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Abstract

Background and Purpose Fibroblast growth factor 2 (FGF2) plays an important role in multiple physiological functions such

as tissue repair. However, it has a short half-life in vivo, thus limiting its clinical application. Experimental Approach Based

on the crystal structure of FGF2, surface-exposed sites near the receptor and heparin binding region or separated from both

binding regions, were selected and PEGylated to investigate the effects of these sites on protein stability and bioactivity. The

efficacy of FGF2 conjugates for wound healing in vitro was screened by cell proliferation, migration of human dermal fibroblasts

(HDFs) and human umbilical vein endothelial cells (HUVECs). Angiogenesis activity was assessed by tube forming and aortic

ring assays. The stability was confirmed in plasma and wound fluid. The in vivo wound healing of FGF2 conjugates were

further evaluated on a cutaneous wound model using H&E, IHC, IF, and collagen staining. Key Results Compared with native

FGF2, all PEG-FGF2 conjugates exhibited significantly improved stability in plasma and wound fluid. Compound 6 more

effectively promoted proliferation and migration in HDFs and HUVECs than FGF2, and exhibited excellent angiogenesis and

wound healing activity in vivo. However, conjugates with the PEGylated sites near the receptor and heparin binding regions

showed some reduction in bioactivity, with a greater loss of bioactivity for protein with site near the heparin binding domain.

Conclusion and Implications Heparin binding domain may be a key contribution region to activity of FGF2. Compound 6 is a

potential therapeutic candidate for wound healing, deserving further investigation.

Abbreviations

FGF2: Fibroblast growth factor 2

PEG: Poly (ethylene) glycol

ERK1/2: Extracellular signal–regulated kinases 1 and 2

p-ERK1/2: phosphorylated ERK1/2

mPEG-MAL: monomethoxy PEG-maleimide

HDFs: Human dermal fibroblast cells

HUVECs: Human umbilical vein endothelial cells

CCK-8: cell counting kit-8

MMPs: metalloproteinases
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HG: high glucose

H&E: Hematoxylin and Eosin

PCNA: Proliferating cell nuclear antigen

1. Introduction

Fibroblast growth factor 2 (FGF2) is a member of the heparin-binding growth factor (HBGF) family, and
is widely expressed in development and adult tissues (Nguyen et al. , 2013). FGF2 is a potent stimulator of
cell proliferation, differentiation, and migration of multiple cell types, playing an essential role in embryonic
development (Slacket al. , 1987), tissue repair (Maddaluno et al. , 2017), and angiogenesis (Chu et al.
, 2011; Corseaux et al. , 2000). FGF2 can be used to accelerate the healing of both acute and chronic
wounds. However, it has a short circulation half-life due to rapidly protease degradation, kidney filtration,
and antigenic response, limiting its clinical application. Thus, increasing the stability of FGF2 is required
to improve its application potential.

Although there are many chemical modification approaches to address stability, poly (ethylene) glycol (PEG)
modification has been well demonstrated as an effective strategy to improve stability and biocompatibility
of proteins (Brocchini et al. , 2008; DeFreeset al. , 2006; Krall et al. , 2016). PEG is a substance that has
been designated by the Food and Drug Administration (FDA) as “Generally Recognized as Safe (GRAS)”
(Parnaud et al. , 1999), and a variety of PEGylated proteins have been approved for use by FDA (Dozier et
al. , 2015). The most widely used PEG modification method is to engineer a single cysteine into a protein,
and then rapidly and quantitatively react this cysteine with a PEG-maleimide group, thus forming a protein-
PEG conjugate (Foley et al. , 2007; Rosenet al. , 2017). Cysteine is an ideal target for site-specific protein
modification due to its typical low abundance in proteins and the high nucleophilicity of the sulfhydryl side
chain (Bernardimet al. , 2016). Previous efforts using site-selective PEGylation of cysteine residues have
resulted in modified proteins with improved pharmacokinetics and retained biological activity (Dozier et al.
, 2015).

The crystal structure of the FGF2-FGFR-Heparin ternary complex shows that FGF2 activity depends on the
heparin-dependent formation of 2:2 FGF2-FGFR dimer complex (Beenken et al. , 2012). Heparin facilitates
FGF-FGFR dimerization by binding both FGF and FGFR, and thereby promoting and stabilizing the
protein-protein contacts between ligand and receptor (Beenken et al. , 2009). Obviously, the receptor
binding region and heparin-binding region are important regions for the activity of FGF2. However, there
has been little detailed study of structure-activity relationships in FGF2. Previous efforts to modify FGF2
focused on the protein’s N-terminus or chemical modification of two surface-exposed cysteines (Decker et al.
, 2016; Kang et al. , 2010), but the resulting long-acting FGF2 conjugates exhibited reduced bioactivity.
Therefore, a rational modification strategy based on the structure to select optimal sites on the protein for
cysteine mutation may be more effective to obtain PEGylated proteins that retain biological activity.

To identify suitable modification sites, four surface-exposed sites, including two sites near the heparin- and
FGFR-binding regions and two native cysteines were selected and substituted by cysteine or alanine, and
PEG-FGF2 conjugates were synthesized and purified. Structure-activity analysis and long-acting character-
istics of these conjugates were explored using in vitro and in vivo wound healing models.

2. Materials and Methods

2.1 Expression and purification of FGF2 and its variants

Recombinant human fibroblast growth factor 2 (FGF2) and its variants were expressed in the E. coli system
as previously reported (Huang et al. , 2017). The Fast Mutagenesis System Kit (TransGen Biotech, Beijing,
China) was used to introduce mutations into native FGF2 expression vector in order to generate the variant
constructs. BL21 (DE3) competent cells were transformed with the expression vectors and cultured in LB
medium with shaking at 37 °C to an absorbance of 0.5 at 600 nm, then protein expression was induced
by addition of 1 mM isopropyl 1-thio-D-galactopyranoside (IPTG) and continued incubation for 4 h. Cell
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pellets were lysed in 150 mM NaCl, 10% glycerol, 25 mM Hepes-NaOH, pH 7.5, and 5 mM EDTA. The cell
suspensions were centrifuged at 12,000 rpm for 30 min at 4 °C, and the soluble lysate fractions containing
FGF2 variants proteins were purified by heparin affinity column (Hitrap Heparin HP column, 5 ml), followed
by further separation by Superdex 75 10/300 gel filtration column. The purity of FGF2 variants was confirmed
by 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). The purified FGF2 variants
were concentrated using Amicon Ultra Centrifugal Filters and the resulting concentrations were determined
by absorbance measurements using a Nanodrop spectrophotometer. The detailed amino acid sequences of
these proteins were shown in supplemental table 1 .

2.2 Site-specific PEGylation of FGF2 conjugates and purification

The PEGylated FGF2 conjugates were generated by site specific PEGylation using mPEG-Maleimide
(mPEG-MAL, 5kDa). We optimized the reaction conditions, including temperature, reaction time, and
the PEG-to-FGF2 molar ratio as 4 °C a PEG-to-FGF2 molar ratio of 4, and 1 h, respectively. The yield of
PEGylation was confirmed by SDS-PAGE.

To separate the PEGylated FGF2 conjugates from unreacted FGF2 and mPEG-MAL, reaction mixtures
were applied at a rate of 5 mL/min to a Heparin HP column (5 mL bed volume) pre-equilibrated with 15
column volumes (CVs) of binding buffer (25 mM HEPES buffer, pH 7.5). The column was then washed with
10 CVs of binding buffer, and then the protein was eluted with buffer A (25 mM HEPES buffer, pH 7.5
and buffer B (25 mM HEPES buffer, pH 7.5, 2 M NaCl) over 30 CVs. Eluted fractions were collected and
analyzed by SDS-PAGE.

2.3 Cell culture

Human umbilical vein endothelial cells (HUVECs) were purchased from Lonza and cultured in endothelial cell
growth medium-2 (EGM-2, Lonza, Cat#CC-3156 & CC-4176) at 37 °C in 5% CO2 before the experiment.
Subconfluent cells obtained after 5-7 passages were used in the following experiments. Twelve h prior to
cell culture, culture media was removed and replaced with phenol red-free low-glucose DMEM (Gibco,
Cat#11054020) supplemented with 1% calf serum (Gibco, Cat#16010159). HUVECs were then transferred
to EGM-2 with high glucose (HG, 33 mM) in the presence of FGF2 or PEG-FGF2 conjugates (10 ng·mL-1)
for 72 h. PBS (Gibco, Cat#10010) was used as a negative control (untreated cells). The media was replaced
every 24 h. All experiments were independently carried out at least three separate times.

Human dermal fibroblasts (HDFs) were separated from human foreskin samples obtained from volunteers,
as previously described (Takahashi et al. , 2006). HDFs were cultured in DMEM supplemented with 5.5
mM glucose, 10% FBS, and 1% penicillin-streptomycin, and were passaged by using 0.25% trypsin (Gibco)
when cell confluence reached ˜80%. Primary human fibroblasts at passage 5-6 were used in the experiments
described below.

2.4 Cell proliferation assay

Cell proliferation was detected using a Cell Counting Kit-8 (CCK-8; Biosharp; Cat#BS350A). HUVECs and
HDF cells were separately seeded 2×103/well in 96-well plates. The cells were allowed to adhere for 12 h at
37 °C in 5% CO2. After 12 h, the medium was removed and replaced with 100 μL of FGF2 or PEG-FGF2
conjugates for 24 h before addition of CCK-8 solution (10 μL) to each sample. The absorbance was measured
at 450 nm using a microplate reader (Molecular Devices, USA). Cell proliferation assays were performed in
triplicate.

2.5 In vitro wounding assay

A previously described wound healing scratch assay was used to assess cell migration (Das et al. , 2018).
Cells were plated at a density of 160000 cells/ml in 24-well culture plates and incubated at 37 °C in 5%
CO2 until formation of a confluent monolayer. Cells were then scratched once per well, vertically, with a
200 μL plastic pipette tip to create an artificial wound. After washing twice to remove cellular debris by
PBS, cells were treated with 10 ng·mL-1 FGF2, PEG-FGF2 conjugates, or PBS control. The same fields were
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photographed every 12 h by Nikon Eclipse Ni light microscopy and the areas of cell migration were calculated
with ImageJ Software (National Institutes of Health, Bethesda, MD, USA). The percent migration at each
time point was defined as the ratio of (the original area - the open area at 24 h) to the original area. All the
experiments were performed in triplicate.

2.6 Protein stability in rat plasma

The stability of the prepared compounds was assessed in rat plasma collected from adult male Sprague
Dawley (SD) rats, as previously described (Zhou et al. , 2017). Briefly, plasma was stored at -80 °C until
needed. In vitrostability of FGF2 and PEG-FGF2 conjugates was measured using initial concentrations of
1000 ng·mL-1 of each protein in mouse plasma at 37 °C. Aliquots of 100 μL of plasma were removed at 0, 2, 4,
6, and 8 h time points and subjected to solid phase extraction on a Waters Oasis HLB 96-well plate (Milford,
MA). The dynamic levels of FGF2 or PEG-FGF2 conjugates in the plasma were measured by human FGF2
immunoassay ELISA kit (Abcam, Cambright, UK) using a standard curve.

2.7 Protein stability in wound fluid

Wound fluid was collected as previously described (Grinnell et al. , 1992). The stabilities of FGF2 and
PEG-FGF2 conjugates were investigated in wound fluids as previously described (Olekson et al. , 2015).
Briefly, FGF2 and PEG-FGF2 conjugates were added to wound fluids collected within 1 day after scalding
and further incubated for 48 h at 37 °C. After centrifugation at 12000 rpm, supernatants were collected for
bioactivity test. The residual amounts of FGF2 retained for FGF2 and the three PEG-FGF2 conjugates were
quantitatively analyzed by ELISA.

2.8 Angiogenesis (tube formation) assay in vitro

The in vitro angiogenic activity of HUVECs was determined by Matrigel tube formation assay. After the
experimental period described above, HUVECs were stained with a cell-permeable dye, calcein (Cat#354216,
Corning incorporated, USA), for 30 min and transferred to 24-well plates precoated with 150 μL/well growth
factor-reduced Matrigel (Cat#354234, Corning incorporated, USA) and then incubated at 37°C in a cell
culture incubator. After 12 h incubation, capillary-like tube formation was observed with a computer-assisted
microscope (EVOS, Thermo Fisher Scientific, USA). Tube formation was defined as a tube-like structure
exhibiting a length four times its width. The tube lengths in duplicate wells were counted and averaged
using ImageJ software.

2.9 Aortic ring assays

To establish the direct action of FGF2 and PEG-FGF2 conjugates on vascular tissue, the thoracic aortae of
8-week-old mice from each group were isolated surgically, cleaned, and dissected into 0.5 mm rings. Rings
were then embedded in 1 mg/mL of type I collagen (Millipore, Cat#08-115) in a 96-well plate as described
previously (Baker et al. , 2011). The embedded rings were cultured in HG (33 mM) serum-free endothelial
basal medium (EBM) (Lonza, Cat#CC-3121) in the presence of FGF2 or PEG-FGF2 conjugates. During the
exponential growth phase, angiogenic response data were obtained by counting the endothelial microvessel
sprouts growing out from the cultured rings. Before the regression phase, rings were fixed with 4% (w/v)
paraformaldehyde for 30 min. Pictures were taken on day 12 with a computer assisted microscope (Eclipse
Ni, NIKON), and the total number of branches was counted using ImageJ (National Institutes of Health,
USA).

2.10 Animals

Male C57BL/6 mice were purchased from the Model Animal Research Center of Nanjing University (Nanjing,
China) and were allowed to acclimate to the facilities for at least 7 days. All mice were housed under standard
laboratory conditions of temperature at 21 +- 2 degC, relative humidity 50 +- 15%, and 12 h light/darkness
cycles, with water and food freely available. Animal studies are reported in compliance with the ARRIVE
guidelines (Kilkenny et al. , 2010) and the editorial on reporting animal studies (McGrath et al. , 2015)
with the recommendations made by the British Journal of Pharmacology . All experimental procedures and
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methods in this research were approved by the Institutional Animal Care and Use Committee of Wenzhou
Medical University.

2.11 In vivo wound closure assay

C57BL/6 male mice were anesthetized by intraperitoneal injection of 4% chloral hydrate. The skin hair on
the backs of mice was removed using a shaving machine and depilatory creams. Alcohol was used to rinse
the skin, and silicone rings with an internal diameter of 8 mm and thickness of 0.5 mm were stitched on the
skin. Two full-thickness wounds per mice were made on the dorsal skin with surgical scissors. After surgery,
the wounds were treated with 10 μL FGF2 or PEG-FGF2 conjugates (10 μg·ml-1, produced by Wenzhou
Medical University gene engineering laboratory) or PBS once a day. Digital photographs of the wound area
were taken on days 0, 3, 5, and 7 and the wound areas were measured using ImageJ software. The ratio
of wound healing was defined as the ratio of (the original wound area - the wound area on the collected
day) to the original wound area. Skin wound samples were collected 7 days after injury and fixed in 4%
paraformaldehyde for histological and immunofluorescence analyses.

2.12 Immunoblot analysis

Protein concentrations were determined using a BCA Kit (Protein Assay Kit, Beyotime Biotechnology,
Shanghai, China). 30 μg of total protein was loaded and separated by SDS-PAGE and transferred to PVDF
membranes (Millipore, Germany). Membranes were blocked with 5% (w/v) milk (Bio-Rad) in Tris-buffered
saline containing 0.1% (v/v) Tween 20 (TBST) at room temperature for 1 h. Each nitrocellulose membrane
was incubated with primary antibodies to phospho-p44/42 MAPK (Erk1/2) (Cell Signaling Technology;
Cat#4370; 1:1000 dilutions), p44/42 MAPK (Erk1/2) (Cell Signaling Technology; Cat#9102; 1:1000 di-
lutions), GAPDH (Cell Signaling Technology; Cat#2118; 1:1000 dilutions) at 4 °C overnight. After three
washes with TBST, Immune-reactive bands were detected by incubating with horseradish peroxidase (HRP)
conjugated secondary antibodies (Santa Cruz Biotechnology; Cat#sc-2004; 1:3000 dilutions) at room tem-
perature for 1 h. Then protein bands were incubated using the EasySee western Blot Kit (TransGen Biotech,
Beijing, China) and visualized using enhanced chemiluminescence (ECL) reagents (Bio-Rad, Hercules, CA).
Densitometric analysis was performed using Image J software (NIH, USA). The immune-related procedures
used comply with the recommendations made by the British Journal of Pharmacology (Alexander et al. ,
2018).

2.13 Histological analysis

Skin tissues were fixed with 4% paraformaldehyde solution for 24 h, and then embedded in paraffin. Skin
tissue was sliced into sections 5 μm in thickness, followed by H&E or Masson’s trichrome staining according
to the standard protocols. Tissue images were captured using Nikon Eclipse Ni light microscopy.

2.14 Immunohistochemistry staining

Paraffin skin sections (5 μm in thickness) were deparaffinized and rehydrated, and subsequently treated
with antigen retrieval solution for 6 min at 96 °C. The sections were stained with PCNA antibody (Abcam;
Cat#ab29; 1:200) at 4 °C overnight, and then reprobed with goat-anti-rabbit HRP-conjugated antibody
for 2 h at room temperature. All antibodies were diluted with PBS containing 1% BSA. The staining was
visualized by reacting with 3, 3-diaminobenzidine (1:20) (DAB; Sigma Chemical Co., USA), and then the
nuclei were stained with hematoxylin (Solarbio Science & Technology, China). Results were evaluated by
Nikon Eclipse Ni light microscopy.

2.15 Immunofluorescence staining

For staining of HUVECs, cells cultured in 6-well plates were fixed with 4% paraformaldehyde for 30 min and
permeabilized with 0.5% Triton-X 100 (Solarbio Science & Technology, China) for 15 min. Next, samples were
incubated with 5% BSA for 30 min at room temperature to block nonspecific binding and then incubated
with Ki67 (Cell Signaling Technology; Cat#11882; 1:200) at 4 °C overnight. Alexa Fluor 488-conjugated
anti-mouse IgG secondary antibody (Abcam; Cat#ab150113; 1:200) was then added and incubated for 1 h

5
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at room temperature. The nuclei were labeled with DAPI for 10 min, and then images were captured by
Leica SP8 confocal microscopy (Leica, Wetzlar, Germany).

For quantification of the CD31 positive areas, sections were stained with anti-CD31 antibody (Abcam;
Cat#ab24590; 1:100) and then incubated with Alexa Fluor 647-conjugated anti-rabbit IgG secondary anti-
body (Abcam; Cat#ab150115, 1:200) for 60 min at room temperature. Subsequently, cell nuclei were stained
with DAPI. All fluorescent images were taken using a Leica SP8 confocal microscopy (Leica, Wetzlar, Ger-
many).

Statistical Analysis

Statistical analysis was performed using Graphpad Prism 8.0 software (GraphPad, San Diego, CA). Data
are presented as mean values ± SD. Each set of experiments was repeated independently at least three times
with comparable results. Student’s t -tests were performed to determine the significance of differences bet-
ween pairs. One-way analysis of variance (ANOVA) was utilized to determine significant differences between
multiple groups. P <0.05 was considered statistically significant.

3. Results

3.1 Rational design of FGF2 variants

Selection of an appropriate modification site is important for the retention of biological activity of PEGylated
proteins. The surface of FGF2 contains two native cysteines, Cys69 and Cys87, which are surface exposed
and spatially distal from both the receptor and heparin binding regions. We separately mutated each cysteine
to alanine, thus generating two FGF2 containing only a single surface-exposed cysteine (compounds1 and
2 ). And two surface-exposed residues, Lys129 and Phe17, near the heparin- and receptor-binding regions,
respectively, were also changed to cysteines (compounds 3 and 4 ) (Figure 1A ). The resulting FGF2
variants, each containing a single cysteine for PEGylation, were engineered and tested: FGF2C69A (compound
1 ), FGF2C87A (compound 2 ), FGF2C69A/C87A/F17C (compound 3 ), and FGF2C69A/C87A/K129C (compound
4 ) (Figure 1 B and E ).

The activation of extracellular signal-regulated kinases 1 and 2 (ERK1/2) is a key point of convergence
for many signaling pathways, and the biological response of extracellular stimuli including FGF2 requires
ERK1/2 activation (Johnson et al. , 2002). Hence, signaling of the ERK1/2 pathway was evaluated by
immunoblotting to assay the activity of FGF2 and its mutants. The cellular phosphorylated ERK1/2 (p-
ERK1/2) levels were increased with native FGF2 compared with the control group, and the same increase
occurred with compounds 1 and 2(Figure 1 C-D ). A slight reduction in the cellular level of p-ERK1/2
was observed for compounds3 and 4 (Figure 1 E-F ). These results indicated that both the receptor- and
heparin-binding regions are indeed important for FGF2 activity and that single site mutation distal from
the binding domains has little effect on protein activity.

3.2 Site-specific PEGylation of FGF2 variants

We used 5kDa monomethoxy PEG-maleimide (mPEG-MAL) to specifically modify the surface-exposed cys-
teine on FGF2 and the mutants, as shown inFigure 2A . Three mono-PEGylated FGF2 conjugates were
generated and named as PEG-FGF2C69A/C87A/F17C (compound5 ), PEG-FGF2C87A (compound 6 ), and
PEG-FGF2C69A/C87A/K129C (compound 7 ) (Figure 2B) . SDS-PAGE analysis confirmed the purification
of these PEGylated FGF2 conjugates. A single band corresponding to protein with an apparent Mw of 25kDa
appeared after PEGylation (Figure 2C ). After purification, the ERK1/2 pathway activity was measured.
All PEG-FGF2 conjugates and native FGF2 exhibited higher ERK1/2 phosphorylation activity than that of
the PBS control. In addition, compared with FGF2, compound 5 and 6 induced about 1.5- and 2- fold higher
phosphorylation, and compound 7exhibited a significant reduction in phosphorylation (Figure 2 D-E ).
The decreased activity of compound 7 , in which PEGylation would occur at the engineered cysteine near
the heparin-binding region, suggests that steric hindrance of the PEG polymers can interfere with binding
between heparin and the receptor. The observed sensitivity of the heparin-binding region suggests designs

6



P
os

te
d

on
A

u
th

or
ea

5
M

ay
20

20
—

C
C

B
Y

4.
0

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
58

87
01

15
.5

42
35

04
1

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
as

n
ot

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

at
a

m
ay

b
e

p
re

li
m

in
ar

y.

that do not interfere with this region of the protein may result in FGF2 conjugates with increased activity
retention and stability after site-specific PEGylation.

3.3 Screening of conjugates in cell proliferation activity and scratch wound healing assays

The efficacy of FGF2 conjugates for wound healing can be assessed by measuring the cell proliferation,
migration, and vasculogenesis of dermal fibroblasts and endothelial cells (Rabuka, 2010; van Horssenet al. ,
2006). Here, human dermal fibroblast cells (HDFs) and human umbilical vein endothelial cells (HUVECs)
were used as in vitro models to screen and compare the bioactivities of these conjugates.

First, the dose-dependent effects of PEG-FGF2 conjugates on cell proliferation of HUVECs were investigated
by CCK-8 assay. The cells were incubated with various treatment conditions at concentrations of 0.1, 1,
and 10 ng*mL-1 of protein for 24 h. Compound 6 promoted significantly greater cell proliferation than
all the other compounds, including native FGF2, even at a low concentration (0.1 ng*mL-1), with the
highest pro-proliferation activity at a concentration of 10 ng*mL-1 (Figure 3A ). We also evaluated the cell
proliferation activity of these conjugates by immunofluorescence staining for Ki67-positive HUVECs at 10
ng*mL-1. Compounds 5 and 6 showed a significant increase in the number of Ki67-positive cells compared
with the PBS control, with a bigger effect for compound 6 than that for FGF2 (Figure 3 B-C ).

Next, a scratch wound healing assay was performed to evaluate the effects of PEG-FGF2 conjugates on
cell migration of HUVECs. A scratch was made through a confluent layer of growth factor starved cells
followed by the application of different compounds. Compared with FGF2 treatment, a significant reduction
in wound area was observed upon treatment with compound 6 at 24 h, with migration of HUVECs increased
by ˜163% compared to only ˜108% for FGF2 (Figure 3 D-E ). The activity of compound 5 is similar to that
of FGF2. Overall, these results indicate that compound 6 can notably promote proliferation and migration
of HUVECs relative to unmodified FGF2.

The same compounds were also tested using human dermal fibroblasts (HDFs). There was increased prolif-
eration and migration of HDFs after treatment with compound 6 relative to treatment with other protein
conjugates (Figure 4 A-C ). These results were consistent with the results for HUVECs, which indicated
improved bioactivity of compound 6 to promote cell proliferation and scratch wound healing in both dermal
fibroblasts and endothelial cells, which may be attributed to the long-acting effect of PEGylation.

3.4 Stability studies of PEG-FGF2 conjugates

To verify whether site-specific PEGylation improves the stability of FGF2 conjugates, SD rat plasma and
mice wound fluid were used.

Compounds 5 , 6, and 7 were first incubated with rat plasma over 24 h and compared with FGF2 incubation.
Solid-phase extraction was conducted at different time points, and the remaining FGF2 was analyzed using
ELISA Kit to examine plasma stability (Figure 5A ). The results showed rapid degradation of native FGF2
in plasma, with its concentration decreased to less than 10% of the initial value within 30 min and complete
degradation within 1 h at 37 degC. In contrast, all PEG-FGF2 conjugates showed enhanced stabilities relative
to the unmodified FGF2. After 2 h of incubation in plasma, the residual FGF2 percentages of compounds 5
, 6, and7 were about 66%, 93% and 90% of the initial concentrations, respectively. After 8 h of incubation,
about 33%, 76%, and 58% of the initial concentrations remained for compounds 5 , 6,and 7 , respectively.
The data indicate that site-specific PEGylation can significantly improve the stability of FGF2 in plasma.

Acute wound fluid is generally rich in metalloproteinases (MMPs), especially MMP2 and MMP9 subtypes,
within the initial 3 days after scald (Xu et al. , 2018), which may result in elevated levels of proteases that
can rapidly degrade exogenous growth factors (Ladwiget al. , 2002). Therefore, the stability of PEG-FGF2
conjugates was further quantitatively analyzed by ELISA Kit after incubation in wound fluids collected
within 1 day after scald (Figure 5B ). As expected, FGF2 mixed with wound fluid was degraded rapidly,
for a remaining FGF2 rate of 4.47 +- 0.95% after incubation in wound fluid for 24 h. Compounds 5 , 6,
and 7 were more stable, with remaining FGF2 rates of 32.00 +- 7.94%, 63.33 +- 3.51%, and 49.33 +- 5.13%

7



P
os

te
d

on
A

u
th

or
ea

5
M

ay
20

20
—

C
C

B
Y

4.
0

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
58

87
01

15
.5

42
35

04
1

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
as

n
ot

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

at
a

m
ay

b
e

p
re

li
m

in
ar

y.

respectively. These results indicate that all PEG-FGF2 conjugates exhibit obviously increased stability in
wound fluids compared to unmodified FGF2.

Taken together, these results demonstrate that site-specific PEGylation can effectively protect FGF2 from
degradation for increased stability. Among the tested PEG-FGF2 conjugates, compound 6 exhibited the
strongest stability.

3.5 Effect in endothelial impairment protection and angiogenesis both in vitro and ex vivo

To assay the protective effect of PEG-FGF2 conjugates against endothelial impairment in vitro , we explored
tube-forming activity in HUVECs exposed to high glucose (HG, 33 mM) medium treated with compounds 5
, 6 , and7 , or controls (PBS and FGF2) for 72 h. We found significantly impaired tube-forming activity in
HUVECs exposed to HG, with significant enhancement by compound 6 compared to native FGF2 (Figure
6 A and C ). This result showed that improved tube-forming activity by compound 6 in HUVECs exposed
to HG.

To further characterize the endothelial angiogenesis function of PEG-FGF2 conjugates, an ex vivo model
was next performed (Brillet al. , 2004). The aortic rings from C57BL/6 mice were cultured in medium
containing HG (33 mM) with either FGF2 or PEG-FGF2 conjugates. Aortic rings cultured in HG medium
exhibited dramatically impaired sprouting function, but the sprouting function was well preserved by FGF2
and compound 6 (Figure 6 B and D ). The tube lengths of samples incubated with compound 6 were
longer than those of samples incubated with native FGF2. Compounds 5 and7 promoted angiogenesis to
some degree. These results confirm that compound 6 exhibits the strongest vascular regeneration activity
in HG medium, implicating its potential application in diabetic wound healing.

3.6 Assessment of PEG-FGF2 conjugates on skin wound healingin vivo

To confirm the positive wound healing effects of PEG-FGF2 conjugatesin vivo , wound closure was measured
at days 0, 3, 5, and 7. These PEF-FGF2 conjugates showed a certain function of wound healing compared
with the PBS control. Consistent with our in vitro results, topical administration of 100 ng compound 6
significantly accelerated wound healing compared to PBS treatment over the course of the healing process
(Figure 7A ). Quantitatively evaluation of wound healing rate revealed that compound 6 was more effective
in wound healing compared to FGF2 (Figure 7B ).

The pathological morphology and diameters of cutaneous wounds at day 7 after surgery were assessed with
Hematoxylin and Eosin (H&E) staining. Wounds treated with compound 6 showed increased healing and
shorter diameter. This result further confirms the effectiveness of compound 6 in cutaneous wound healing
(Figure 7C ). Collagen deposition after treatments was also detected by Masson’s trichrome staining. As
shown in Figure 7 D-E , different degrees of collagen deposition were observed for these compounds.
Sections of wounds treated by compound 6 exhibited significantly higher collagen deposition compared with
wounds treated with unmodified FGF2, indicating the improved therapeutic effect of compound 6 . However,
wound sections of compounds 5 and 7 exhibited very little collagen deposition, consistent with the results of
H&E staining. The results together demonstrate that compound 6 is more effective in promoting cutaneous
wound healing in vivo .

3.7 Promotion of angiogenesis and proliferation in vivo

Angiogenesis is a complicated physiological process, playing an important role in wound healing (Potente
et al. , 2011). In vivo , the observation of new vessels is a direct way to evaluate angiogenic activity.
CD31 is a key biomarker of endothelial cells in blood vessels, and neovascularization was evaluated via
immunofluorescence staining of CD31 in the cutaneous wounds. Newly formed vessels were detected in all
groups, with higher abundance for FGF2 and compound 6 treatments (Figure 8A ). There was significantly
better vessel density in the wound beds treated with compound 6 (57.67 +- 7.50 / mm2) than that in wounds
treated with FGF2 (31.33 +- 4.16 / mm2) (Figure 8B ), suggesting compound 6 was more effective in
promoting angiogenesis in the wound bed.
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The pro-proliferation activity in vivo around the wound edge was further verified by immunohistochemistry
staining of Proliferating cell nuclear antigen (PCNA). Consistent with the in vitro cellular proliferation
result, there were few PCNA positive cells around the wound in PBS (control) mice. In contrast, an
increased number of proliferating cells were detected in the epidermis and hair follicle for mice treated with
compounds 5 , 6, and 7, or FGF2, with 1.5-fold more proliferating cells for compound 6treatment compared
to treatment with FGF2 (Figure 8 C-D ).

All these data demonstrate that these FGF2 conjugates can effectively promote the proliferation and migra-
tion of epithelium and dermal cells, and enhance the activity of vascular regeneration, hence accelerating
cutaneous wound healing (Figure 8E ). Compound 6exhibits the most potent wound healing with good
stability.

4. Discussion

As a potent mitogenic factor, FGF2 has been extensively explored for potential application in wound healing
(Li et al. , 2016). However, FGF2 can be rapidly degraded by enzymes and rapid renal filtration in vivo,
thereby limiting its clinical value. Site-specific protein PEGylation can minimize reduction in biologic activity
while improving pharmacokinetic properties.

In this study, we found that the mutation of either cysteine on the surface of FGF2 is not detrimental to
protein activity, which is consistent with the results of previous study (Kang et al. , 2010). However, the
mutation of surface sites near the heparin and receptor binding domains slightly reduced protein activity.
The results indicate that surface-exposed sites that are spatially separated from both binding domains
may be better candidates for modification. The three conjugates obtained by PEGylation showed different
bioactivities. In particular, compound 6 , PEGylated at a site spatially separated from both the heparin and
receptor binding regions, exhibited the strongest activity. Compound 5 with the PEGylated site close to the
receptor binding domain showed the second-highest activity, and compound 7 with the site of PEGylation
near the heparin binding domain was the weakest. The heparin binding region may be more conserved, and
steric hindrance due to the presence of PEG polymers may affect heparin binding. Heparin makes numerous
contacts with both FGF2 and FGFR, thus augmenting FGF2-FGFR binding (Sarabipour et al. , 2016), and
it also interacts with FGFR in the 1:1 FGF2-FGFR complex to facilitate FGF2-FGFR dimerization, with
increased intracellular receptor tyrosine kinase activity that triggers various downstream signaling pathways
(Schlessinger et al. , 2000). In addition to these roles in both FGFR binding and dimerization, heparin may
function directly as a receptor for FGF2 (Chua et al. , 2004).

In summary, based on the structure of FGF2, four surface-exposed sites close to or far from the recep-
tor/heparin binding regions, were selected and mutated to cysteine or alanine, allowing assay of PEGylation
of specific residues. All PEGylated FGF2 conjugates exhibited significantly improved stability. Among
these conjugates, compound 6 , modified far from the heparin and receptor binding domains, exhibited
the strongest biological activity. This conjugate effectively promoted the proliferation and migration of ep-
ithelium and dermal cells, and enhanced the activity of vascular regeneration to accelerate wound healing.
These results together suggest that compound 6 may be a promising candidate for the treatment of cuta-
neous wounds. Overall, structure-guided site-specific PEGylation offers a good strategy to develop improved
proteins for use as therapeutics.
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Figure Legends

Figure 1

Figure 1. Design and activity analysis of native FGF2 and its variants. (A ) Based on the crystal
structure of FGF2 (PDB ID: 1FQ9), FGF2-FGFR1-heparin complex structure (left panel), close-up view of
two surface-exposed residues, Lys129 and Phe17, near the heparin- and receptor-binding regions, respectively,
and two surface-exposed cysteines (Cys69 and Cys87) on FGF2 (right panel). (B ) Schematic representation
of two FGF2 variants, including FGF2C69A (1 ) and FGF2C87A(2 ). The residues labeled in green indicate
mutation sites, and the residues marked in red are single conjugation sites for each FGF2 variant. (C )
Immunoblotting analysis of p-ERK1/2 and ERK1/2 levels in cell lysates of HUVECs after treatment with
compounds 1 , 2 (10 ng·mL-1). ERK was used as a loading control (n = 3). (E ) Schematic representation
of another two synthetic FGF2 variants, including FGF2C69A/C87A/F17C (3 ) and FGF2C69A/C87A/K129C (4
). (F ) Immunoblotting analysis of p-ERK1/2 and ERK1/2 levels in cell lysates of HUVECs after treatment
with compound 3 , 4 (10 ng·mL-1) (n = 3). (D, G ) Quantitative analysis of p-ERK1/2 in the indicated
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groups. Data are displayed as means ± SEM. **P < 0.01,***P < 0.001 vs. control group;#P < 0.05 vs.
FGF2 group; n.s., no significance.

Figure 2

Figure 2. Preparation and activity analysis of PEGylated FGF2 conjugates. (A ) Synthetic route
of site-specific PEGylation using mPEG-Maleimide (mPEG-MAL, 5kDa). (B ) Schematic representation
of three FGF2 conjugates resulted from PEGylation, including PEG-FGF2F17C (5 ), PEG-FGF2C87A (6
) and PEG-FGF2K129C (7 ). (C ) SDS-PAGE analysis of these PEG-FGF2 conjugates and native FGF2
under the optimal conditions. (D ) Immunoblotting analysis of p-ERK1/2 and ERK1/2 levels in HUVECs
after stimulation with PEG-FGF2 conjugates and FGF2 (10 ng·mL-1). ERK and GAPDH were used as the
loading controls (n = 3). (E ) Quantitative analysis of p-ERK1/2 in the indicated groups. Data are displayed
as means ± SEM.**P < 0.01,***P < 0.001 vs. control group;#P < 0.05,##P < 0.01 vs. FGF2 group.

Figure 3
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Figure 3. Effect of PEG-FGF2 conjugates on promoting proliferation and migration of HU-
VECs. (A ) Percent cell viability of HUVECs after treatment with various concentrations of PEG-FGF2
conjugates, FGF2, and PBS (control), as determined by CCK-8 assay. (B ) Representative images of im-
munofluorescence staining of Ki67 positive HUVECs (red). Nuclei were stained with DAPI (blue). Scale
bar = 200 μm. (C ) Quantitative analysis of Ki67-positive HUVECs (n = 5). **P < 0.01,***P < 0.001
vs. control group;##P < 0.01 vs. FGF2 group. (D, E ) Scratch wound healing assay of HUVECs in the
indicated groups for 24 h. The red dotted lines represent the wound boundary. Scale bar = 100 μm (n = 5).
All data are displayed as means ± SEM.***P < 0.001 vs. control group;#P < 0.05 vs. FGF2 group; n.s., no
significance.

Figure 4

Figure 4. PEG-FGF2 conjugates promote the migration and proliferation of HDFs in vitro.
(A ) Cellular proliferation activity of PEG-FGF2 conjugates was determined by CCK-8 assay using HDF
cells. ***P < 0.001 vs. control group. Scale bar = 200 μm. (B, C ) Scratch wound healing assay of HDFs in
the indicated groups for 36 h. The red dotted lines represent the wound boundary. Scale bar = 100 μm.*P
< 0.05,***P < 0.001 vs. control group;##P < 0.01 vs. FGF2 group; n.s., no significance. All data are
displayed as means ± SEM of 5 independent experiments.

Figure 5
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Figure 5. Stability of PEG-FGF2 conjugates in Rat plasma and wound fluid. (A ) The remaining
levels of FGF2 and PEG-FGF2 conjugates in rat plasma at indicated time points.***P < 0.001 vs. FGF2
group. (B ) The remaining levels of FGF2 and PEG-FGF2 conjugates determined by ELISA kit after
incubation for 24 h with wound fluids.**P < 0.01,***P < 0.001 vs. control group. All data are displayed as
means ± SEM of 3 independent experiments.

Figure 6

Figure 6. Effect of PEG-FGF2 conjugates to promote angiogenesisin vitro and ex vivo. (A )
Capillary-like tube formation was assessed by Matrigel angiogenesis assay in HUVECs. Cells were cultured
in HG (33 mM) in the presence of FGF2 or PEG-FGF2 conjugates (10 ng·mL-1) for 72 h. (B ) Representative
images of aortic rings from C57BL/6 mice. Dotted lines indicate the visual field of sprouts. Quantitative
analysis of tube length in (C ) and the number of sprouts in (D ). Scale bars = 300 μm. *P < 0.05,**P <
0.01,***P < 0.001 vs. control group;#P < 0.05 vs. FGF2 group. All data are displayed as means ± SEM of
5 independent experiments.

Figure 7
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Figure 7. In vivo assessment of PEG-FGF2 conjugates on skin wound healing. (A ) Represen-
tative images of wounds in mice after treatment with FGF2, compound 5 , 6 ,7 and PBS at day 0, 3, 5 or
7 post-wounding. (B ) The calculated wound closure rates in each group at the indicated time points. **P
< 0.01,***P < 0.001 vs. control group;#P < 0.05 vs. FGF2 group. (C ) H&E histology of representative
wound sections at day 7 after surgery. The wound margin is indicated by red dashed line. Scale bar = 500
μm. Masson’s trichrome staining of wound tissues in (D ) and the percentage of relative collagen areas in (E
). *P < 0.05,***P < 0.001 vs. control group;##P < 0.01 vs. FGF2 group. All values displayed are means
± SEM of 5 independent experiments.
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Figure 8. Promotion of angiogenesis and proliferation on wound skin tissues. (A ) Representative
immunofluorescence images of CD31 (green) and DAPI (blue) staining of wound skin tissues. White arrows
indicate the newly formed blood vessels. Scale bars = 300 μm. (B ) Quantitative analysis of the number
of blood vessels per mm2. (C ) Immunohistochemistry (IHC) staining of PCNA positive cells in wound
skin tissues. (D ) The numbers of PCNA positive cells. *P < 0.05,**P < 0.01,***P < 0.001;##P <
0.01,###P < 0.001 vs. FGF2 group; n.s., no significance. All values displayed are means ± SEM of
5 independent experiments. (E ) Schematic illustration of the designed PEG-FGF2 conjugates that can
promote cell proliferation, migration and angiogenesis via FGFR-ERK signing pathway in cutaneous wound.
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