and gold nanoparticles, 440 pL of the nanoparticle
solution is mixed with 200 uL of protein solution and 360 pL of double-distilled water, resulting
in final concentrations of 200 ng/mL for the protein and 150 ng/mL for the gold nanoparticles.
These will then be further diluted to the desired concentrations upon addition to the culture
medium.

1.4 Intrinsic protein fluorescence study in the presence of 8 M urea.

In this study, bFGF protein was employed at a concentration of 0.02 mg/ml, with aromatic
residues being excited at a wavelength of 280 nm. The intrinsic fluorescence intensity of the
pure protein was measured within an emission range of 300 to 500 nm. The bFGF was subjected
to titration with 8 M urea, maintaining an equivalent volume ratio, and the dilution factor was
incorporated into the concentration calculations. The scanning rate was set at 1000 nm/m, and
both the excitation and emission slit widths were fixed at 5 nm. A Perkin Elmer fluorimeter LS
55 (PerkinElmer, USA) was utilized to assess the structural changes of bFGF based on its
intrinsic fluorescence emission.

1.5 Circular dichroism spectropolarimeter

To examine the content of the secondary structure, circular dichroism (CD) measurements were
conducted in the far ultraviolet region, specifically between 200 and 250 nm. This study was
conducted in a 1-mm path-length cuvette using a JASCO J-715 CD spectropolarimeter (Tokyo,
Japan). The present study is based on a protein concentration of 0.2 mg/ml. The parameter of
ellipticity was normalized using the formula [0]= 0x100MRW/(C x 1), that 0 refers to ellipticity
measured by spectropolarimeter in degree at wavelength of A, MRW is mean amino acid residue
weight, C refers to sample concentration and | is the length of the cuvette cell.
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1.6 Structural Stability Assessment of BFGF via Urea Titration.

For this examination, concentrations of 0.2 mg/ml were used for both intrinsic fluorescence
emission and circular dichroism spectra, respectively. Regarding the minor conformational
alteration in our evaluation, a large volume of protein was employed. For the CD analysis, a
sigmoid curve was generated using 6=222, which was informed by the detection of notable changes in
the content of a-helixes. Additionally, to identify the critical regions of the graph, urea was employed
as a chemical denaturant, with concentrations varying from 0.5 to 8 M.

1.7 Differential scanning calorimetry (DSC) evaluation.

In the present investigation, a concentration of 0.16 mg/ml was chosen, and the corresponding
thermogram was obtained over a temperature range of 20 to 90 °C. The variations in heat
capacity at constant pressure were graphed as a function of temperature. The Nano DSC Il
(USA TA instrument) was utilized for this purpose.

1.8 Cell viability assay.

The cytotoxicity of basic fibroblast growth factor (bFGF) was assessed in both the presence
and absence of gold nanoparticles (AuNP) using the MTT assay. In this context, we
investigated the independent effects of bFGF as well as the interaction between AuNP and
bFGF on the viability of HT29 cell lines. The experiments utilized bFGF at a concentration of
60 ng/ml, both alone and in conjunction with AuNP at 50 ng/ml, over incubation periods of
24, 48, and 72 hours. Initially, 5x10° cells were plated in each well of 96-well plates and
allowed to reach confluence overnight. Subsequently, the old culture medium was discarded
and replaced with fresh medium. After a 48-hour period, 5 mg/ml of MTT solution was
introduced to the wells. After 4 hours, the MTT solution was discarded, and 150 microliters of
DMSO were used to dissolve the precipitated crystals. The decrease in absorption of MTT was
subsequently measured at 570 and 630 nm utilizing ELISA Reader.

1.9 Wound Healing assay.

This test examined the effects of bFGF independently and in interaction with gold nanoparticles
on the migration and proliferation of the HT29 cells. The concentrations of bFGF and AuNP
utilized in the study were 60 ng/ml and 50 ng/ml, respectively. For all assessments, HT29 cells were
cultured in 12-well plates and maintained in RPMI supplemented with 10% fetal bovine serum (FBS)
at a temperature of 37°C and a carbon dioxide concentration of 5% for durations of 24, 48, and 72
hours. Upon reaching approximately 70% confluence, two separate regions of the HT29 cell
monolayer at the bottom of each well were subjected to scratching using a sterile pipette tip with a
volume range of 10-100 microliters. The growth of cells on either side of the scratch towards the center
was quantified using ImageJ software.
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HT29 cells were grown in the (RPMI 1640) containing 10% Fetal Bovine Serum and 40
mg/mL of penicillin-streptomycin. The cells were grown to 70% confluence with daily
medium changes. All cells grew at 37°C, 5% of CO2, and in a humidified incubator.

1.10 Statistical analysis.

The results were all represented as means+SE of three distinct experiments. A one way ANOVA
analysis of variance was used to look for statistical variations in the datasets; a P-value of 0.05
was regarded as significant.

Results

1.1 Protein expression and purification

A suitable purification protocol was implemented based on the expression of the soluble bfGF
protein in E. coli. It is important to highlight that not all recombinant proteins were present in
the supernatant; some were found as inclusion bodies resulting from bacterial overexpression.
Nonetheless, the achieved expression level and the subsequent purification were adequate to
advance our systematic biophysical investigation.

1.2 Bio-thermodynamic evaluation, and cell biology studies.

A pure protein as depicted in Figure 1, exhibits a molecular weight of roughly 35 kilodaltons
when analyzed via SDS-PAGE. It is important to note that the Bradford assay was employed
to assess protein concentration consistently throughout the study.
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Fig. 2. SDS-PAGE 12.5%: 1.Protein Marker, 2.protein crude in the supernatant, 3.cell pellet,
4.BL21 Negative Control, and 5.Purified Band (35 kDa), in order from right to left, are shown on
the gel.

1.3 Protein stability utilizing Intrinsic fluorescence spectroscopy

Figure 2 illustrates a decline in fluorescence emission, indicating that the bFGF protein
progressively loses its structural rigidity during the urea titration process. Tryptophan, the key
aromatic residue involved in these changes, plays a crucial role, with the surrounding
environment contributing significantly to the structural modifications observed during
denaturation, particularly when excitation is performed at 280 nm.
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Fig. 3. Intrinsic fluorescence spectra of the bFGF protein in absence and presence of different
concentrations of urea. (in which 10-130 equals to 0.27-3.5 M of urea)

1.4 Looking into bFGF protein chemical stability employing circular dichroism

In this investigation, it was observed that a predominant number of the structures exhibited the
alpha+ beta motif, although the corresponding data were not presented. The titration process
with urea, illustrated in Figure 3A, revealed a decrease in the proportion of secondary structural
content. For the comprehensive validation assessment, alterations in molecular ellipticity
obtained from circular dichroism (CD) at a wavelength of 222 nm were plotted against varying
concentrations of urea, revealing two-state transitions between the native and denatured forms,
as depicted in the sigmoid curve shown in Figure 3B. The Gibbs free energy equation was
employed to evaluate protein stability, yielding a value of 1.090 kJ/mol, which suggests a low
level of protein stability.
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Fig. 4A. Far-UV CD spectra of bFGF at various urea concentrations. (in which 10-130 equals to 0.27-3.5 M
of urea)

-3000
-3100
-3200
-3300
-3400
-3500
-3600
-3700
-3800
-3900

-4000
0 0.5 1 15 2 25 3 35 4

Urea concentration (M)

Fig. 4B. The changes in molar ellipticity at 222 nm versus varied urea concentrations followed a
sigmoidal trend.
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1.5 Differential scanning calorimetry results

The Cp baselines for both the native and denatured states of bFGF indicate that the protein
remains non-aggregated, and the denaturation process is reversible within the specified
temperature range, as illustrated in Figure 4. The thermogram obtained from the experiment
demonstrated a melting temperature (Tm) of 50.14 °C. Further analysis of this thermogram
yielded enthalpy and entropy values of 17.440 kJ/mol and 0.0539 kJ/mol, respectively. Using
the Gibbs free energy equation, we calculated AG to be 1.37 kJ/mol. Importantly, a temperature
of 25 °C serves as a reliable indicator of protein stability.

Integration Baseline

Temperature (°C)

Fig. 5. The calorimetrically measured partial molar heat capacity profile of bFGF.

1.6 Cell migration assay results

The influence of gold nanoparticles on cell growth has been previously established; therefore,
a cell scratch assay was employed to assess the effects of bFGF on the proliferation and
migration of HT29 cells. To explore the combined effects of nanoparticles and proteins through
their interactions, treatments were administered over 24, 48, and 72 hours. As illustrated in
Figure 5A, after 72 hours, HT29 cells treated with bFGF displayed significant growth and
regenerative characteristics. In Figure 5B, the synergistic effect of bFGF and gold nanoparticles
demonstrates that, compared to proteins independently, the proliferation of HT29 cells is
accelerated when gold nanoparticles and bFGF interact.
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Fig. 6A. The outcomes of cell migration after treatment with bFGF protein over time show a clear
progression upward. Magnification: x100

24 h 48 h 72h

Fig. 6B. The collaborative impact of gold nanoparticles' interaction with the bFGF protein on cell
migration increased with time. Magnification: x100

1.7 MTT assay results

The purpose of this experiment was to determine the cellular toxicity of bFGF protein in the
presence and absence of gold nanoparticles. The HT29 cell line underwent treatment with bFGF
protein, gold nanoparticles, and a combination of bFGF protein with gold nanoparticles for
durations of 24, 48, and 72 hours, resulting in three distinct experimental groups. The findings
demonstrated that cell death is influenced by the duration of exposure, with variations in cell
viability observed over time. Additionally, the presence of gold nanoparticles enhanced the
effects of the bFGF protein.
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Fig. 7. Each column represents the effect of the group being tested on the percentage of time-
dependent cell proliferation, while each error bar reflects the standard deviation.

Conclusions
In most prior studies examining the structure and function of basic fibroblast growth factor

(bFGF), various chromatography techniques, particularly those utilizing fast protein liquid
chromatography (FPLC) and high-performance liquid chromatography (HPLC), were
employed. However, in the present study, we adopted a straightforward and economical method
utilizing nickel affinity chromatography. We implemented a batch-gravity approach, and the
findings demonstrated that this technique produces comparable results for laboratory-scale
experiments, although it is not appropriate for industrial applications.(18, 19) Previous
literature has demonstrated that Ni-NTA chromatography can produce comparable results to
automated systems for His-tagged proteins under optimized conditions. Moreover, the
documents depicted that this technique is cost effective and suitable for laboratory scale studies.
Which exactly align with our experiment situation and results.(20, 21, 22, 23)

The data presented in Figure 2 illustrates a reduction in the intrinsic fluorescence intensity of
bFGF when exposed to varying concentrations of urea. This observation suggests a decrease
in the rigidity of the protein structure surrounding the tryptophan residue. Furthermore, Figure
3A depicts the circular dichroism spectrum of bFGF across different urea concentrations,
indicating that an increase in urea concentration correlates with a reduction in structural
compaction. To assess the stability of this protein at ambient temperature, the 6222 value was
plotted against urea concentration, as shown in Figure 3B. The resulting sigmoid curve allowed
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for the calculation of the AG parameter, which was determined to be 1.090 kJ, indicating that
bFGF exhibits lower stability in comparison to other proteins within the same family.(24, 25,
26)

To reveal the effect of AG obtained from CD spectroscopy, the stability of the protein was
investigated by DSC method, and the DSC thermogram of this protein was plotted against the
temperature, which can be seen in Figure 4, shows how the changes in specific heat capacity at
constant pressure in different temperatures cause denaturation changes between the two states.

According to the baselines of cpN and cpP, aggregation was not observed and the thermogram
was reversible, and the values of AH and AS were 4406.17 kJ/mol and 0.0539 kJ/mol,
respectively, and through the formula AG = AH - TAS, the value of AG was calculated equal to
1.37 kJ/mol, which confirms the value of AG by CD method. (13, 27, 28, 29, 30)

The non-cytotoxic nature of these nanoparticles has been well-documented in numerous
studies, which have explored the dose-dependent effects of gold nanoparticles in various
geometries, including rod, spherical, tubular, and star shapes, on different cell lines. Given the
susceptibility of the bFGF protein to proteolysis, this study aimed to assess not only whether
gold nanoparticles enhanced the protein's effects synergistically but also to investigate the
interactions between these two components during cellular analysis. Furthermore, the presence
of gold nanoparticles significantly reduced the cytotoxic effects of bFGF, as evidenced by a
comparison with conditions lacking these nanoparticles. (31, 19, 32, 33, 34, 35)
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