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Abstract:

Vascular endothelial growth factor (VEGF) is one of the most potent proangiogenic growth factors
in the skin, and the amount of VEGF present in a wound can significantly impact healing. In this
research study, rhVEGF (recombinant Vascular Endothelial Growth Factor) was epitomized into
various lipid nanoparticles, i.e., SLN and NLC. In vitro tests were attempted in fibroblasts and
keratinocytes to decide the bioactivity of the typified rh-VEGF and to gauge the cell take-up ability
of the lipid nanoparticles, and their effectiveness was compared with that of a few intra-lesional
organizations of a higher measurement of free rhVEGF and that of a solitary intra-lesional
organization of rh-VEGF-loaded polylactic-co-glycolic corrosive (PLGA) and alginate
microspheres (MS-rhVEGF) created in our research facility [26]. Mending was assessed as far as
wound conclusion, recuperation of the incendiary stage, and re-epithelisation review.
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Introduction:

Since their first portrayal in the1990s, lipid nanoparticles, basically solid- lipid nanoparticles (SLN)
and nano-structured lipid carriers (NLC), have turned out to be intense medication conveyance
frameworks that have pulled in much consideration and enthusiasm as effective and non-harmful
transporters for different dynamic mixes [1,2]. Both lipid nanoparticles are reasonable for the
assurance of medications against debasement, upgrade tranquilize soundness against light,
oxidation, or hydrolysis, and give the supported arrival of dynamic mixes [3]. The fundamental
contrast amongst SLN and NLC is the utilization of a fluid lipid (oil) for the planning of NLC
which, as portrayed by a few creators, builds the stacking limit and diminishes spillage of the
epitomized tranquilize amid capacity [1,2,4]. Lipid nanoparticles are generally utilized through
various courses of organization for example, parenteral, oral, visual, and aspiratory organization)
due to their superb averageness, biodegradability, and low harmfulness. These nanoparticles are
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additionally reasonable conveyance frameworks for the topical treatment of skin maladies since
they give high medication fixations in the treated skin zone. Moreover, foundational site effects
may be lessened compared with the oral or parenteral organization courses because of the lower
fundamental medication bioavailability gave by topical organization [5, 6]. In addition, their little
molecule estimate and lipidic creation guarantee close contact between the nanoparticles and the
skin, the discharge of the typified tranquilizes in a controlled way, and an expansion in their living
arrangement time in the skin [7]. These particles additionally indicate occlusive properties that
expansion skin hydration and upgrade sedate entrance [2,8,9]. Surprisingly, these particles permit
the organization of hydrophilic sedates on the skin, which may enhance the topical treatment of skin
infections [2, 10]. These qualities make the utilization of lipid nanoparticles as medication
conveyance frameworks a fascinating and reasonable system for the treatment of chronic wounds.
Truth be told, the occurrence of incessant wounds is ascending as an outcome of the maturing
populace, making the change of ceaseless injury treatment a noteworthy medicinal services issue
[11- 13]. Ceaseless injuries, for example, diabetic, venous, and weight ulcers, are those that are not
ready to accomplish anatomic and useful trustworthiness of the harmed territory following a month
and a half of standard medicinal treatment. Sadly, the topical organization of polymeric
miniaturized scale and nanospheres was not found to demonstrate the normal accomplishment
because of the quick spillage of the proteins from the injury site, bringing about the need to manage
them once every day [24, 25]. To overcome these impediments and considering the reasonableness
of lipid mixes for topical organization, the embodiment of GF into lipid nanoparticles may advance
their organization as far as measurement, conveyance example, and wellbeing. Hence, these
particles are introduced as a promising option for perpetual injury treatment.

Materials and methods:

Lipid nanoparticle preparation: SLN-rhVEGF and NLC-rhVEGF were prepared through the
emulsification and ultrasonication-based method [27, 28]. For SLN-rhVEGF preparation, 10 ml of a
1% (w/v) Tween® 80 aqueous solution was mixed with 2 ml of a dichloromethane solution
containing 0.1% (w/v) rhVEGF and 5% (w/v) Precirol® ATO 5. Immediately after mixing, the
mixture was emulsified for 30 s at 50 W.

This step produced an o/w emulsion that was then stirred for 2 h to extract the organic solvent and
allow particle formation. The SLN were then collected by centrifugation at 2,500 rpm for 10 min
using a 100-kDa molecular weight cut-off centrifugal filter unit and washed three times with MilliQ
water. After the addition of trehalose as a cryoprotectant at a concentration of 15% (w/w) of the
weighed lipid, the SLNs were freeze-dried. For the preparation of NLC-rhVEGF, 100 ul of 20
mg/ml rhVEGF aqueous solution was added to a previously prepared blend composed of a warm
aqueous solution of 0.67% (w/v) Poloxamer and 1.33% (w/v) Tween® 80 and a lipidic mixture
containing 200 mg of melted Precirol® ATO 5 and 20mg of Miglyol®182 that was heated at 40 °C
for 1 min. The resulting blend was emulsified for 15 s at 50W and stored for 12 h at 4 °C to re-
crystallise the lipid for NLC formation [29]. The particles were collected, washed, and lyophilized
as previously described. The target loading of rhVEGF in both SLN-rhVEGF and NLC-rhVEGF
was 1% (w/w). For the cell experiments, fluorescent lipid nanoparticles were prepared by
ncorporating 0.5% (w/w) Nile Red into the lipidic phase and following the method previously
described.

Sterilization by Gamma( y)-Irradiation of lipid nanoparticles:

SLN-rhVEGF and NLC-rhVEGF were sterilised by y-irradiation (named SLN-rhVEGF y and NLC-
rhVEGF v, respectively). The nanoparticles were placed in 5 ml glass vials and covered with dry ice
to ensure a low temperature. A dose of 25 kGy from 60Co was used to ensure effective sterilisation
in accordance with European Pharmacopeia recommendations [30]. The effect of the sterilisation
process on the nanoparticle properties and the encapsulated rhVEGF was then studied.
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Nanoparticle characterization:

SLN-rhVEGF and NLC-rhVEGF were disinfected by y-light (named SLN-rhVEGF y and NLC-
rhVEGF v, individually). The nanoparticles were put in 5 ml glass vials and secured with dry ice to
guarantee a low temperature. A dosage of 25 kGy from 60Co was utilized to guarantee viable
sanitization as per European Pharmacopeia proposals [30]. The impact of the sanitization procedure
on the nanoparticle properties and the embodied rhVEGF was then concentrated The mean
molecule estimate (z-normal) and polydispersity record (PDI) were estimated by powerful light
dissipating. Each measure was performed in triplicate after nanoparticle lyophilisation. The zeta
potential ({) was resolved through Laser Doppler smaller scale electrophoresis. The molecule
morphology was resolved through checking electron microscopy and transmission electron
microscopy (TEM) after negative recoloring. The nanoparticle portrayal additionally incorporated a
physico-compound assessment of the pH, a thickness appraisal and an occlusivity test. The
rheological investigations included the triplicate estimation of the thickness of 1 ml of the
nanoparticle suspension at 0.5, 1, 2.5, and 5 rpm. Quickly, 5 ml of water was set in a Franz cell
secured with a channel layer, and 10.6 mg/cm2 nanoparticles were then connected to the channel
surface to frame a film. Cells without test filled in as a kind of perspective. The samples were put
away at 32 °C for 48 h and weighted toward the start and toward the finish of the analysis to get the
water misfortune due to vanishing. The occlusion factor (F)was figured utilizing the accompanying
condition using the following equation:

| Water loss without sample—Water loss with sample
F (%) = - x 100.
Water loss without sample

Estimation of rhVEGF encapsulation Efficiency:

The encapsulation Efficiency (EE) was figured by implication by estimating the free rhVEGF (non-
epitomized) evacuated through the filtration/centrifugation procedure depicted in Section 2.1. Each
sample was then weakened 1:10,000 with DPBS arrangement containing 0.05% (v/v) Tween® 20
and 0.1% (w/v) BSA. The measure of free rhVEGF was evaluated utilizing a financially accessible
Sandwich Enzyme-Linked Immunosorbent measure unit for human VEGF) following the
producer's guidelines. The embodiment proficiency was surveyed utilizing the accompanying
condition. All of the tests were performed in triplicate, and the results are reported as the means +
S.D.

Initial amount of rhEGF—Free rhEGF
7Yy —
EE (%) Initial amount of rhEGF x 100

In vitro release studies:

The release study was conducted by incubating 32 mg and 23 mg of SLN-rhVEGF and NLC-
rhVEGF, respectively (corresponding to ~200 pg of rthVEGF), in 2 ml of 0.02 M phosphate-
buffered saline (PBS) for three days. At selected intervals, the release medium was removed by
filtration/ centrifugation and replaced by the same quantity of PBS [31]. The system was maintained
under orbital rotation at 25 rpm, pH 7.4, and 37 £ 0.5 °C. The amount of rhVEGF was assayed by
ELISA using the protocol. The results are given in terms of the cumulative percentage of rhVEGF
released over time.

In vitro cell culture studies:

Cell culture:

Balb/C 3T3 A31 fibroblasts were cultured on Dulbecco's modified Eagle's medium (DMEM)
supplemented with 10% (v/v) foetal calf serum (FCS) and 1% (v/v) penicillin—streptomycin at 37
°C in a humidified incubator with a 5% CO; atmosphere. Human foreskin fibroblasts were cultured
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on DMEM supplemented with 15% (v/v) foetal bovine serum (FBS), 1% (v/v) L-glutamine, and 1%
(v/v) penicillin—streptomycin at 37 °C in a 5% CO2 atmosphere. The cells were grown on DMEM
supplemented with 10% (v/v) FBS, 1% (v/v) L-glutamine, and 1% antibiotic—antimycotic at 37 °C
in a 5% CO2 atmosphere.

Effect of rhVEGF-loaded nanoparticles on cell proliferation:

The effect of the rhVEGF-loaded nanoparticles on cell proliferation was assayed in Balb/C
fibroblasts, which are widely used for the study of the bioactivity of rhVEGF [32, 33], and in
human skin fibroblasts and human keratinocytes (HFF and HaCaT cell lines, respectively). The
rhVEGF concentration of 15 ng/ml was chosen based on previously reported data [24, 34]. To
perform the study, the Balb/C 3T3, HFF, or HaCaT cells were seeded in 24-well plates at a density
of 50,000 cells/well in their respective complete culture medium. After 8 h of incubation, the
medium was replaced by DMEM supplemented with 0.2% serum, and the plates were incubated
overnight. The following samples were then added to the wells (all of the samples were resuspended
in 0.2% serum-supplemented DMEM prior to their incorporation into the cell culture): (i) negative
control (0.2% serum supplemented DMEM), (ii) 15 ng/ml of free rhVEGF, (iii) empty SLN, (iv) 15
ng/ml SLN-rhVEGF, (v) 15 ng/ml SLN-rhVEGF v, (vi) empty NLC, (vii) 15 ng/ml NLC-rhVEGF,
and (viii) 15 ng/ml NLC-rhVEGF y. The cells were cultured under the same conditions for 24 h, 48
h, and 72 h. The experiments were performed in triplicate. After the different incubation intervals,
100 ul of CCK-8 (Sigma-Aldrich, Saint Louise, USA) was added to the wells, and the mixture was
incubated for 4 h [35]. The absorbance was then read at 450 nm and at 650 nm as the reference
wavelength. The absorbance was directly proportional to the number of living cells in culture.

Cellular uptake of SLN-rhVEGF and NLC-rhVEGF

A total of 50,000 Balb/C 3T3, HFF and HaCaT were cultured separately on cover slips in their
respective complete culture medium for 24 h. The medium was then replaced with the following
assay mediums: (i) 25 pg of SLN-Nile Red-rhVEGF in complete DMEM and (ii) 25 pg of NLC-
Nile Red-rhVEGF in complete DMEM. After 1 h of incubation, cells were washed twice with cold
uptake buffer (0.14 M NaCl, 2 mM K>HPO4 and 0.4 mM KH2PO4) and once with cold acid buffer
(0.26 M citric acid monohydrate, 80 mM sodium citrate and 85 mM KCI) and fixed with 3.7% para-
formaldehyde. Nuclei were then stained with DAPI (500 ng/ml) and cover slips were mounted into
the slides for examination in a fluorescence microscope (nuclear stain: DAPI excitation/emission
358/461 nm and particle stain: Nile Red excitation/ emission 530/605 nm).

Results and Discussion

Nanoparticle characterization:

As depicted in Fig. 2A, the SLN and NLC with incorporated rhVEGF showed similar mean sizes:
332.45 * 16.62 and 348.35 + 10.25, respectively. Remarkably, gamma sterilisation did not cause
any significant change in the mean size or in the PDI of the lipid nanoparticles. The reconstitution
of dry particles for the size measurements did not present any inconvenience, suggesting the
absence of particle fusion or aggregation. The analysis of the zeta potential revealed that both
formulations presented a similar surface charge of approximately 34 mV. In addition, as described
by Pardeike et al., the data shown in Table 1 demonstrated that the NLC-rhVEGF preparation
method resulted in improved drug entrapment because the EE values for NLC-rhVEGF and SLN-
rhVEGF were 95.7 £ 4.7% and 73.9 £ 2.2%, respectively (p b 0.001) [2]. These characteristics,
together with the avoidance of the use of dichloromethane in the preparation of the NLC, may make
NLC-rhVEGF a better alternative if its in vivo effectiveness is proved. Fig. 2B shows SEM and
TEM photographs of the nanoparticles. In both formulations, the particles showed a smooth surface
and similar size. The in vitro rhVEGF release profiles displayed in Fig. 2C show that both
formulations presented similar release behaviors: an initial release (burst release) related to the
percentage of surface-associated protein (SAP; 25.15 + 3.19% for SLN-rhVEGF and 26.88 + 4.29%
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for NLCrhVEGF), a fast release phase from 8 h to 24 h (~75% of the total rhVEGF), and a slower
release phase from 24 to 72 h ending with the release of the total amount of rhVEGF. Moreover, it
is worth mentioning that the in vitro release profile of the y-sterilised nanoparticles did not differ
from that of the non-sterilized ones. These data suggest the suitability of the final sterilization of
SLN-rhVEGF and NLC-rhVEGF using gamma radiation. As depicted in Table 1, the nanoparticle
characterization also revealed that the pH values of both formulations were within the range suitable
for topical formulations (between 4 and 7), i.e., do not compromise the antimicrobial skin-barrier
function observed with increased pH [42]. Moreover, the results from the occlusivity test described
in Table 1 showed that the SLN were more occlusive than the NLC (p b 0.05). These results, as
previously reported by Souto et al., may be attributed to the solid state of the lipid matrix of the
SLN which may prevent more water evaporation than the semisolid matrix of the NLC. It should be
noted that the occlusive properties of these formulations may allow their accumulation in the
stratum corneum, resulting in the release of rhVEGF in a sustained manner and likely enhancing
their therapeutic effect [4]. In addition, the rheological studies revealed that the SLN and NLC
dispersions showed similar viscosity values of approximately 7 x 103 Pa - s at 5 rpm and a pseudo-
plastic behavior (decreasing viscosity with an increase in the shear rate).

Table:1: Results of the characterization of the developed formulations.

Parameter SLN-rhEGF NLC-rhEGF
Encapsulation efficiency (%) 73.9+22 95.7+4.7a

pH 5.78+£0.12 5.85+0.03

Occlusion factor (%) 18.08 £1.31 10.07 £ 0.63

Viscosity at 5 rpm (Pa - s) 6.67x10°%+1.15x10% |7.14x10-3+£9.02 x 10—4
a: p <0.001 compared with SLN-rhEGF. b: p <0.05 compared with NLC-rhEGF.

The data are shown as the means + S.D.
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In vitro cell culture studies:

Effect of rhVEGF-loaded nanoparticles on cell proliferation:

The proliferation assays performed using Balb/c 3T3 fibroblasts, HFF fibroblasts, and HaCaT
keratinocytes demonstrated the mitogenic effect of rhVEGF. The results, which are reported in Fig.
3A-C, indicated that the groups treated with rhVEGF (SLN-rhVEGF, SLN-rhVEGF y, NLC-
rhVEGF, NLCrhVEGF v, and free thVEGF) exhibited significantly higher cell proliferation than
the control groups (0.2% FCS, empty SLN, and empty NLC) in all of the studied cell lines,
illustrating that the nano-encapsulation process did not affect the biological activity of the growth
factor (p b 0.05). These differences, as shown in Fig. 3A and C, were detectable starting from 24 h
after treatment and became more evident at 48 and 72 h after treatment in the Balb/c fibroblasts and
HaCaT Kkeratinocytes. However, because the growth rate may depend on the cell line, the
differences in HFF fibroblasts were not perceptible for the first 48 h (Fig. 3B). In addition, no
differences were found between the lipid nano-particle-treated groups, regardless of sterilization.
These data suggest that gamma sterilization is a potential alternative to aseptic processing, which
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will facilitate future scale-up processes by reducing manufacturing costs. Nevertheless, the most
striking result that emerged from these data is that the encapsulation of rhVEGF into nanoparticles
(either SLN-rhVEGF or NLC-rhVEGF, regardless of irradiation) increased the mitogenic capability
of all cell lines compared with that obtained with free rhVEGF: these differences were significant
throughout the study for HaCaT keratinocytes and from48 h to the end of the study for Balb/c and
HFF fibroblasts (p b 0.05). These results suggest that nano-encapsulation may improve the growth
factor stability and allow sustained delivery of rhVEGF, thereby permitting continuous binding to
the cell surface VEGF receptor (VEGFR) and thus continuous activation of the signaling pathway
of rhVEGF [24,43,44]. In contrast, the lower activity observed with free rhVEGF may be attributed
to saturation of the VEGFR because the free rhVEGF may be administered at a much higher
concentration than needed for the stimulation of the VEGFR [45]. Moreover, nano-encapsulation
may promote nano-particle cell internalization and trafficking into the cytoplasm, nucleus, or some
organelles [46]. All of these processes may impact the cell signaling pathway and thus cell
proliferation [47]. Cellular uptake of SLN and NLC formulations because the nanoparticles are
intended to be administered topically on damaged skin and will thus be in contact with skin
keratinocytes and fibroblasts, the nano-particle cellular uptake was evaluated in the studied cells
lines. The fluorescence microscope images shown in Fig. 4 revealed a high uptake of SLN-rhVEGF
and NLC-rhVEGF in all of the cell lines. Both formulations were distributed throughout the
cytoplasm and around the cellular membrane; in contrast, none of the formulations were detectable
in the nucleus. From a qualitative perspective, no differences were found between the uptake
capacity of SLN-rhVEGF and that of NLC-rhVEGF in the studied cell lines. As described in the
literature, the rapid fading of Nile Red in hydrophilic environments is due to its lipophilic nature,
which avoids the release of dye into cell culture medium [48]. Therefore, the fluorescence observed
after the addition of the nanoparticles was a result of their cellular uptake and not due to the release
of dye. In fact, the nano-particle cellular uptake of both
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Cellular uptake of SLN and NLC formulations:

Because the nanoparticles are intended to be administered topically on damaged skin and will thus
be in contact with skin keratinocytes and fibroblasts, the nanoparticle cellular uptake was evaluated
in the studied cells lines. The fluorescence microscope images shown in Fig. 4 revealed a high
uptake of SLN-rhVEGF and NLC-rhVEGF in all of the cell lines. Both formulations were
distributed throughout the cytoplasm and around the cellular membrane; in contrast, none of the
formulations were detectable in the nucleus. From a qualitative perspective, no differences were
found between the uptake capacity of SLN-rhVEGF and that of NLC-rhVEGF in the studied cell
lines. As described in the literature, the rapid fading of Nile Red in hydrophilic environments is due
to its lipophilic nature, which avoids the release of dye into cell culture medium [48]. Therefore, the
fluorescence observed after the addition of the nanoparticles was a result of their cellular uptake and
not due to the release of dye. In fact, the nanoparticle cellular uptake of both SLN and NLC has
been described by several researchers [49-51]. It is noteworthy to mention that the cellular uptake
shown in Fig. 4 may be related to the increased cell proliferation observed in Section 3.2.1. In fact,
as has been previously reported, the internalisation of the active compound into the cell cytoplasm
is one of the possible strategies associated with bioactivity enhancement [46].
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Conclusions

In the current work, SLN-rhVEGF and NLC-rhVVEGF were developed, and their effectiveness was
tested.. The in vitro experiments revealed no loss of activity after the encapsulation or sterilization
processes, which indicate that gamma sterilization is a suitable process for the final sterilisation of
lipid nanoparticles. In the results demonstrate that the bioactivity of the nanoformulations was
higher in all of the studied cell lines than that of 75 pug free rhVEGF. In addition, based on its EE
and the lack of solvent utilization, 20 ug NLC-rhVEGF is a better alternative than SLNrhVEGF
further animal studies are required to demonstrate the dose—response differences between 10 pg and
20 pg of nanoparticle-rhVEGF. Overall, these results suggest the promising future clinical
application of rhVEGF-loaded lipid nanoparticles, especially NLC-rhVEGF, for the treatment of
chronic wounds.
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