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Abstract
Objective: To investigate the optimal conditions for preparing poly(lactic-co-
glycolic acid) (PLGA) nanoparticles, construct hepatocyte growth factor (HGF)
nanoparticles, and evaluate their encapsulation efficiency, drug loading, recovery
rate, release profile, and biological activity. Methods: Bovine serum albumin
(BSA) PLGA nanoparticles were prepared using the double emulsion solvent
evaporation method. Through orthogonal experimental design, with smaller
particle size and higher encapsulation efficiency, drug loading, and recovery
rate as evaluation indices, the preparation conditions of nanoparticles were op-
timized; HGF nanoparticles were prepared under the optimized conditions, and
BCA kit and HGF-ELISA kit were respectively used to detect the encapsula-
tion efficiency, drug loading, and release profile of BSA nanoparticles and HGF
nanoparticles, while the biological activity of HGF nanoparticles was evaluated
through CCK8 proliferation assay. Results: HGF nanoparticles prepared under
optimized conditions showed uniform size with a particle size of 234.4±4.8 nm,
encapsulation efficiency of (77.75±3.04)%, recovery rate of (49.33±9.34)%; the
in vitro release profile exhibited an initial burst release followed by sustained re-
lease; HGF nanoparticles could promote the proliferation of keratinocytes. Con-
clusion: HGF nanoparticles prepared by the double emulsion solvent evapora-
tion method under optimized conditions exhibited high encapsulation efficiency,
good sustained-release effect, and biological activity.

Full Text
Preamble
Xian Wenjiao, Wang Xue’er, Zhang Lin
Department of Histology and Embryology, School of Basic Medical Sciences,
Southern Medical University, Guangzhou 510515, China

chinarxiv.org/items/chinaxiv-201806.00139 Machine Translation

https://chinarxiv.org/items/chinaxiv-201806.00139
https://chinarxiv.org/items/chinaxiv-201806.00139


Abstract
Objective: To explore the optimum conditions for preparing poly(lactic-co-
glycolic acid) (PLGA) nanoparticles and evaluate the bioactivity of hepato-
cyte growth factor (HGF)-loaded PLGA nanoparticles. Methods: Bovine
serum albumin (BSA)-loaded PLGA nanoparticles were prepared using a double
emulsion-solvent evaporation method. The preparation process was optimized
by orthogonal test with particle size, encapsulation efficiency (EE), drug loading
(DL), and recovery rate as evaluation indexes. HGF-loaded nanoparticles were
then prepared under the optimized conditions. The EE, DL, and release char-
acteristics of both BSA-loaded and HGF-loaded nanoparticles were evaluated
using a BCA kit and HGF ELISA kit. The bioactivity of HGF-loaded nanopar-
ticles was assessed using CCK-8 proliferation assay. Results: The HGF-loaded
nanoparticles prepared under optimized conditions exhibited uniform size with
a mean diameter of 234.4±4.8 nm, an EE of (77.75±3.04)%, and a recovery rate
of (49.33±9.34)%. The in vitro release profile showed an initial burst release
followed by sustained release. HGF-loaded nanoparticles significantly promoted
the proliferation of HaCaT keratinocytes in vitro. Conclusion: HGF-loaded
nanoparticles prepared using the double emulsion-solvent evaporation method
under optimized conditions possess high encapsulation efficiency, favorable sus-
tained release properties, and good bioactivity.

Keywords: poly(lactic-co-glycolic acid) nanoparticles; orthogonal test; hepa-
tocyte growth factor; sustained release

Introduction
Growth factors play crucial roles throughout all stages of skin wound healing.
Animal experiments and clinical studies have demonstrated that various growth
factors can promote wound healing. Hepatocyte growth factor (HGF) is a multi-
functional growth factor that has been shown to accelerate wound healing. How-
ever, HGF exhibits poor stability in vitro and is readily degraded by enzymes
in vivo, making it difficult to achieve persistent and effective local action. Addi-
tionally, rapid systemic diffusion of HGF can lead to various toxic side effects.
Therefore, constructing a safe and effective sustained-release drug delivery sys-
tem for HGF is essential for its clinical application. Poly(lactic-co-glycolic acid)
(PLGA) has been widely used in pharmaceutical applications. PLGA nanopar-
ticles can achieve high encapsulation efficiency for growth factors, enhance their
stability and bioavailability, and the sustained release of drugs combined with
PLGA’s metabolic product lactate can collectively promote wound healing.
Nevertheless, few studies have reported on sustained-release drug delivery sys-
tems for HGF. In this study, we employed PLGA as the encapsulation material,
utilized orthogonal experimental design to optimize the preparation conditions
for PLGA nanoparticles, and prepared HGF-loaded nanoparticles under these
optimized conditions for subsequent quality evaluation and biological activity
assessment.
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Materials and Methods
1.1 Reagents and Instruments

PLGA (50:50, molecular weight 24,000-38,000), polyvinyl alcohol (PVA, molec-
ular weight 13,000-23,000) were purchased from Sigma. Mannitol and sucrose
were obtained from Guangzhou Chemical Reagent Factory. Equipment included
an ultracentrifuge (Beckman), freeze dryer (CHRIST), Malvern nanosizer (UK),
transmission electron microscope (Japan), BCA kit (Beyotime), HGF (R&D),
HGF ELISA kit (Dongge Biotech), and microplate reader Epoch (BioTek).

1.2 Preparation of PLGA Nanoparticles

Nanoparticles were prepared following a reported method with slight modifi-
cations. Briefly, an appropriate amount of BSA was dissolved in sterile water
containing 10% mannitol, 5% sucrose, and 5% PEG400 as the aqueous phase. A
predetermined amount of PLGA was dissolved in a mixture of dichloromethane
and acetone (3:1) as the oil phase. The aqueous phase was added to the oil
phase and sonicated for 1 min to form a primary emulsion. PVA solution was
then added to the primary emulsion and sonicated for 1 min to form a double
emulsion, which was dispersed in water and gently stirred with magnetic stirring
for 4 h to evaporate the organic solvent. The mixture was centrifuged at 14,000
r/min for 20 min, and both supernatant and precipitate were collected. The
supernatant was used to detect encapsulation efficiency, while the precipitate
was washed twice with sterile water, freeze-dried for 24 h, and stored at 4°C for
future use. For HGF-loaded nanoparticles, an appropriate amount of HGF was
added to the aqueous phase.

1.3 Orthogonal Experimental Design for Optimization

Following orthogonal experimental design principles, an L9(3^4) orthogonal ar-
ray was adopted to investigate three factors: PVA concentration, PLGA dosage,
and ultrasonic power. The fourth column was left empty. Each factor had three
levels, resulting in nine experimental runs. The specific design is shown in Table
1 .

1.4 Characterization of Nanoparticles

1.4.1 Measurement of Average Particle Size, Size Distribution, and
Zeta Potential A certain amount of nanoparticles was dispersed in sterile
water and diluted to a visibly turbid concentration. The suspension was then
analyzed using a Malvern nanosizer.

1.4.2 Observation of Surface Morphology and Internal Structure A
drop of sample was placed on a carbon-coated copper grid. Excess liquid was re-
moved from the edge of the droplet with filter paper. The sample was negatively
stained with 3% phosphotungstic acid aqueous solution for 2 min, after which
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the stain was removed with filter paper. After drying at room temperature, the
sample was observed under transmission electron microscopy.

1.5 Determination of Encapsulation Parameters

1.5.1 Encapsulation Efficiency Measurement The supernatant collected
during centrifugation was analyzed. BSA-loaded nanoparticle concentration was
measured using a BCA kit, while HGF-loaded nanoparticle concentration was
determined using an HGF ELISA kit. Encapsulation efficiency was calculated
as: (Amount of encapsulated protein drug / Total amount of encapsulated and
unencapsulated protein drug) × 100%.

1.5.2 Drug Loading Measurement A predetermined amount of nanoparti-
cles was weighed and dissolved in 0.5 mL dichloromethane. Then 0.5 mL sterile
water was added to extract the protein from the nanoparticles. After centrifuga-
tion, the supernatant was collected. This extraction was repeated three times,
and the supernatants were pooled. Concentrations were measured using BCA
kit for BSA nanoparticles and ELISA kit for HGF nanoparticles. Drug loading
was calculated as: (Amount of protein drug in nanoparticles / Total weight of
nanoparticles) × 100%.

1.5.3 Recovery Rate Measurement All dried nanoparticles were collected
and weighed on an analytical balance. The recovery rate was calculated as:
(Total weight of obtained nanoparticles / Total weight of all materials input) ×
100%.

1.5.4 BCA Kit Detection Procedure Protein standard solutions of pre-
determined concentrations were prepared. BCA working solution was prepared
according to the manufacturer’s instructions and mixed thoroughly. Gradient
volumes of standard solution and samples were added to corresponding wells
of a 96-well plate (n=3) and incubated for 30 min. Working solution was then
added, and the plate was incubated at 37°C. Absorbance was measured at 562
nm using a microplate reader. A standard curve was constructed to calculate
sample concentrations.

1.5.5 HGF ELISA Kit Detection Procedure Standards and samples were
added to corresponding wells of an ELISA plate. Blank wells were set up, and
the plate was sealed and incubated at 37°C for 30 min. The plate was washed
five times with wash buffer and dried by patting after each wash. Enzyme-
labeled reagent was added to all wells except blank wells. The plate was sealed
and incubated at 37°C for 30 min, then washed five times and dried. Substrate
solutions A and B were added for color development, and the plate was sealed
and incubated at 37°C for 15 min. Stop solution was added, and absorbance
was measured at 450 nm using a microplate reader. A standard curve was
constructed to determine sample concentrations.
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1.6 In Vitro Release Study

A predetermined amount of nanoparticles was placed in a dialysis membrane
with 5 mL PBS (pH 7.4). Release was performed at 37°C with shaking at 72
r/min. At time points of 6, 12, 24, 48, 72, 120, and 168 h, 500 �L samples
were withdrawn and replaced with an equal volume of fresh PBS. Samples were
stored at 4°C until analysis. BSA nanoparticles were analyzed using BCA kit,
while HGF nanoparticles were analyzed using ELISA kit. Cumulative release
was calculated and release curves were plotted.

1.7 HaCaT Cell Culture

Human immortalized keratinocytes (HaCaT) were purchased from the Shang-
hai Institute of Chinese Academy of Sciences. Cells were revived under sterile
conditions and seeded in 10 cm² culture dishes. They were cultured at 37°C in a
5% CO� incubator until reaching 80-95% confluence, then digested with trypsin
and passaged.

1.8 Cell Proliferation Assay

The experiment was divided into four groups: control, BSA nanoparticle, HGF
solution, and HGF nanoparticle groups. Cell suspension was seeded in 96-well
plates at a density of 3.0×10³ cells per well in high-glucose medium contain-
ing 10% FBS and cultured at 37°C in a 5% CO� incubator. After overnight
incubation, the medium was replaced with 0.1% FBS medium for starvation for
12 h, followed by addition of respective stimuli according to the experimental
protocol. Cells were then cultured in maintenance medium. At 12, 24, 48, and
72 h time points, 10 �L CCK-8 reagent was added to each well and incubated
for 3 h. Absorbance was measured at 450 nm to assess cell proliferation.

1.9 Statistical Analysis

Data are expressed as mean ± standard deviation. Statistical analysis was
performed using SPSS 20.0 software. Orthogonal test data were analyzed by
variance analysis. Cell proliferation data were analyzed by one-way ANOVA
for inter-group comparisons. If statistically significant differences were found,
LSD-t or SNK-q test was used for pairwise comparisons. P<0.05 was considered
statistically significant.

Results
2.1 Orthogonal Test Results for Preparation Parameters

Following orthogonal experimental design, an L9(3^4) orthogonal array was
used to investigate the effects of PVA concentration, PLGA dosage, and ul-
trasonic power on average particle size, encapsulation efficiency, drug loading,
and recovery rate. Nine experimental runs were conducted, and the results are
shown in Table 2 .

chinarxiv.org/items/chinaxiv-201806.00139 Machine Translation

https://chinarxiv.org/items/chinaxiv-201806.00139


2.2 Variance Analysis of Orthogonal Test Results

Variance analysis of the orthogonal test results is presented in Table 3 . PVA
concentration showed statistically significant effects on the average particle size
of BSA nanoparticles (P<0.05), while PLGA dosage (P=0.061) and ultrasonic
power (P=0.251) did not, indicating that PVA concentration is the key factor af-
fecting particle size. As shown in Tables 4 and 5 , PLGA dosage had statistically
significant effects on both encapsulation efficiency and drug loading (P<0.05),
suggesting that PLGA dosage is the key factor influencing these parameters.
Table 6 demonstrates that PLGA dosage, PVA concentration, and ultrasonic
power all had statistically significant effects on recovery rate (P<0.05), indicat-
ing that all three are key factors affecting nanoparticle recovery.

2.3 Range Analysis and Determination of Optimal Preparation Con-
ditions

According to orthogonal experimental principles, a larger range indicates
greater influence of that factor’s level changes on the experimental index.
Using smaller average particle size and higher encapsulation efficiency, drug
loading, and recovery rate as evaluation criteria, the optimal preparation
conditions were determined from Table 7 as: PVA concentration 1%, PLGA
dosage 25 mg, and ultrasonic power 70 W. Using these optimal conditions,
three batches of BSA nanoparticles were prepared, yielding an encapsulation
efficiency of (73.12±6.38)%, drug loading of (4.45±0.63)%, and recovery rate
of (46.92±4.0)%.

2.4 Characterization of HGF-Loaded Nanoparticles

Using the optimal conditions, three batches of HGF-loaded nanoparticles
were prepared. Transmission electron microscopy revealed regularly spherical
nanoparticles with smooth surfaces, exhibiting a membrane-shell reservoir struc-
ture encapsulating the drug (Figure 1 [Figure 1: see original paper]). Nanosizer
analysis showed HGF nanoparticles had a mean diameter of 234.4±4.8 nm,
Zeta potential of -46.72±1.7 mV, and polydispersity index of 0.236±0.012.
The size distribution and Zeta potential are shown in Figure 2 [Figure 2: see
original paper]. The HGF nanoparticles exhibited an encapsulation efficiency
of (77.75±3.04)%, drug loading of (0.002293±0.000427)%, and recovery rate of
(49.33±9.34)%.

2.5 In Vitro Release Profiles of Drug-Loaded Nanoparticles

In vitro release studies were performed on both BSA and HGF nanoparticles.
As shown in Figure 3 [Figure 3: see original paper], both formulations exhib-
ited three release phases: initial burst release, followed by sustained release,
and finally a plateau phase. At 6 h, the cumulative release percentages were
(14.22±7.3)% for BSA nanoparticles and (18.56±3.02)% for HGF nanoparticles,
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representing the initial burst release. The sustained release phase occurred be-
tween 12-120 h. At 24 h, cumulative release percentages were (58.53±4.08)%
and (34.65±1.29)% for BSA and HGF nanoparticles, respectively. By 168 h,
the values reached (81.72±5.99)% and (79.12±5.36)%.

2.6 Cell Proliferation Assay

The biocompatibility and biological activity of HGF nanoparticles were evalu-
ated using CCK-8 assay. As shown in Figure 4 [Figure 4: see original paper],
at 12 h, both HGF nanoparticle and HGF solution groups promoted cell pro-
liferation faster than the control group (P<0.01), with no significant difference
between them (P>0.05). However, at 24 h and 48 h, the HGF nanoparticle
group showed significantly stronger proliferative effects compared to the other
three groups (P<0.01).

Discussion
HGF promotes wound re-epithelialization, induces angiogenesis, and reduces
scar formation. However, its short half-life and poor stability limit its efficient
utilization. In this study, we used PLGA as a carrier for HGF. The advan-
tages of PLGA include commercial availability of GMP-grade material, stable
physicochemical properties, high purity, controlled drug release through stable
degradation in vivo, and high biosafety as PLGA hydrolyzes into lactic acid and
glycolic acid monomers that can be metabolized through the tricarboxylic acid
cycle.

Current methods for preparing PLGA nanoparticles include emulsion-diffusion,
salting-out, nanoprecipitation, single emulsion-solvent evaporation (O/W), and
double emulsion-solvent evaporation (W/O/W). This study employed the dou-
ble emulsion-solvent evaporation method, which offers a simpler preparation
process, uses less toxic organic solvents, and is suitable for encapsulating water-
soluble protein drugs.

To optimize PLGA nanoparticle preparation, we used orthogonal experimental
design to investigate the effects of surfactant PVA concentration, PLGA dosage,
and ultrasonic power on particle size distribution, encapsulation efficiency, drug
loading, and recovery rate. Variance analysis revealed: (1) PLGA dosage is the
key factor affecting encapsulation efficiency, drug loading, and recovery rate.
This may be because higher PLGA dosage increases oil phase concentration
and viscosity, reducing drug diffusion from droplets and thus increasing drug
encapsulation. (2) PVA concentration is the key factor affecting average particle
size. PVA maintains emulsion stability during preparation, thereby stabilizing
nanoparticle morphology and size. Generally, lower PVA concentration results
in lower total interfacial area, larger nanoparticles, and vice versa. (3) Both
PVA concentration and ultrasonic power are important factors affecting recov-
ery rate. In nanoparticle preparation, surfactants and mechanical forces like
ultrasonication are essential for nanoemulsion formation and stability. Insuffi-
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cient PVA concentration may cause nanoemulsion droplets to coalesce or break,
leading to material precipitation and reduced recovery. Similarly, inadequate
ultrasonic power may fail to fully disperse the nanoemulsion, causing droplet
coalescence and precipitation, thus reducing recovery. Range analysis identified
the optimal conditions as: PVA concentration 1%, PLGA dosage 25 mg, and
ultrasonic power 70 W.

Using these optimal conditions, we prepared HGF nanoparticles and evaluated
their sustained release capability. The in vitro release profile showed three
phases: burst release, sustained release, and plateau. At 6 h, cumulative release
percentages were (14.22±7.3)% and (18.56±3.02)% for BSA and HGF nanopar-
ticles, respectively, meeting the Chinese Pharmacopoeia 2010 requirement of
less than 40% cumulative release at 0.5 h. The burst release likely resulted from
protein drugs adsorbed on the nanoparticle surface immediately diffusing into
the release medium. The sustained release phase (12-120 h) occurred because
PLGA formed a hydrated membrane after swelling in the release medium, de-
laying drug release, and as PLGA degraded, drugs gradually diffused into the
medium. By 120 h, drug release was nearly complete, with HGF nanoparti-
cles reaching (83.38±3.91)% cumulative release, satisfying the need for rapid
exogenous growth factor supplementation during early wound healing.

Finally, cell proliferation assays demonstrated that HGF nanoparticles main-
tained normal HaCaT cell growth and significantly promoted keratinocyte pro-
liferation, indicating good biosafety and biological activity. At 12 h, HGF
nanoparticles showed weaker proliferative effects due to limited HGF release.
At 24 h and 48 h, HGF nanoparticles exhibited stronger proliferative effects
than other groups, likely because encapsulated HGF was gradually released, in-
creasing local concentration, while HGF in solution was consumed within the
first 12 h, reducing its proliferative effect. At 72 h, minimal differences were
observed among groups as cells reached confluence.

In summary, this study successfully encapsulated HGF in PLGA nanoparticles
with favorable physicochemical properties, achieving sustained HGF release with
good biocompatibility and biological activity. However, due to time constraints,
biological activity validation was only performed at the cellular level. Future
studies will further evaluate biosafety and wound healing effects in mouse skin
wound models.
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