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The purpose of this study was to prepare a liposomal temperature-sensitive gel able to slowly release resveratrol after local
intramuscular injection. The best formulation of resveratrol liposomes was based on the highest encapsulation eﬃciency and
drug loading designed by Box-Behnken. The prepared liposomes were approximately circular, with a mean particle diameter of
161:5 ± 0:12 nm and zeta potential of -6.9 mV. The optimized liposomes were dispersed in a polymer gel (PLGA-PEG-PLGA)
for preparation of an in situ-formed gel at 35 ± 2° C. In vitro release of the prepared liposome temperature-sensitive gel was
studied and compared with ordinary drug-releasing gels, revealing a signiﬁcantly longer drug release time. Finally, a rat sciatic
nerve injury model was used to evaluate the pharmacological activity of the liposome temperature-sensitive gels for the repair of
damaged nerves. The results indicate that the gel was able to promote recovery of damaged nerves.

1. Introduction
The peripheral nervous system refers to all nerves other than
the brain and spinal cord, including the ganglia, neural stem,
plexus, and nerve terminals. Depending on the part of the
central nervous system to which a nerve connects, the
peripheral nervous system is categorized as either cranial or
spinal, referring to its connection to the brain or spinal cord,
respectively [1, 2]. Peripheral nerve injuries are commonly
observed in the clinic, often caused by fractures, mechanical
trauma, or joint dislocation [3]. Injury to peripheral nerves
is accompanied by a series of neurological lesions, which
can cause the body to lose some or all of its motor, sensory,
or autonomic function. Due to interruption of axon continuity, peripheral nerve damage also leads to neuroﬁbrosis at the
distal end of the lesion [4]. Therefore, adequate functional
recovery after peripheral nerve injury remains a clinical challenge. Over the past ten years, use of microsurgery to treat
damaged peripheral nerves has often failed to achieve the
expected results due to the complex microenvironment in
which the damaged nerves exist.

In addition to microsurgery, the local administration of
suitable medications to nerve-damaged tissue may also be
an eﬀective and economical treatment [5].
Resveratrol (RSV) is a polyphenol of the plant antitoxin
family, which can be found in a number of plants, such as
peanuts, grapes, and blueberries. Studies over recent years
have found that RSV has a wide range of biological eﬀects,
including being anti-inﬂammatory and with neuroprotective
properties and protecting against oxidative stress and cancer
[6–9]. The ability of RSV to reduce oxidative stress and mitochondrial dysfunction in Parkinson’s disease models has
been previously demonstrated by researchers [10]. In animal
models, RSV can also reduce sciatic nerve injury caused by
chronic crush injuries by regulation of an IGF-1-mediated
immune response [11].
Despite the potential health beneﬁts of RSV, its low solubility, slow rate of dissolution, and poor bioavailability have
resulted in its limited clinical use. A number of strategies have
been developed to counteract this problem. Liposomes are a
class of artiﬁcial vesicles with a particle size in the nanometer
range that can be produced from natural phospholipids and

2
cholesterol. Due to the size, amphiphilic nature, and biocompatibility of liposomes, they represent a promising drug delivery system that can be used to increase drug solubility and
bioavailability [12–14]. Liposomes have a bilayered structure;
the core of which can contain hydrophilic compounds, with
hydrophobic compounds contained within the bilayer membrane. Compounds encapsulated by liposomes tend to gradually diﬀuse from the bilayer into external liquids.
With the help of a local drug delivery system, the drug is
concentrated on the target site, so the eﬀectiveness and safety
of its treatment are improved. The drug-encapsulated
polymer-based hydrogel can be used locally to generate suﬃcient drug concentration [15]. And the thermal gel based of
PLGA-PEG-PLGA has good biocompatibility and biodegradability, so its application potential in medical applications has attracted much attention. This hydrogel is in the
form of a sol at room temperature and turns into a gel at body
temperature, which makes it injectable and has been used as a
sustained-release matrix for many drugs [16, 17]. Since this
type of hydrogel contains a lot of water, the small molecule
drug contained in it will be released quickly in the initial
stage, which is a burst release [18–20]. In the combined system of liposomes and hydrogels, liposomes can lower the
burst release of hydrogels, so that the mixed system can
achieve a sustained release eﬀect, thereby increasing the bioavailability of the drug while reducing any adverse side eﬀects
[21, 22].
In the present study, RSV-loaded liposomes (RSV-Lips)
were combined with a temperature-sensitive hydrogel to prepare a mixed drug delivery system for the continuous and
stable release of drugs with improved drug utilization. Here,
the mixed hydrogel was administered to a rat sciatic nerve
injury to evaluate its repair capability of damaged nerves.

2. Materials and Methods
2.1. Materials and Animals. Resveratrol (98.5% pure) was
purchased from Alighting Reagent Company (Shanghai,
China). Phospholipid was provided by Yuncheng Biochemical Company (Wuhan, China). Cholesterol and FITC (C6)
were obtained from Sigma-Aldrich (USA). PLGA-PEGPLGA was synthesized in our own laboratory.
Chloroform and methanol were acquired from Sinopharm Chemical Reagent. Chromatographic grade acetonitrile was provided by Merck reagents (USA). Ultrapure
water was prepared in the laboratory. All other reagents used
were of analytical grade.
Sprague Dawley rats (200–222 g) were obtained from the
Hubei University of Chinese Medicine Animal Center
(Wuhan, China). All animal experiments were conducted
strictly in accordance with the requirements of the “Principle
of Animal Protection for Animal Experiments”, and the
experimental protocols were approved by the Animal Ethics
Committee of the Medical University of Hubei University
of Chinese Medicine.
2.2. Preparation and Optimization of RSV-Lips. Liposomes
were prepared using a thin ﬁlm dispersion technique. Brieﬂy,
resveratrol, phosphatidylcholine, and cholesterol in a 1 : 25 : 5
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ratio were dissolved in a mixed solution of chloroform and
methanol (1 : 1 ratio) which was added to a round bottom
ﬂask and then dried using a rotary evaporator (RE52cs,
Yali-wing Biochemical, Shanghai China) to form a thin lipid
ﬁlm. The dried ﬁlm was then hydrated using 10 ml PBS
(300 mM) at 35°C for 0.5 h. The lipid dispersion was sonicated at 250 W for 10 min using an ultrasound probe (JY92
ultrasonic cell crusher, Xinzhi Institute of Scientiﬁc Instruments, Ningbo, China). Free resveratrol was removed by ﬁltration through a 0.45 μm polycarbonate microporous
membrane. The prepared liposomes containing drugs were
stored in a refrigerator at 4°C.
A response surface method is a commonly used statistical
methodology for optimizing experimental conditions. It
identiﬁes the relationship between variables and response to
obtain the most appropriate conditions for preparation
[23]. In the present study, a Box-Behnken Design (BBD), a
common response surface methodology, was used to optimize the formulation of RSV-Lips [24, 25]. The weight ratio
of phospholipid to cholesterol, the weight ratio of phospholipid to drug, and the ultrasonic power value were used as
independent variables, while the entrapment eﬃciency and
drug loading capacity were used as response values.
2.3. Measurement of Entrapment Eﬃciency and Drug Loading
Capacity. The measurement of encapsulation eﬃciency (EE)
was accomplished through the use of microcolumn centrifugation. A 0.2 ml aliquot of drug-containing liposome mixed
solution was pipetted onto the top of a microseparation column (diameter 10 mm × length 50 mm, containing 1 g
SephadexG-50 beads), to which 0.2 ml PBS was added as
the eluent and then centrifuge the column at 1000 g for 5
minutes. Repeated the centrifugation three times, adding
new 0.2 ml PBS eluent each time. Collected the eluate from
three centrifugations into a 10 ml volumetric ﬂask, an appropriate volume of methanol was added, and the mixture was
demulsiﬁed with ultrasound, prior to the addition of methanol to obtain a test solution. The solution was ﬁltered
through a 0.45 μm microporous membrane and analyzed
using high performance liquid chromatography. The following chromatographic detection conditions were selected.
Methanol/water (65 : 35) mixed solvent as mobile phase in a
C18 column was used, with a detection wavelength of
305 nm. The following equation was used to calculate EE%
and drug loading capacity (DL)%:
EE% =

Me
× 100%,
Mt

ð1Þ

where Me represents the quantity of encapsulated drug, and
Mt the total quantity of drug.
DL% =

Me
× 100%,
W

ð2Þ

where Me represents the quantity of encapsulated drug, and
W represents the quality of raw materials and excipients
within the preparation.
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Figure 1: The results of the single factor experiment.
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at 4°C until the polymer was completely dissolved. Subsequently, the hydrogel solution was placed into a 1 ml syringe,
and pressure was applied to force the hydrogel through a 25
gauge needle so as to evaluate injectability of the gel solution
at 25°C. Finally, the prepared temperature-sensitive hydrogel
containing drug was stored in a refrigerator at 4°C. Blank
liposomes gel (Blank Lips-Gel) was prepared using the
method described above, but without the inclusion of drug.

2.4. Preparation of Liposome Temperature-Sensitive Gel. Resveratrol liposome temperature-sensitive gel (RSV-Lips-Gel)
was prepared using a simple mixing technique. Brieﬂy, the
weighed PLGA-PEG-PLGA copolymer (20 wt%) was added
to the RSV-Lips suspension and incubated without stirring

2.5. Evaluation of Particle Size and Zeta Potential. Particle
size and zeta potential of the RSV-Lips and RSV-Lips-Gel
were measured using a dynamic laser scattering instrument
(Malvern Zetasizer Nano ZS90, UK). Prior to measurement,
the hydrogel sample was diluted with PBS solution to obtain
a concentration of 10 v/v% and ﬁltered through an aqueous

Table 1: BBD response surface experiment design factor level table.

X1
X2
X3

4
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Table 2: Box-Behnken response surface experiment design and
result table.
No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

Independent
variables
X1
X2
X3

Y1

Y2

Y

-1
1
-1
1
-1
1
-1
1
0
0
0
0
0
0
0
0
0

65.7
63.7
78.2
81.5
79.4
78.7
77.2
81.5
65.4
71.6
70.6
78.9
87.9
89.7
90.5
88.6
93.2

3.33
3.23
2.42
2.7
3.05
3.24
2.97
3.35
3.44
2.31
3.71
2.54
3.52
3.59
3.62
3.54
3.73

34.52
33.47
40.29
42.08
41.21
40.98
40.10
42.42
34.43
36.95
37.14
40.71
45.71
46.66
47.07
46.05
48.44

-1
-1
1
1
0
0
0
0
-1
1
-1
1
0
0
0
0
0

0
0
0
0
-1
-1
1
1
-1
-1
1
1
0
0
0
0
0

Dependent variables

microporous membrane with a pore size of 0.45 μm. Set the
detection temperature of the instrument to 25°C and the
equilibration time to 120 seconds.
2.6. Rheological Testing. The rheological properties of the
Blank Lips-Gel and RSV-Lips-Gel were measured using a
rotational rheometer (HAAKE 6000, Thermo Scientiﬁc, Germany). The temperature was gradually raised from 25°C to
40°C at 1°C/min to determine its viscosity at diﬀerent
temperatures.
2.7. Thermosensitivity Evaluation of RSV-Lips-Gel. The
phase transition temperature and inversion time of the
blank gel and gel containing RSV were measured using a
tube inversion method. Brieﬂy, a 2 ml sample of each
group was added to a 10 cm long 1.5 cm diameter test
tube. These test tubes were then placed in a water bath,
and the temperature raised gradually, from 25°C to 40°C.
At each temperature, the gel samples, after equilibration
for 3 minutes, were tested to observe the ﬂowability of
each sample following inversion of the test tube. The temperature at which the sample became immobile was
recorded as the gelation temperature.
2.8. Biocompatibility of Gel In Vivo. A 0.5 ml aliquot of blank
gel and an aliquot of gel containing drugs were subcutaneously
injected into the rear of Kunming mice (female, 20–22 g). The
mice were sacriﬁced at predetermined time points (3 and 7
days) and then the skin from the site of injection harvested
and ﬁxed in 4.0% (w/v) paraformaldehyde. Sections of the skin
were stained with hematoxylin and eosin (HE) for pathological analysis.

2.9. In Vitro Drug Release Study. A dialysis membrane (1015 kDa molecular weight cut-oﬀ, Sinopharm Reagent, China)
was used to investigate the release of drug from RSV-LipsGel and RSV-loaded hydrogel (RSV-Gel). Precisely, 2 ml of
the RSV-Lips-Gel were placed into a dialysis bag then dialyzed against 100 ml PBS (0.01 M), to which 0.5% Tween 80
was added. Throughout the release study, the rate of stirring
was adjusted to 75 rpm and temperature to 37 ± 0:5° C. At
intervals of 1 hour, 1 ml of dialysate was removed and
replaced with fresh solution of the same volume at a temperature of 37°C. HPLC, as described in Section 2.2, was used to
measure drug concentration in the release medium.
2.10. Evaluation of In Vivo Eﬃcacy. In vivo pharmacological activity was assessed using a rat sciatic nerve crush
injury model [3, 26]. Brieﬂy, rats were anesthetized by
intraperitoneal injection of 20% urose solution
(200 mg/kg), and the right sciatic nerve was isolated by
blunt dissection. Hemostatic forceps were used to create
a crush injury to the nerve, the force of which was measured using a membrane pressure sensor (RFP-602, Yubo
Intelligent Technology, China). The pressure sensor was
calibrated using a stress detector (DT-800, DataTaker,
Australia) prior to the experiment. The hemostatic forceps
were placed vertically to compress the middle section of
the sciatic nerve with a force of 5 N for 8 s, with compression repeated 3 times at 5 s intervals. Following this procedure, the rats were randomly allocated into four groups
(n = 5 per group). One group was administered normal
saline as a model control group, another provided free
RSV (10 mg/kg), and the remaining two groups treated
with RSV-Lips-Gel (5 mg/kg and 10 mg/kg). In addition,
a sham group, in which the sciatic nerve was exposed,
but not crushed, was also included. The drug was injected
into the injured nerve site immediately after the procedure. Completion of the procedure was termed day 0. Subsequent intramuscular injections were performed every 5
days; the experiment terminated after 25 days. Animal
welfare was fully considered during the entire experiment.
The experimental animals had ad libitum access to food
and drinking water.
2.11. Sciatic Functional Index and Thermal Paw
Withdrawal Latency. Sciatic nerve functional index (SFI)
was calculated by analysis of walking trajectory. The following method established by Fey et al. [27] was used with
appropriate adjustments. A bespoke device in the form of
a channel (6 × 8 × 40 cm) was used to record the footprints
of the rats. White paper was placed underneath, and the
hind legs of the rats painted with pigment prior to recording. As the rat passed the channel, the posterior foot
prints were printed on the paper. The rats were allowed
to pass freely through the channel before recording to
allow the rat to adapt to the test environment.
Tests continued until ﬁve measurable footprints were
recorded, from which, several parameters were measured:
(i) print length (PL: distance from the top of the third toe
to the heel); (ii) toe spread (TW: distance between the ﬁrst
and the ﬁfth toe), and (iii) intermediary toe spread (IT:
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Figure 2: Three-dimensional response surface curve. (a) Response surface graphs of phospholipid/drug and phospholipid/cholesterol. (b)
Response surface graphs of phospholipid/cholesterol and power. (c) Response surface graphs of phospholipid/drug and power.

Table 3: Analysis of variance of quadratic multiple regression
model of response variables.
Source
Model
A
B
C
AB
AC
BC
A2
B2
C2
Residual
Lack of ﬁt
Pure error
Cor total

Sum of squares df Mean square F value p value
331.55
1.00
52.38
5.78
2.02
1.63
0.28
29.86
179.71
36.53
18.06
13.53
4.53
349.62

9
1
1
1
1
1
1
1
1
1
7
3
4
16

36.84
1.00
52.38
5.78
2.02
1.63
0.28
29.86
179.71
36.53
2.58
4.51
1.13

14.28
0.39
20.3
2.24
0.78
0.63
0.11
11.57
69.64
14.16

0.001
0.5531
0.0028
0.1781
0.406
0.4534
0.7534
0.0114
<0.0001
0.0071

3.98

0.1076

distance from the second to the fourth toe). The three measures were recorded from the normal foot (NPL, NTW, and
NIT) and from the foot aﬀected by the crush injury (EPL,
ETW, and EIT). SFI was calculated using the formula SFI =

Table 4: Results of three batches of veriﬁcation experiments.
No.

EE%

DL%

Y value

Error%

1
2
3

86.6
83.4
86.5

3.3
3.2
3.3

44.9
43.3
44.9

4.6%

−38:3 × ðEPL − NPLÞ/NPL + 109:5 × ðETW − NTWÞ/NTW
+ 13:3 × ðEIT − NITÞ/NIT − 8:8.
In normal rats, the SFI score is close to 0. Lower scores in
the surgical model represented more severe injury, a score of
100 indicating complete injury.
An animal hot plate was used to detect latency of paw
withdrawal from heat (PWTL). The animals were placed on
hot plates adjusted to 50 ± 0:5° C (YLS-6B Hot-Plate, Zheng
hua Biological Instruments, China). Hyperalgesia was
assessed by measuring the latency of paw licking or jumping
reactions as an indicator of pain. The mean of the three measurements was recorded as the value of the withdrawal
response, with an interval of 10 minutes between each measurement. In order to reduce burns, a cut-oﬀ time not greater
than 50 seconds was used.
Animal behavioral experiments were performed twice a
day prior to surgery and every 5 days afterwards, with a total
of 6 tests performed.
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Figure 3: Particle size distribution of RSV-Lips and RSV-Lips-Gel. (a, c) RSV-Lips; (b, d) RSV-Lips-Gel.
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Figure 4: TEM observation images of RSV-Lips and RSV-Lips-Gel (×20 k). (a) RSV-Lips; (b) RSV-Lips-gel.

2.12. Histopathological Examination. All rats were sacriﬁced after behavioral testing on day 28. The sciatic nerve
was isolated for observation of pathological sections. The
gastrocnemius muscle was isolated, weighed, and then sectioned for observation by microscopy. The sciatic nerve
was dissected at a distance of 0.5 cm from the distal site
of injury, then ﬁxed in paraformaldehyde at 4°C overnight.
It was embedded in resin then sliced into half-thin
(500 nm) sections, stained with 1% toluidine blue, and
observed using a light microscope (TS-100, Nikon, Japan).
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2.13. Statistical Analysis. All data represent means ± SD.
ANOVA was used to compare the signiﬁcance of diﬀerences
between groups. p values < 0.05 were considered statistically
signiﬁcant.

3. Results and Discussion
3.1. Preparation and Characterization of RSV-Lips. In order to
compare thin ﬁlm dispersion methods, ethanol injection
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Figure 6: Characterization of phase transition process. (a) Blank gel; (b) RSV-Lips-Gel.

method and inverse evaporation method were evaluated. The
latter two methods resulted in low EE or unstable liposomes
with a large particle size distribution. It can be seen that the
thin ﬁlm dispersion method was more suitable for lipophilic
substances such as RSV. Five diﬀerent single factors that
may have an impact on the quality of liposomal preparation
were selected, including the ratio of phospholipid to cholesterol (2 : 1, 3 : 1, 4 : 1, 5 : 1, and 6 : 1), ratio of drug to phospholipid (1 : 5, 1 : 10, 1 : 15, 1 : 20, and 1 : 25), hydration
temperature (30, 35, 40, 45, and 50°C), ultrasonic power (50,
100, 150, 200, and 250 W), and duration of sonication (5, 10,
15, 20, and 25 minutes) for single factor experiments, with
EE and DL of liposomes as dependent variables. The results
of the single factor experiments are displayed in Figure 1.
Among the ﬁve factors examined, the three factors, phospholipid to cholesterol ratio, drug-lipid ratio, and ultrasonic
power, all provided a signiﬁcant eﬀect on encapsulation rate
and drug loading. Speciﬁcally, encapsulation rate increased
with increasing phospholipid ratio in the range 2 : 1-6 : 1. At
a drug-lipid ratio between 1 : 5 and 1 : 25, increasing druglipid ratio caused a gradual increase in encapsulation ratio.
Although the drug loading rate in the range of 1 : 5 and 1 : 10
is higher than other ranges, the encapsulation eﬃciency in this
range is less than 70%. The range of investigation of ultrasonic
power was between 50 W and 250 W, which had a signiﬁcant
eﬀect on the rate of encapsulation of liposomes, the trend of
which ﬁrst increased then decreased. Maximum rate of encapsulation was achieved at an ultrasonic power of between
150 W and 200 W. The other factors considered, hydration
temperature and sonication time, had no signiﬁcant eﬀect on
rate of encapsulation and drug loading. Considering preparation time and energy consumption, a hydration temperature
of 40°C and sonication time of 15 min were selected for subsequent optimization experiments.
Single-variable test results were used to determine the
range of independent variables. Finally, the weight ratio of
phospholipid to cholesterol (X1), the weight ratio of phospholipid to drug (X2), and the ultrasonic power value (X3)

were key factors. In order to comprehensively consider the
inﬂuence of factors on EE and DL, we deﬁne the Y value here,
and the calculation formula is Y = 0:5 × EE + 0:5 × DL. The
range and center point values of the three independent variables involved in this study are listed in Table 1. The center
point was tested ﬁve times to identify systematic errors.
Experimental data are displayed in Table 2. The experimental
design experiments were performed in random order. Analysis of experimental data was performed using DesignExpert software (version 8.05). Data were analyzed by
ANOVA. The 3D response surface produced by DesignExpert v8.0.6 was used to explain the interaction between
variables, the result of which is presented in Figure 2. The
quadratic multiple regression model and analysis of variance
based on the response variables are shown in Table 3. The
degree of inﬂuence on the response value can be determined
by observing the inclination of the 3D response surface. The
interaction was more signiﬁcant for larger values of slope.
The Design-Expert v8.0.6 software was used to analyze the
experimental results, with a ternary quadratic regression
equation of score Y and ratio of phosphorus/gallbladder
(X1), drug-lipid ratio (X2), and ultrasonic power (X3). The
equation is Y = 46:79 + 0:35 × X1 + 2:56 × X2 + 0:85 × X3 +
0:71 × X1X2 + 0:64 × X1X3 + 0:26 × X2X3 − 2:66 × X12 −
6:53 × X22 − 2:95 × X32 .
Analysis of variance indicated that the p value of the
model was <0.01, indicating that the regression model established was extremely signiﬁcant, with a p value of the mismatch term >0.05 and so not signiﬁcant, indicating that the
model could be used for data analysis in the present study.
According to the p values in the variance table, the order of
inﬂuence of single factors in the model was X2>X3>X1,
among which factor X2 was extremely signiﬁcant, with the
impact of X1 and X3 not signiﬁcant. The interaction terms
X1X2, X1X3, and X2X3 aﬀected the comprehensive score Y
, although none were signiﬁcant. The eﬀects of X12, X22,
and X32 in the second term were all signiﬁcant. It can be seen
from the response surface graph that the drug-lipid ratio and
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Figure 7: Results of pathological section of Biocompatibility test. (a) Normal, (b) blank gel (1 d), (c) blank gel (5 d), (d) RSV-Lips-Gel (1 d),
(e) RSVLips-Gel (5 d).

ultrasonic power had a substantial impact on score Y; the
impact surface graph is relatively steep, consistent with the
results of analysis of variance.
Larger values of Y represent better quality of liposomes. The regression equation is at its maximum value
when the optimal conditions are as follows: ratio of phosphorus to gallbladder: 5.1 : 1; ratio of drug to lipid: 1 : 21;
and ultrasonic power: 158.5 W. Subsequently, three batches
of samples were prepared using the optimal conditions,
and encapsulation eﬃciency and drug loading were determined. The test results are shown in Table 4. The actual
measurement results were within a 5% error from those
predicted by the model, indicating that the model provided a good predictive ﬁt and that the data obtained
was valid and reliable.
3.2. Preparation and Characterization of RSV-Lips-Gel. In
order to adjust the viscosity and osmotic pressure of RSVLips-Gel, mannitol and sodium chloride were added to the
formulation. Through orthogonal testing, an optimized formulation of RSV-Lips-Gel was ﬁnally determined, namely,

RSV-Lips concentration: 50%; copolymer concentration:
20%; mannitol concentration: 1%; sodium chloride concentration: 0.9%.
The encapsulation rates of the prepared RSV-Lips were
all greater than 80%. No signiﬁcant change in encapsulation rate was observed after temperature-sensitive gels
were used in the fabrication of the liposomes. It can be
seen from Figure 3 that RSV-Lips initially had a particle
diameter of 188:8 ± 9:7 nm and a zeta potential of −2:95
± 0:23 mv. Using a temperature-sensitive gel, the diameter
was 210:5 ± 4:7 nm and zeta potential of −4:73 ± 0:16 mv,
suggesting that the liposomes were larger with a decreased
zeta potential. As displayed in Figure 4, the basic morphology of the liposomes did not signiﬁcantly change after
inclusion of a temperature-sensitive gel, the liposomes
being essentially spherical as observed by projection imaging electron microscope. In summary, encapsulation eﬃciency, particle size, zeta potential, and appearance were
not signiﬁcantly aﬀected by use of a temperaturesensitive gel. The results suggest that RSV was encapsulated in the gel in the form of liposomes.
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Figure 8: Results of in vitro release experiments.

The change in viscosity of Blank Lips-Gel and RSV-LipsGel with increasing temperature is presented in Figure 5.
Both Blank Lips-Gel and RSV-Lips-Gel were less viscous
below 30°C, indicating that the gel was more ﬂuid at low temperatures and suggesting that the addition of drugs did not
greatly aﬀect gel ﬂuidity and thus was suitable for injection
at room temperature. However, the viscosity of the gel
increased sharply above 30°C. At this temperature, the gel
underwent a phase transition, from sol to gel. As shown in
Figure 6, the elastic modulus (G1) and the viscosity modulus
(G2) of the gel changed signiﬁcantly as temperature
increased. At temperatures higher than 30°C, the detection
value gradually increased, with G1 increasing greater than
G2, indicating the start of the change from sol to gel state.
The temperature at which G1 and G2 intersected is known
as the gelling temperature. At temperatures higher than this
value, changes in G1 and G2 tended to be gradual. In the
two gelation tests, temperatures of 32.5°C and 33.2°C for
gelation were recorded, indicating that incorporation of drug
did not signiﬁcantly change the gelation temperature of the
thermosensitive gel. A more visual test of this phenomenon
is the inverted test tube method to detect phase change.
The liposome temperature-sensitive gel clearly formed a gel
state when the temperature was approximately 37°C, where
the sample was unable to ﬂow upon tube inversion, a temperature slightly higher than that indicated by the rheometer. At
higher temperatures, interactions of the hydrophobic bonds
between PLGA blocks of the triblock polymer are enhanced,
leading to micelle aggregation and conversion to a gel state
[28–30]. The results indicate that RSV encapsulation did
not signiﬁcantly aﬀect the gel-forming properties of the
hydrogel.
HE staining of tissue sections after subcutaneous injection of the thermogel are presented in Figure 7. One day after
injection of the gel, a mild acute inﬂammatory response was
visible in tissue sections compared with normal skin. Due to
the gradual degradation of the hydrogel, tissue inﬂammation
was signiﬁcantly lower after 5 days than after 1 day. In addition, no skin tissue samples exhibited necrosis. The results

TW

Figure 9: Schematic of SFI values (PL: distance from the top of the
third toe to the heel; IT: distance from the second to the fourth toe;
TS: distance between the ﬁrst and the ﬁfth toe).

demonstrate that the gel exhibited good biocompatibility
in vivo.
3.3. In Vitro Drug Release Study. The drug release proﬁles of
RSV-Gel and RSV-Lips-Gel formulations are displayed in
Figure 8. Optimal conditions for drug release were determined from the equilibrium solubility of RSV. RSV has good
solubility in PBS (0.01 M) containing 0.5% Tween 80. The
release from RSV-Lips-Gel was signiﬁcantly extended compared with RSV-Gel. The cumulative drug release from
RSV-Lip-Gel was 32% after 24 hours, and 64% by the end
of the experiment, considerably lower than the release from
RSV-Gel. The reason is due to RSV-Lips-Gel forming a colloid under experimental conditions, with a ﬁrmer texture
than RSV-Gel, which resists attack from aqueous solvents,
resulting in a slow dissolution rate and a correspondingly
longer drug release time. The in vitro release behavior of
RSV-Lip-Gel follows that of the Ritger-Peppas model [31,
32]. The RSV-Lips and triblock polymer constitute a liposomal temperature-sensitive gel. RSV-Lips can be concentrated
in the hydrophilic long chains of the polymer gel. As the gel
matrix dissolves, the hydrophilic chain becomes fully
exposed to the aqueous environment, and the encapsulated
RSV-Lips is gradually released, with RSV in the liposomes
diﬀusing into the aqueous environment. In vitro release from
RSV-Lips-Gel is a combination of erosion and diﬀusion, that
is, the release behavior is in accordance with the RitgerPeppas equation [31, 32]. From the 24-hour drug release
curve, it can be seen that quantity released from RSV-LipsGel was lower than that of RSV-Gel, indicating that the burst
phenomenon of the liposome temperature-sensitive gel was
improved compared with the ordinary gel.
3.4. Evaluation of In Vivo Eﬃcacy. Animal models of peripheral nerve injury are generally established in a rabbit or rat
using the sciatic nerve, involving either complete or partial
injury. Injury can be produced by extrusion, electric burns,
freezing, acupuncture, or using a cross-section method [33,
34]. In the present study, rat sciatic nerve compression was
used for the peripheral nerve injury model. This model is

10

Journal of Nanomaterials
–100

40
#

–80

30

–60
SFI

#

⁎
⁎#
#⁎

#⁎

#⁎

#⁎

–40

PWTL (S)

# #

#⁎

#⁎
#⁎

20

#⁎
#⁎ #⁎
#⁎

#⁎

#⁎

#⁎

10

–20
0
0

5

10
15
Time (d)

20

25

0
0

RSV-Lip-Gel(high dose)
RSV-Lip-Gel(low dose)

Sham
Model
Free RSV

5

10
15
Time (d)

20

25

RSV-Lip-Gel(high dose)
RSV-Lip-Gel(low dose)

Sham
Model
Free RSV

(a)

(b)

Figure 10: Test results of animal behavior experiments ( p < 0:05 compared with the model group; ∗ p < 0:05 compared with the free drug
group).
#

10 𝜇m

10 𝜇m
(a)

(b)

10 𝜇m

10 𝜇m
(d)

Relative
area of myelinated nerve %

(c)

10 𝜇m
(e)

50
40

#

⁎
#

30

⁎

20
10
0
A

B

C

D

E

(f)

Figure 11: Observation of the sciatic nerve in a semithin section ((a) sham, (b) model, (c) free RSV, (d) RSV-Lip-Gel high dose, (e) RSV-LipGel low dose,#p < 0:05 compared with the model; ∗ p < 0:05 compared with the free RSV).
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widely used in experimental studies of peripheral nerve
regeneration and repair. It is simple to establish and interpret
and has good reproducibility, with rapid postoperative recovery, and behavioral assessment of animals can be conducted
within days of injury.
The toe measurement method in rats is displayed in
Figure 9, and the results of animal behavior tests in
Figure 10. SFI values of rats in each group prior to surgery
(Figure 10(a)) were less than -10, indicating that there were
no diﬀerences, and nerve function of the animals in each
group was normal. Compared with the sham group, the SFI
value in each group after surgery was signiﬁcantly diﬀerent
(p < 0:05). SFI values were measured at 10, 15, 20, and 25
days after surgery and compared with the value measured
at 5 days. SFI values in the high- and low-dose groups at each
time point after 10 days were signiﬁcantly diﬀerent from that
of the model group (p < 0:05), and in the gel-dose group better than in the free drug group, diﬀerences that were statistically signiﬁcant (p < 0:05). As shown in Figure 10(b), PWTL
values prior to surgery were in the range 6 s-10 s across all
groups, indicating that no diﬀerences were observed. Compared with the sham group, PWTL in each group increased
signiﬁcantly after surgery. PWTL values in each group
decreased with time. Compared with the model group, the
PWTL values in each group were signiﬁcantly diﬀerent after
10 days (p < 0:05). The PWTL value at the 25-day time point
in the high-dose group was signiﬁcantly diﬀerent from the
free drug group (p < 0:05).
Animal behavioral assessments included tests for SFI and
PWTL. SFI is a reliable indicator of nerve regeneration and
functional recovery after sciatic nerve injury. PWTL measures
the degree of pain using a hot plate, allowing more standardized experimentation and reduced experimental variation
[33, 34]. The results demonstrate that the RSV-Lips-Gel
high-dose group had signiﬁcantly increased SFI and reduced
PWTL values compared with the model and free RSV groups,
indicating that RSV-Lips-Gel assisted in the recovery of sciatic
nerve function.
Figure 11 displays a semithin section of the sciatic nerve.
It can be seen that the myelinated ﬁbers of the sciatic nerve in
all experimental groups except the sham group underwent
signiﬁcant degenerative changes, with some axons that had
disappeared. The model group had a loose structure, with
enlarged intercellular spaces, appearing vacuolated. The
RSV-Lips-Gel high-dose group had myelinated nerve ﬁbers
that appeared oval or almost round, with cells that were more
closely packed. In the low-dose group, the myelin ﬁbers were
loosely arranged, irregular in shape, with a thin myelin
sheath and the presence of vacuoles. The cross-sectional area
of myelinated ﬁbers in the semithin sections was recorded
across the entire visual ﬁeld. Compared with the sham group,
the number of myelinated nerve ﬁbers in the model group
was signiﬁcantly lower which had the smallest total crosssectional area. The proportion of myelinated nerve ﬁbers in
the RSV-Lips-Gel high-dose group was higher, including in
the RSV-Lips-Gel low-dose group. The relative area of myelinated ﬁbers in the free RSV group was not statistically different from that in the model group. This suggests that the
gel-administered group improved damaged sciatic nerve
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morphology at a particular dose. The change in SFI values
was highly correlated with histomorphology of the sciatic
nerve crush injury model. The RSV-Lips-Gel high-dose
group had the largest number of myelinated ﬁbers with a
thicker myelin sheath at the injury site, signiﬁcantly diﬀerent
from the free RSV group.

4. Conclusions
In the present study, an injectable PLGA-PEG-PLGA thermogel containing RSV liposomes was prepared. The thermogel was a sol at 30°C and capable of conversion into a gel at
body temperature. Gels formed in situ gradually degrade in
the body. Since encapsulated RSV should pass through the
liposome bilayer, then diﬀuse from the gel, the RSV-LipsGel demonstrated stable drug release in vitro without significant initial burst compared with the RSV-Gel. In vivo pharmacological experiments indicated that the RSV-Lips-Gel
promoted repair of injured sciatic nerves in rats compared
with other groups. The present study demonstrated that a
hybrid drug delivery system comprising liposomes and
temperature-sensitive hydrogels can achieve long-lasting
and stable drug release and can be administered locally to
improve the pharmacological activity of the drug. Further
research is required to evaluate the pharmacokinetics of such
a delivery system in vivo.
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