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Background: Treatment of wounds with the help of nanoparticles (NPs) is more effective and
superior in comparison to traditional wound healing methods as it protects and sustains active
drug release at the wound site thus enhancing the safety of the drug and reducing the possibility
of side effects. The advantages of this method are the possibility of allowing a reduction in
administered dose, limiting toxicity levels to the minimum, and increasing safety of topical
delivery of the drug.

Materials and methods: We report the synthesis of a novel poly (lactic-co-glycolic acid)
(PLGA) NP-based multicargo delivery system for growth factors and antimicrobial peptide.
Growth factors vascular endothelial growth factor (VEGF) and basic fibroblast growth factor
(bFGF) were entrapped in PLGA NPs by solvent diffusion method and an antimicrobial pep-
tide (K4) was conjugated to the NP by carbodiimide chemistry. The developed multiple cargo
delivery systems with growth factors (VEGF and bFGF) and an antimicrobial peptide (K4)
were investigated and optimized for potential wound healing.

Results: The system showed a sustained release of growth factors and was evaluated for
cytotoxicity by MTT and live/dead assay, which revealed that the bioactivity of the growth
factor-entrapped NPs was higher than that of free growth factors, and it also induced enhanced
cell proliferation in vitro.

Conclusion: The development of a system for the codelivery of growth factors (VEGF and
bFGF) and an antimicrobial peptide (K4) was investigated for potential wound healing appli-
cation. The entrapment of growth factors with very high efficiency is an advantage in this
method along with its sustained release from the nanoparticulate system, which will enhance
the angiogenesis. Our system also displayed broad-spectrum antimicrobial activity against both
gram-positive and gram-negative bacteria.

Keywords: growth factors, VEGF, bFGF, PLGA, antimicrobial peptides

Introduction

Treatment of wounds with the help of nanoparticles (NPs) is more effective and
superior in comparison to traditional wound healing methods as it protects and sus-
tains active drug release at the wound site, thus enhancing the safety of the drug and
reducing the possibility of side effects. This is enabled by the fact that the entire amount
of the encapsulated drug does not come into direct contact with the skin surrounding
the wound site in one instance. The wound is instead exposed to it gradually in small
doses. This process also helps to prevent biologic degradation of loaded drugs, thus
ensuring enhanced stability and sustained release. The advantages of this method are
the possibility of allowing a reduction in administered dose, limiting toxicity levels
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to the minimum, and increasing safety of topical delivery
of the drug.'?

Nanoparticulate preparations of poly (lactic-co-glycolic
acid) (PLGA) are widely used due to their excellent drug
loading capacity and are Food and Drug Administration-
approved materials. PLGA NPs are efficient carriers of
drugs and biomolecules for the treatment of various ailments
due to their biocompatibility and biodegradability.? PLGA
releases lactate on degradation, which promotes angiogen-
esis, stimulates collagen deposition, and promotes closure of
wounds.* Application of lactate to wounds has been reported
to accelerate angiogenesis and the healing process. It can
stimulate proliferation, migration, and capillary formation
by endothelial cells.>” PLGA NP loaded with various factors
like LL37 peptide, vascular endothelial growth factor
(VEGF), and curcumin have been used to study the process
of wound healing.® ! To enable the simultaneous delivery
of platelet-derived growth factor-BB and chlorhexidine,
PLGA microspheres were developed. This, in turn, enabled
the delivery of multiple cargoes.!!

Chronic wounds have impaired wound healing and
require prolonged healing time compared to acute wounds.'?
The major causes of impairment in the healing of such
wounds are ischemia and infection. Ischemia occurs due to the
reduced levels of growth factors in the wound environment. "
VEGF and basic fibroblast growth factor (bFGF) promote
wound healing by inducing angiogenesis and inhibiting pro-
longed inflammation.'* VEGF is upregulated in the early days
of healing, leading to maximum capillary growth as VEGF
enhances angiogenesis and mobilizes endothelial progenitors
into the circulation.''® bFGF also induces the proliferation
of various cell types associated with the healing process,
including fibroblasts and keratinocytes, which otherwise
deteriorate in the wound location.'”** The encapsulation of
growth factors into NPs for delivery of drugs for healing
helps to overcome problems of limited biodistribution, quick
degradation, and clearance at the wound site. The small
size and high surface-to-volume ratio of NPs enable to ease
intracellular access and open up passages through the skin
barrier. This is ideal for topical drug delivery.

Another factor influencing the process of wound healing
is infection by microorganisms, prominently by bacteria
that form biofilms in chronic wounds resulting in chronic
inflammation and delay the healing process.?*?! Growing
antimicrobial resistance is an important concern while treat-
ing bacterial infections. In the past few years, the focus of
treatment has changed from antibiotic compounds to anti-
microbial peptides (AMPs). AMPs are favored as they offer
several advantages such as freedom of design and ease of

synthesis due to solid phase peptide synthesis methods, and
tools to predict the structure of the peptide and in turn assess
the function of the designed peptide.?>

The main principle on which peptides have gained impor-
tance as antimicrobial agents is their capacity to penetrate
cell membranes by forming o helical structure on account
of amino acid arrangements. Based on the sequence and
structure AMPs can be modulated to have lytic specificity
toward prokaryotic cell membranes, thus sparing side effects
on eukaryotic-mammalian cells.”® So we have preferred
the use of AMP for addressing the infection aspect in the
wound healing process. For the same, K4 peptide comprising
14 amino acids KKKKPLFGLFFGLF was selected from the
AMP database whose broad-spectrum antimicrobial efficacy
was validated by Duval et al. This peptide was selected as
it is short and has the advantage of having a cationic end
(ease of penetration in membrane based on positive charge),
which adds to the o helical structure-based membrane pen-
etration potential, as discussed earlier, gained on account of
amphipathic helix due to the presence of hydrophobic amino
acid residues such as leucine and phenylalanine.?

Both growth factors and peptide get degraded at a very
high rate on topical application. Incorporation of these
proteins into PLGA NP protects against enzymatic degrada-
tion, thus maintaining their integrity and activity as well as
improving their bioavailability.?’ In this study, we wanted
to synthesize a system for codelivery of growth factors and
AMP to address the major issues related to wound healing in
chronic wounds. Hence, we have synthesized a dual growth
factor delivery system by entrapping VEGF and bFGF in
acid-terminated PLGA NPs by solvent diffusion method and
conjugated an AMP (K4) to the PLGA NP by carbodiimide
chemistry. This codelivery system was evaluated in vitro for
its potential wound healing activity.

Materials and methods

Materials

PLGA (50:50, molecular weight 7,000—17,000 acid terminated),
bFGF, VEGF, BSA, 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC), N-hydroxysuccinimide (NHS), MTT,
and lysozyme were purchased from Sigma, heparin and DCM
were from Merk, and VEGF and bFGF ELISA kits were
procured from R and D Biosystems. FBS was purchased
from Pan America, and DMEM and live/dead assay kit were
from Invitrogen.

Peptide synthesis and purification
The NH2-KKKKPLFGLFFGLF-COOH (K) peptide was
synthesized by solid phase peptide synthesis using the
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standard Fmoc-Strategy.?** TentaGel ™—S—NH2 resin used
was linked to HMPB linker by HBTU/HOBT activation, and
peptide synthesis was carried out using the standard Fmoc
methods. After the synthesis was completed, the peptide
was manually cleaved using trifluoroacetic acid (TFA),
triisopropylsilane, and water (95:2.5:2.5). The peptide was
then precipitated with diethyl ether, followed by 10-15
washes with diethyl ether. The peptide was dissolved in a
minimum amount of water, lyophilized and stored at —20°C
after purification. The cleaved peptides were purified by
high-performance liquid chromatography (HPLC) using a
Shimadzu LC-AD HPLC system, equipped with a variable-
wavelength absorbance detector and a reverse phase C18
column. Buffer A containing water with 0.1% TFA and
buffer B containing acetonitrile and water (80:20) contain-
ing 0.01% TFA at 1 mL/min was used. The column eluents
were monitored by ultraviolet absorbance at 214 and 254 nm.
Fractions were collected and lyophilized. The identity of the
peptide was verified by matrix-assisted laser desorption ion-
ization time-of-flight mass spectroscopy (MALDI-TOF MS).

Preparation of growth factors-entrapped

PLGA NPs

VEGF- and bFGF-embedded PLGA NPs were synthesized
using a modified version of solvent diffusion technique.*
Briefly, 100 mg PLGA and 25 mg pluronic F127 were dis-
solved in 3 mL of dichloromethane. To this, an aqueous
solution containing 500 ng VEGF, 500 ng bFGF, 4 ug
heparin, and 200 ug BSA was added. Heparin and BSA act
as stabilizing agents. The solution was vortexed and poured
into 25 mL of ethanol drop by drop under constant stirring.
The solution was then diluted with 25 mL of water. The
solvents were evaporated in vacuum. The NPs in aqueous
medium were collected by centrifugation and lyophilized.
All the above steps were similar for the synthesis of free NP
except for the addition of growth factors.

Conjugation of the K4 peptide to growth
factor-entrapped PLGA NPs

The purified K4 peptide was conjugated to growth factor-
entrapped PLGA NPs by EDC/NHS coupling.?! Ten milli-
grams of growth factor-entrapped PLGA NPs was dispersed
in 1 mL of water containing 200 uL. of 40 mM EDC and
200 uL of 100 mM NHS and incubated at room temperature
for 1 hour with gentle shaking to activate the carboxyl group
of PLGA NP. Twenty microliters of the peptide (1 mg/1 mL)
was added to this solution and gently shaken for 2 hours
at room temperature and then incubated at 4°C overnight.

The solution was then centrifuged for 15 minutes at
9,000 rpm and washed twice with distilled water. The pellet
was lyophilized and stored at —20°C.

Characterization
TEM analysis

Morphologic studies of the NPs were done by transmis-
sion electron microscopy (TEM, JEOL 1011, and Japan).
The NPs were dissolved in Milli-Q water and dropped on
copper-coated formvar microscopy grid. The sample was
allowed to dry in a desiccator containing calcium chloride
at room temperature. TEM pictures were taken using Digital
Micrograph and Soft Imaging Viewer software.

Particle size analysis

The hydrodynamic diameter of PLGA NPs was measured
by dynamic light scattering (DLS) method using Delsa™
Nanoparticle Size Analyzer (Beckman Coulter, Inc.)
instrument.

Zeta potential measurements

The surface charge of the unconjugated and K4 conjugated
NPs was analyzed by zeta potential measurements using
Zetasizer Nano ZS (Malvern Instruments, Malvern, UK)
instrument at ambient temperature.

FT-IR spectroscopy

The conjugation of the peptide to the PLGA NP was charac-
terized by Fourier-transform infrared (FT-IR) spectroscopy
(Perkin-Elmer, Lambda 25) fitted with an attenuated total
reflectance mode cell. For each sample, eight scans were
collected and averaged to reduce the signal-to-noise ratio.
The spectral range was 4,000-600 cm™.

Entrapment efficiency of growth factors

in PLGA NP

The entrapment efficiency of the VEGF- and bFGF-loaded
NPs was also evaluated by ELISA. The supernatants of the
loaded NPs were collected and used to evaluate the amounts
of VEGF and bFGF that were not encapsulated in NPs. The
difference between the amount of VEGF and bFGF employed
for the NP preparation, and the amount of VEGF and bFGF
measured in the NP supernatant represented the amount of
VEGF and bFGF loaded into the NPs. The encapsulation
efficiency was calculated as a percentage of VEGF and bFGF
loaded into the NPs compared to the total amount of VEGF,
and bFGF added during the formulation of the NPs.
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In vitro release study

In vitro release of growth factors from dual growth factor-
loaded PLGA-K4 NPs was studied. Ten milligrams of growth
factor-loaded PLGA NPs was suspended in 1 mL of PBS
in a pretreated dialysis membrane of pore size 3,500 Da,
which was immersed in 50 mL of PBS containing 1% BSA
at 37°C. One hundred microliters of samples was withdrawn
at predetermined intervals and stored at —20°C. The amount
of bFGF and VEGEF released was determined by the Quan-
tikine Immunoassay kits (ELISA) as per the manufacturer’s
instructions.

Quantification of peptides conjugated to

PLGA NPs

The amount of peptide loaded onto the surface of PLGA NP
was quantified by bicinchoninic acid (BCA) method. PLGA
NPs suspended in water were taken as a blank (negative
control), different concentrations of K4 peptide were taken,
and BCA assay was performed to plot a standard curve. The
amount of peptide conjugated was quantified by taking OD
at 570 nm and was calculated by using the formulae Effi-
ciency of conjugation = (Amount of conjugated peptide/Total
amount of peptide used for conjugation) x 100.

Cellular assays

HaCaT cells were purchased from National Centre for Cell
Science, Pune. The HaCaT cells were cultured in DMEM
supplemented with 10% FBS and 1% antibiotics at 37°C
under a humidified atmosphere containing 5% carbon
dioxide. Until reaching 70% confluence in tissue culture
flasks, the cells were trypsinized with PBS solution contain-
ing 0.25% trypsin and 0.03% EDTA.

Cell viability assay

Cell viability assay was performed by MTT reduction assay.
HaCaT cells were seeded into 96-well plate (2x10° cells/well)
and incubated under standard growth conditions for 24 hours.
Cells were then treated with blank PLGA NPs (1 mg/mL),
growth factors (40 ng/mL each of VEGF and bFGF), K4
peptide (89 ng/mL), growth factor-entrapped PLGA NPs
(1 mg/mL), and peptide-conjugated PLGA NPs embedded
with growth factors (1 mg/mL). After 24, 48, and 72 hours
the cells were incubated for 4 hours with 10% v/v MTT
(5 mg/mL dissolved in PBS pH 7.4). The medium was then
removed and the formazan crystals thus formed were dis-
solved in isopropyl alcohol. Absorbance was measured at 570
nm using BioradiMark™ Microplate Absorbance Reader.

Percentage viability was calculated using the formula [(Avg.
OD of test/Avg. OD of control) x 100].

Live/dead assay

Live/dead assay using calcein AM and ethidium homodimer
fluorescent staining was performed to evaluate cell viability
and proliferation of cells when in contact with the NP. HaCaT
cells were seeded on a cover slip placed in a 12-well plate and
medium containing the samples was added to it and incubated
for 3 days. The concentration of the samples used was same as
cell viability assay. The cells were then labeled with calcein
AM and ethidium bromide homodimer-1 to distinguish the
population of live cells from the dead cells. Images were
acquired using a laser confocal microscope (TCS SP2; Leica
Microsystems, Wetzlar, Germany).

Scratch wound assay

HaCaT cells were grown to form a confluent monolayer,
which was then scratched with the 200 UL pipette tip to
create a uniform cell-free zone in each well. The wells were
immediately washed with PBS to remove any cellular debris.
The samples with same concentration as cell viability assay
were added to the plate and incubated for 24 hours. The
scratch wounds were observed at different time points after
injury and pictures were taken, and the gap area between
wound edges was measured at different time points with a
computer-assisted analysis system (Olympus cellsens).

Antimicrobial assay

The antimicrobial activity of the peptide-conjugated NPs was
calculated by the broth dilution method. Bacterial strains used
for in vitro antibacterial assay were Staphylococcus aureus
(Microbial Type Culture Collection and Gene Bank [MTCC]
9542) and Pseudomonas aeruginosa (MTCC 8076). They
were purchased from MTCC, Chandigarh. Bacterial cultures
were grown in Mueller—Hinton broth by overnight incubation
at 37°C with constant shaking. The bacterial suspension was
adjusted to the desired concentration by measuring the OD at
600 nm using a microplate reader. Then, 100 pL of bacterial
suspension (1x10° colony-forming units/mL) and 100 puL
of sample solutions were added to a 96-well polypropylene
plate and incubated at 37°C for 24 hours with shaking. OD at
600 nm was measured at 24 hours using a microplate reader
to monitor bacterial growth.

Statistical analysis
All the measurements were performed in triplicate, and the
results were expressed as an arithmetic mean + standard error
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of the mean. Statistical analysis of the data was assessed by
Student’s t-test. A value of significance P<<0.05 was con-
sidered to be significant (n=3).

Results

Peptide synthesis and characterization

The peptide K4 was manually synthesized with high yield and
purity by solid phase peptide synthesis technique. The purity
of the peptide is demonstrated in the HPLC profile by a single
peak, with a retention time of 12.9 minutes (Figure 1B).
The molecular weight of K4 peptide was determined by
MALDI-TOF MS and gives a value of 1,670.831, which
agrees with the calculated value of 1,670.1 (Figure 1A).

NP synthesis and characterization

Unloaded plain NPs and VEGF- and bFGF-entrapped biode-
gradable PLGA NPs were synthesized by a modified solvent
diffusion technique as previously reported using Pluronic
F127 as a stabilizer.*® The mean particle size of the NPs was
determined by dynamic light scattering (DLS) and the size
of growth factor-entrapped NP was found to be 41626.9 nm,
which was slightly larger than the size of plain PLGA NP,
which was 180£2.7 nm, whereas TEM analysis showed
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that the size of the NPs was slightly smaller than the result
obtained by DLS (Figure 2A—F). The differences observed
in the two evaluations were essential because DLS measures
the hydrodynamic radius of the particle due to the presence
of NPs in a solvent whereas TEM was performed on dried
NPs that do not have the presence of surface ions, solvent,
and non-solvent molecules.* The encapsulation efficiency of
VEGF and bFGF in PLGA NP determined to be 75.98% and
83.65%, respectively, was comparatively higher, which in
turn minimizes the cost of production. The release kinetics of
both VEGF and bFGF is affected by the diffusion of growth
factors present on the surface of the NP, which showed an
initial burst release followed by a gradual, sustained release,
which corresponds to the release due to the degradation of
PLGA NP (Figure 3).

Peptide conjugation to NPs

The amino group of the K4 peptide was successfully con-
jugated to the free carboxylic group of PLGA NP by EDC/
NHS coupling by the formation of an amide bond between
PLGA NP and K4 peptide. The K4 peptide conjugated to
the surface of PLGA NP was quantified by BCA method
and was calculated to be 89%. The interaction between the
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1,750 2,000 2,250 2,500 2,750 3,000 3,250 3,500

m/z

Figure | (A) Matrix-assisted laser desorption ionization time-of-flight mass spectroscopy showing mass of K4 as 1,669.483. (B) High-performance liquid chromatography

profile of K4.
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Figure 2 DLS measurement, nanoparticle size measurement of (A) PLGANP, (B) PLGA -GF NP, and (C) PLGA -GF -K4 NP and TEM images of (D) PLGANP, (E) PLGA -GF

NP, and (F) PLGA -GF -K4 NP.

Abbreviations: DLS, dynamic light scattering; GF, growth factor; NP, nanoparticle; PLGA, poly (lactic-co-glycolic acid).

NH2 group of K4 peptide and COOH group of PLGA NP
was confirmed by FT-IR analysis. Characteristic carbonyl
peak of the carboxylic group at 1,754 cm™' was present in
the FT-IR spectra of unconjugated PLGA NP. Amide peaks
at 1,630 and 1,561 cm™ present in the K4-conjugated PLGA
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Figure 3 Release kinetics of bFGF and VEGF from poly (lactic-co-glycolic acid)
nanoparticle (mean * SD, n=3).

Abbreviations: bFGF, basic fibroblast growth factor; VEGF, vascular endothelial
growth factor.

NPs confirm the successful conjugation of K4 peptide to
PLGA NPs (Figure 4).

The binding of the peptide was further characterized
by the increase in the surface charge due to the presence
of positively charged amino acids. There was a shift in
zeta potential from —11 to 1 due to the conjugation of
the K4 peptide. Due to the presence of lysine groups, the
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Figure 4 Fourier-transform infrared spectra of (A) unconjugated PLGA NP and
(B) K4 peptide-conjugated PLGA NP.
Abbreviation: PLGA NP, poly (lactic-co-glycolic acid) nanoparticle.
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positive charge of the peptide decreases the zeta potential
of the acid-terminated PLGA NPs upon conjugation to
the peptide.

Cytotoxicity assay

MTT assay and live/dead assay were performed to
investigate whether growth factor-entrapped PLGA NPs
conjugated with K4 peptide were able to support HaCaT
proliferation and survival. In MTT assay, cells were studied
at 24,48, and 72 hours intervals post sample administration,
and it was found that on all the days studied, the growth
factor-bound PLGA NPs exhibited high cell proliferation,
whereas the growth factor-entrapped PLGA NPs conjugated
with K4 peptide showed a small decrease in cell prolifera-
tion, which may be due to the presence of K4, which is a
cationic AMP. Cell proliferation was significantly increased
in all growth factor-entrapped NP-treated samples at 72
hours compared to the control, suggesting that the entrap-
ment of growth factor preserved its bioactivity (Figure 5).
The presence of heparin, which is used in the NP for growth
factor stability, may also be responsible for its enhanced
bioactivity.**** Relatively longer half-life of heparin com-
pared to that of growth factors and its role in preserving the
bioactivity of bound proteins against thermal and enzymatic
degradation may be responsible for the above results.* In
live/dead assay Calcein AM is retained within live cells,
and red fluorescent dye EthD-1 enters cells through com-
promised cell membranes and binds to nucleic acids. The
results were similar to that of MTT assay, showing that the
PLGA-GF-K4 NP supported the proliferation and survival
of HaCaT cells (Figure 6).

M Control M PLGA GF M K4
140 I PLGA-GF W PLGA-GF—K4

120
100 M T
80
60
40
20

*
T

-l

Cell proliferation
(% of control)

24 48
Time in hours

Figure 5 MTT assay of HaCaT cell proliferation treated with (I) control, (2) GF,

(3) K4 peptide, (4) PLGA NP, (5) PLGA-GF NP, (6) PLGA-GF-K4 NP.

Note: Values are represented as mean * SD, (n=3, *P<<0.05).
Abbreviations: NP, nanoparticle; PLGA, poly (lactic-co-glycolic acid).

Wound healing assay

The effects of growth factors, K4 peptide, PLGA NP, PLGA—
GF NP, and PLGA-GF—K4 NP on the migratory capacity of
HaCaT cells were determined by their ability to induce in vitro
wound closure. The closure of wounds made in the confluent
cell monolayers was tracked over 24 hours. K4 peptide and
PLGA NP treatment did not seem to affect the migration rate of
HaCaT cells, whereas cells treated with PLGA—GF NP showed
a similar migration rate as those treated with free growth factor
but faster than those treated with PLGA—GF—K4 NP (Figure 7).

Antimicrobial assay

The antimicrobial activity of the K4 peptide, PLGA, and
PLGA-K4 was tested against gram-positive S. aureus and
gram-negative P. aeruginosa. K4 peptide and PLGA-K4 NPs
killed ~75% and ~40% of S. aureus (Figure 8A) and ~50%
and ~30% of P. aeruginosa (Figure 8B), respectively, indi-
cating that our system has a broad spectrum of antibacterial
activity. PLGA NP did not show any significant antimicrobial
activity (Figure 8).

Discussion

Chronic wounds remain in a pathologic inflammatory state,
which provides a proteolytic microenvironment at the wound
site leading to the degradation of growth factors, which delays
or impairs the normal wound healing process. These types
of wounds have also exhibited high bacterial load, which
can further delay the healing process.*® Clinical trials of
wound healing through topical application of growth factors
were largely unsuccessful due to their rapid degradation
and extremely short half-life.*” PLGA NP has been used
successfully as a growth factor delivery system due to its
biocompatibility and degradability.’®** In the present paper,
a drug delivery system using PLGA NP for the codelivery
of growth factors and the AMP was developed. Dual growth
factor-encapsulated NPs were prepared by modified solvent
diffusion technique using poloxamer F127 as a stabilizer,
which gave rise to NPs with a size of 416 nm. Presence
of pluronic in the PLGA nanomatrix has been reported to
avoid the burst release of protein from PLGA micro- and
nanospheres.’” Growth factor degradation and inactivation
are caused by elevated levels of matrix metalloproteinase and
other factors at the site of the wound.* Addition of heparin
and BSA during the synthesis of the NP helps in stabiliz-
ing the growth factors against enzymatic degradation and
thermal instability.*'#* The growth factors VEGF and bFGF
were entrapped in the PLGA NP with high entrapment effi-
ciency and a sustained release over a prolonged period after
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Control Growth factor

K4 peptide

Calcein

Eth D-1

Merged

PLGA NP

PLGA-GF NP PLGA-GF-K4 NP

Figure 6 Live/dead cell assay of HaCaT cells treated with (1) control, (2) GF, (3) K4 peptide, (4) PLGA NP, (5) PLGA-GF NP, and (6) PLGA-GF-K4 NP.

Note: Magnification: 20x and scale bar is 100 pm.
Abbreviations: NP, nanoparticle; PLGA, poly (lactic-co-glycolic acid).

an initial burst release was observed. For effective healing
of complex wounds, gradual release of growth factors in a
sustained manner has been reported to be effective, which
was evaluated by Quantikine ELISA.

Skin wounds are colonized by opportunistic pathogens
like P. aeruginosa and S. aureus forming biofilms. AMPs do
not induce resistance in microbes compared to conventional
antibiotics as they disintegrate the microbial cell membrane
killing the bacteria by electrostatic interaction between
positive amino acid residues of AMP and negative charges
exposed on bacterial cell surfaces.*** We have synthesized
a synthetic cationic AMP (K4) that was conjugated to the

Control PLGA NP

(1) Length 690.80 ym

0 hour

24 hours

Figure 7 In vitro migration assay.

growth factor-entrapped PLGA NP. K4 was reported to have
a broad spectrum of antibacterial activity and destabilizes
the bacterial membranes by a detergent-like mechanism.*
The conjugation of peptide to the PLGA NP by carbodiimide
chemistry was observed by FT-IR and also zeta potential
measurement. The efficiency of peptide conjugation to the
NP was quantified by BCA assay.

The growth factor released from the nanoparticulate
system was tested for its bioactivity by cell viability assay
and live/dead assay. The cells treated with the growth
factor-entrapped PLGA NP showed increased proliferation
compared to free growth factor-treated cells, which indicate

PLGA-GF NP

K4 peptide PLGA-GF-K4 NP

(1) Length 1 (1) Length 590.18 pm

(1) Length 199,31 m,

(1) Length 572.12 ym

Note: Images were obtained at 0 and 24 hours after wound creation. Magnification: 10x and scale bar is 100 um.

Abbreviations: NP, nanoparticle; PLGA, poly (lactic-co-glycolic acid).
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mean £ SD (n=3, *P<<0.05). Statistical significance compared with untreated group.
Abbreviations: NP, nanoparticle; PLGA, poly (lactic-co-glycolic acid).

the increased stability and bioactivity of growth factors
encapsulated by PLGA NPs. The K4 peptide-conjugated
growth factor-loaded NPs showed only a slight difference
in activity compared to growth factor-loaded NPs, which
established that K4 is not toxic to mammalian cells at lower
concentrations.*® The PLGA-GF-K4 NP treatment also leads
to increased migration of keratinocytes compared to control
cells, indicating enhanced wound healing in vitro. Though the
attachment of K4 to the PLGA NP affected the efficiency of
its antibacterial activity, it still shows a significant reduction
in the bacterial load of both S. aureus and P. aeruginosa at
concentrations of 50 and 100 pg/mL when compared to the
untreated group. This proves that the PLGA—GF—K4 NP has
a broad range of antibacterial activity.

In chronic wounds, infection caused due to microbial
factors seriously affects the healing process.”® Emerging
treatments using AMPs show promising results in decreas-
ing the microbial load and its immunomodulatory activities
favoring healing.” In our multiple cargo delivery system,
K4 peptide acts as an antimicrobial agent to reduce wound
infection and the growth factors used will further enhance
the healing in chronic wounds. K4 peptide though reported
to be noncytotoxic at low concentrations, can cause mam-
malian cell death as the concentration increases. We have
tried to keep the concentration of K4 as low as possible
without affecting its antibacterial activity. As seen from the
MTT results PLGA-GF-K4 particle does not show signifi-
cant toxicity compared to PLGA—GF NPs. During in vitro
studies, even the dual delivery system as such may show very
low toxicity. When viewing it in a chronic wound healing
perspective, the significantly low toxicity of the system is

bound to be negligible. This system can be used as a potential
healing system for chronic wounds by addressing the dual
problems of ischemia and infection.

Conclusion

The development of a system for the codelivery of growth fac-
tors (VEGF and bFGF) and an AMP (K4) was investigated for
potential wound healing application. The entrapment of growth
factors with very high efficiency is an advantage in this method
along with its sustained release from the nanoparticulate sys-
tem, which will enhance the angiogenesis. The AMP K4 was
immobilized onto the surface of growth factor-entrapped PLGA
NP to protect the wound against infection, thus addressing
the major problems of chronic wounds. The system enhanced
the proliferation of HaCaT cells and also increased its rate of
migration. These results indicate the potential of K4-conjugated
PLGA-GF NP system as a wound healing system.
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