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Purpose: Local anesthetics are used clinically for the control of pain following operation 

(including gastrointestinal surgery) or for the management of other acute and chronic pain. 

This study aimed to develop a kind of lipid-polymer hybrid nanoparticles (LPNs), which were 

constructed using poly(ethylene glycol)-distearoylphosphatidylethanolamine (PEG-DSPE) as 

the hydrophilic lipid shell and poly-ε-caprolactone (PCL) as the hydrophobic polymeric core.

Methods: Ropivacaine (RPV) was entrapped in the LPNs (RPV-LPNs) and the physicochemical 

and biochemical properties such as size, zeta potential, drug release, and cytotoxicity were stud-

ied. The long-lasting effects and safety aspects of the LPNs were evaluated in vitro and in vivo.

Results: The particle size and zeta potential of RPV-LPNs were 112.3±2.6 nm and -33.2±3.2 mV, 

with an entrapment efficiency (EE) of 90.2%±3.7%. Ex vivo permeation efficiency of LPNs 

was better than the drug solution. The RPV-LPNs exhibited a long-lasting in vivo anesthesia 

effect in both rats and mice.

Conclusion: Considering the low cytotoxicity, the LPNs prepared here could be used as an 

efficient local anesthetic for the control of pain.

Keywords: postoperative pain, gastrointestinal surgery, poly(ethylene glycol), poly-ε-

caprolactone, ropivacaine

Introduction
Postoperative pain management remains one of the most common challenges which 

have been largely unmet.1,2 Local anesthetics are used clinically for the control of pain 

following operation (including gastrointestinal surgery), or for the management of 

other acute and chronic pain.3–5 However, the major limitation of local anesthetics is 

their short duration of action (,8 hours).6 Another limitation of the clinical applica-

tion of local anesthetics is their systemic toxicity, including cardiac and neurological 

toxicity.7 Therefore, more and more attention has been paid to the design and engi-

neering of sustained release systems to prolong the analgesic action for days and to 

reduce side effects.

Nanotechnology-based drug delivery system (DDS) potentially represents such 

a disruptive technology for the controlled release of an anesthetic drug and reducing 

systemic toxicity.8,9 Among various nanocarriers, highly successful results have been 

recorded for liposomes in pain control and quick patient recovery, such as liposomal 

bupivacaine in form of DepoFoam bupivacaine.10,11 Liposomes have superior bio-

compatibility and favorable pharmacokinetics profile. However, liposomes suffer 

from the drawbacks, such as lower drug loading, fast drug release, and instability.12 
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Recently, a new generation of nanoparticles (NPs) known 

as lipid-polymer hybrid nanoparticles (LPNs) has emerged 

to overcome the shortcomings of both liposomes and poly-

meric nanoparticles. LPNs consist of two major parts: the 

polymer and the lipid components.13 Specifically, LPNs 

comprise polymer cores and lipid shells, which combine 

the advantages of polymeric nanoparticles like higher drug 

loading and prolonged drug release, and those of liposomes 

like suitable biocompatibility.14,15

Poly(ethylene glycol)-distearoylphosphatidylethanol-

amine (PEG-DSPE) block copolymers have been approved 

by the Food and Drug Administration (FDA) for medical 

applications. PEG-DSPE copolymers have been widely used 

in the preparation of LPNs.16 The amphiphilic polymers (PEG-

DSPE) are engineered in LPNs composed of a polymeric core, 

a lipid layer (DSPE, and/or other lipid), and a hydrophilic 

shell (PEG). Various researches have verified that PEG could 

prolong the circulation time and release drugs at a sustained 

rate in an optimal range of drug concentrations thus reducing 

toxicity because of drastic plasma drug concentration fluctua-

tion.17,18 In this study, ropivacaine-loaded PEG modified LPNs 

were designed to prolong its release and reduce side effects.

Ropivacaine (RPV), the pure S-(-)-enantiomer, is a mem-

ber of the amino amide class of local anesthetics.19 It has been 

approved by FDA for the production of local or regional 

anesthesia for surgery and acute pain management. Compared 

with other local anesthetics, RPV has a longer analgesic effect 

(3–6 hours) and lower CNS toxicity and cardiotoxicity.20,21 

However, the analgesic effect of RPV at present is limited to 

,6 hours (subcutaneous injection) and ,20 hours for a typi-

cal femoral nerve block.18 Therefore, it is urgent to develop a 

long-acting and safe local anesthetic for clinical single use.

In this study, poly-ε-caprolactone (PCL) was used as a 

hydrophobic polymer to form the polymeric core, and PEG-

DSPE as a hydrophilic lipid to form the shell of LPNs. RPV 

was entrapped in the LPNs and the physicochemical and bio-

chemical properties such as size, zeta potential, drug release, 

and cytotoxicity were studied. The long-lasting effects and 

safety aspects of the LPNs were evaluated in vitro and in vivo.

Material and methods
chemicals and reagents
Ropivacaine hydrochloride monohydrate (RPV, $98%, 

HPLC), L-α-lecithin (from soybean, $99%, thin layer 

chromatography), and Pluronic® F-127 were purchased from 

Sigma-Aldrich Co. (St Louis, MO, USA). PCL (molecular 

weight 20 kDa) was provided by Xi’an Ruixi Biological 

Technology Co., Ltd (Xi’an, Shaanxi, China). PEG
2000

-DSPE 

(PEG-DSPE) was purchased from Peng Sheng Biological Co., 

Ltd (Shanghai, PRC). FBS, DMEM, and MTT were purchased 

from Invitrogen (Thermo Fisher Scientific, Waltham, MA, 

USA). Other chemicals and reagents were of analytical grade 

or HPLC grade.

lPNs preparation
RPV-loaded LPNs (RPV-LPNs, Figure 1) were prepared by 

the w/o/w double emulsification method.22,23 Briefly, PCL 

(100 mg) as polymer, PEG-DSPE (100 mg) as lipid, and leci-

thin (20 mg) as lipophilic surfactant were dissolved in acetone 

(5 mL) as an organic solvent to form the oil phase (1). RPV 

(20 mg) was dissolved in sodium dodecyl sulfate (0.5 mL, 

5%, w/v) solution to form the internal aqueous phase (2). 

Next, solution (1) was sonicated (1 minute) in an ice-bathed 

solution (2) for emulsification. The resultant nano-emulsion 

was poured into a Pluronic® F-127 solution (20 mL, 1%, w/v) 

and was sonicated again for 5 minutes in an ice bath. Then 

the mixture was stirred overnight at room temperature to 

evaporate off organic solvents, and the resultant RPV-LPNs 

were collected by centrifugation at 50,000 rpm, washed with 

ultrapure water (MilliQ water, Merck Millipore, Burlington, 

MA) and lyophilized to obtain free flowing powder.

Empty LPNs (E-LPNs) was prepared by the same method 

without the presence of RPV.

Particle size and zeta potential
LPNs samples were diluted in distilled water and the par-

ticle size and polydispersity (PDI) were measured using a 

Lecithin
PCL

RPV

RPV-LPNs

PEG-DSPE

Figure 1 The composition and schematic diagram of RPV-LPNs.
Notes: RPV-LPNs were prepared by the w/o/w double emulsification method. PCL, 
PEG-DSPE and lecithin as lipophilic surfactant were dissolved in acetone. RPV was 
dissolved in sodium dodecyl sulfate solution to form the internal aqueous phase. 
The resultant nano-emulsion was poured into a Pluronic® F-127 solution and was 
sonicated again for 5 minutes in an ice bath.
Abbreviations: PEG-DSPE, poly(ethylene glycol)-distearoylphosphatidylethano
lamine; PCL, poly-ε-caprolactone; RPV, ropivacaine; LPNs, lipid-polymer hybrid 
nanoparticles.
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Zetasizer Nano ZS90 (Malvern Instruments, Malvern, UK) at 

25°C.24 The zeta potential of the LPNs was measured using 

the same instrument after dilution in the buffer solution.

Drug loading and in vitro release
RPV content in the LPNs was analyzed by reverse-phase 

HPLC (Agilent 1,100 Series, Agilent Technologies, Santa 

Clara, CA, USA).25 Specifically, 10 mL of sample was 

injected into a mobile phase of 50% PBS (pH 7.4) and 50% 

acetonitrile (0.1% TFA) at a flow rate of 1 mL/min and passed 

over a 5 µm reverse-phase column (Zorbax Eclipse SDB-C18, 

Agilent Technologies). RPV elution was detected at 262 nm.

Drug loading of RPV into the LPNs was evaluated by 

filtrating the LPN samples through a membrane filter (pore 

size: 0.1 µm).26 The incorporation of RPV into LPNs was 

expressed in terms of RPV entrapment efficiency (EE, %) =  

(amount of encapsulated RPV/total amount of RPV in the 

LPNs ×100), and RPV loading capacity (LC, %) = (amount 

of encapsulated RPV/amount of carrier ×100).

Release of RPV from the LPNs was studied using the 

dialysis bag method. The dialysis bag (cut-off of 2 kD) 

retained the LPNs but allowed the free drugs to diffuse 

into the dissolution medium. RPV-LPNs and RPV solution 

(2 mL) respectively, were sealed into the dialysis bags. The 

bags were then placed in a glass beaker containing 0.2 L 

of PBS (pH 7.4) at 37.0°C±0.5°C and stirred at 100 rpm. 

At pre-set time intervals (0.25, 0.5, 1, 2, 3, 6, 9, 12, 24, 48, 

72, and 96 hours), 1 mL of the medium was collected and 

analyzed for the RPV content by HPLC. An equal volume of 

PBS (1 mL) maintained at the same temperature was added 

at every time point to ensure sink conditions.

cells and animals
Mouse embryonic fibroblasts cells (BALB/c-3T3 cells) 

were obtained from the American Type Culture Collection 

(ATCC, Manassas, VA, USA). Female BALB/c nude mice 

(6–8 weeks old) and female Sprague Dawley rats (9–11 

weeks old) were purchased from Shandong University Labo-

ratory Animal Center (Jinan, People’s Republic of China). 

The study protocol followed the National Institutes of Health 

guide for the care and use of laboratory animals. All animal 

experiments were approved by the Medical Ethics Committee 

of Jining Medical University (No. JNMU20180646-001).

In vitro cytotoxicity
Cytotoxicity of RPV-LPNs, E-LPNs, and RPV solution on 

BALB/c-3T3 cells was measured by MTT assay.27 Cells were 

seeded in a 48-well plate at a seeding density of 104 cells 

per well, then incubated in DMEM supplemented with 10% 

FBS and antibiotics under 5% CO
2
 at 37°C for 24 hours. The 

medium was then replaced with various doses of RPV-LPNs, 

E-LPNs, and RPV solution. MTT solution (5 mg/mL) was 

added to each well after 48 hours of incubation and incubated 

for another 4 hours. Dimethyl sulfoxide (DMSO) (200 mL) 

was added to each well and the absorption of the product 

formed was measured at 570 nm using a microplate reader 

(Bio-Rad Laboratories Inc., Hercules, CA, USA).

Ex vivo permeation study
Ex vivo skin permeation study was carried out in Vertical 

Franz Diffusion cells (Permegear Inc., Bethlehem, PA, 

USA) with a cross-sectional area of 2.25 cm2 and 8.0 mL 

cell volume.28 Rats were anesthetized and the abdominal full-

thickness skin excised. After removal of hair, muscle, and 

fat on the skin, the skin was immersed in 15% w/v glycerin 

containing saline solution for 30 minutes to retain the integ-

rity of the skin and mounted between the donor and recep-

tor compartments with the epidermal side facing upward.29 

Physiological saline (20 mL) containing 1% TWEEN 80 

which was maintained at 37°C±0.5°C using a water bath 

was used as a receptor medium to meet the sink condition. 

RPV-LPNs and RPV solution (0.5 mL) were applied to the 

epidermal surface of the skin. At pre-set time intervals (0.5, 

1, 2, 3, 6, 9, 12, 24, and 48 hours), samples (0.3 mL) were 

collected from the receiver and replaced with 0.3 mL of 

fresh receptor medium. The samples were analyzed for the 

permeate amount of RPV by HPLC method the same as in 

“Drug loading and in vitro release” section. The cumulative 

amount of RPV penetrated (P
n
) as a function of time was 

calculated using the equation:

	
Pn =

C V + C V

S
.

n 0 i i
i 0

n 1 30

×










=

−

∑ ×

 

C
n
 and C

i
 refer to the RPV concentration of the receptor 

medium at each sampling time and the RPV concentration 

of sample i, respectively. V
0
 and V

i
 correspond to the vol-

umes of the receptor compartment and the collected sample, 

respectively. S means the effective diffusion area.

In vivo anesthesia analgesic effect in rats
Radiant heat tail-flick latency (TFL) test was first employed for 

evaluating the in vivo anesthetic effect of LPNs.31 RPV-LPNs, 

RPV solution (both containing 20 mg of RPV), E-LPNs, and 

0.9% normal saline samples were each applied in turn on the 

tail of the rats, which were placed in a plastic box, the ventral 
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surface of the distal 5–6 cm of the tail was placed over a 0.5 cm 

hole, beneath which an infrared radiant bulb was placed. In 

order to avoid tissue damage, 10 seconds of cutoff time was 

set. The maximum possible effects (MPEs) were calculated 

according to the formula: MPE (%) = (test latency - baseline 

latency)/(cutoff time - baseline latency) ×	100.32 The baseline 

latency was calculated as the mean of three different measure-

ments taken at 10-minute intervals.

In vivo analgesia duration in mice
In vivo analgesia duration test was applied using electrical 

stimulation testing, which has long been used as a means of 

determining analgesia in animals and humans.33,34 Testing for 

analgesia was done by a vocal response to electrical stimulation 

(beginning at 1 mA and increasing to a maximum of 8 mA) at 

the skin directly overlying the abdomen at the site of injection 

using a current generator. The mices’ belly hair was shaved 

off, and they were screened prior to injection to determine 

their vocalization threshold, the current required to produce a 

vocalization response. RPV-LPNs, RPV solution (both contain-

ing 2 mg of RPV), E-LPNs, and 0.9% normal saline samples 

were injected subcutaneous injection into the abdomen of the 

mice, followed by determination of analgesia at the desired 

time points. If all the mice in one group (eight each group) did 

not vocalize to electrical stimulation 2 mA above threshold, 

it indicates 100% analgesia; if half of the mice in one group 

vocalized to electrical stimulation, it means 50% analgesia; and 

if all of the mice in one group vocalized to electrical stimula-

tion, it indicates 0% analgesia (no analgesic effect).

Statistical analysis
All the results were expressed as mean ± SD from at least 

three independent runs. Comparisons between groups were 

made using Student’s t-test and with .2 groups, ANOVA 

was used to compare results. Statistical significance was 

set at P,0.05. All statistical analysis was performed using 

SPSS, version 21.0 (IBM Corporation, Armonk, NY, USA).

Results
Particle size, zeta potential, and drug 
loading
The particle size and PDI of RPV-LPNs were 112.3±2.6 nm 

and 0.16±0.02, with a zeta potential of -33.2±3.2 mV 

(Table 1). The similar size and surface charge was found on 

E-LPNs, which indicated that the encapsulation of RPV had 

negligible effect on the system. The EE and LC of RPV-LPNs 

were 90.2%±3.7% and 5.1%±0.4%, respectively.

In vitro drug release
In vitro drug release behaviors of LPNs and the solution 

are depicted as the cumulative RPV release (%) vs time 

(Figure 2). The results showed that the release of RPV from 

drug solution was fast and reached over 80% of drug release 

within 0.5 hour. RPV-LPNs exhibited sustained release 

behavior and after 24 hours only 50% of drug release was 

achieved. The time point for RPV-LPNs to reach over 80% 

drug release was 72 hours.

In vitro cytotoxicity
In vitro cytotoxicity of RPV-LPNs, E-LPNs, and RPV solu-

tion was evaluated by assaying the BALB/c-3T3 fibroblast 

viability (Figure 3). At all the concentrations from 1 to 100 

µM, RPV-LPNs, E-LPNs had a moderate effect on cell viabil-

ity; no obvious changes were found. Decrease in viability of 

cells occurred in RPV solution at high concentrations (50 and 

100 µM), which are shown in Figure 3 (P,0.05).

Ex vivo permeation study
Ex vivo permeation profiles of RPV-LPNs and RPV solution 

were summarized in Figure 4. RPV solution had completed 

permeation through the skin in the first few hours, while 

the permeation of RPV-LPNs was different. First, more 

RPV was permeated through the skin by RPV-LPNs than 

RVC injection (P,0.05): the cumulative RPV penetration 

of RPV-LPNs was 907±35 µg/cm2 at the end of the study 

(48 hours), which was 2.6-fold higher than that of RVC 

injection (344±23 µg/cm2).

In vivo anesthesia a effect in rats
In vivo anesthesia effect of LPNs was first investigated 

in rats by TFL test. The MPE curves were presented in 

Figure 5. E-LPNs showed no significant efficiency compared 

with the 0.9% saline control group. RVC solution showed 

a rapid but short time anesthetic effect, with a peak effect 

seen within 1 hour after the application. RPV-LPNs showed 

pronounced anesthetic effect last for 10 hours of application, 

Table 1 Characterization of LPNs (Mean ±	SD, N=3)

Characterization Particle size (nm) PDI Zeta potential (mV) EE (%) LC (%)

RPV-LPNs 112±3 0.16±0.02 -33.2±3.2 90.2±3.7 5.1±0.4

E-LPNs 111±2 0.11±0.01 -34.3±2.8 – –

Abbreviations: LPNs, lipid-polymer hybrid nanoparticles; PDI, polydispersity; EE, entrapment efficiency; LC, loading capacity; RPV, ropivacaine.
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which indicates a more long-lasting effect than the solution 

formulation (P,0.05).

In vivo analgesia duration in mice
In vivo analgesia duration results in mice are illustrated in 

Figure 6. The figure indicates that a single administration of 

RPV-LPNs to mice provides significantly prolonged anal-

gesia compared with RPV solution. The median duration 

of analgesia after mice were administered with RPV-LPNs 

and RPV solution was 36 hours and 0.5 hour, respectively. 

These results were in accordance with the in vivo anesthesia 

analgesic effect in rats and the ex vivo permeation results, 

which could be evidence of the long-lasting and more effi-

cient analgesic effect of the LPNs.

Discussion
Slight physicochemical differences of NPs may have 

significant biological implications in the cellular uptake and 

biological processes of the systems.35 The in vitro and in vivo 

fate of NPs was influenced by the uniformity of particle 

size and surface charge. Zeta potential, which can be either 

positive or negative in polarity depending upon the chem-

istry of the particles, is an electric potential created by the 

presence of a charge on the particle surface.36 Zeta potential 

is an indicator of the degree of repulsion between similarly 

charged particles in the formulation, thus it can probably 

indicate the physical stability of a formulation. Generally, 

a large positive or negative zeta potential is favorable for 

obtaining particles with better stability. Size and PDI of the 
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Figure 2 In vitro drug release behaviors of LPNs and the solution depicted as the cumulative RPV release (%) vs time.
Notes: Data represent mean ± SD, N=3. Release of RPV from the LPNs was studied following the dialysis bag method. The bags were placed in a glass beaker containing 0.2 
L of PBS (pH 7.4) at 37.0°c±0.5°C and stirred at 100 rpm. At pre-set time intervals, 1 mL of the medium was collected and analyzed for RPV content by HPLC.
Abbreviations: RPV, ropivacaine; LPNs, lipid-polymer hybrid nanoparticles. 
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Figure 3 In vitro cytotoxicity of RPV-LPNs, E-LPNs, and RPV solution evaluated by assaying the BALB/c-3T3 fibroblast viability.
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NPs are important factors for the nanocarriers, which can 

influence the distribution of carriers.37 Particle sizes lower 

than 200 nm (with a PDI lower than 0.2) could decrease the 

uptake by the liver, prolong circulation time in the blood, 

and improve bioavailability. The particle size and PDI of 

RPV-LPNs were 112.3±2.6 nm and 0.16±0.02; the similar 

size and PDI found on E-LPNs indicated the encapsulation 

of RPV had negligible effect on the system.

RPV release from the LPNs followed a biphasic process 

with an initial faster drug release (over 30% in 9 hours) 

and the remaining 5-fluorouracil (5-FU) being released in 

a sustained manner over a further period of 72 hours. The 

initial fast drug release is attributed to the leakage of the lipid 

on the surface of LPNs which may let the RPV in the outer 

layer of the particles rapidly diffused into the incubation 

medium. RPV-LPNs exhibited a sustained-release behavior 

and complete the drug release until 72 hours of the study. This 

characteristic may help with the long-lasting action of the 

system for the local anesthesia. Evaluation of the cytotoxicity 

of the NPs is essential for the polymers or lipids may bring 

about a cytotoxic effect. In vitro cytotoxicity of RPV-LPNs 

and E-LPNs are negligible at all the studied concentrations, 

which may be used safely in vivo.

Ex vivo permeation study results could be the confirma-

tion of the release behavior. RPV permeation was sustained 

and much more through the skin using RPV-LPNs compared 

with RPV solution. The results illustrated that LPNs have 

better and sustained skin permeation capacity, which may be 

due to the nano-size, and indicating the biocompatibility for 

long-term skin administration.38 The results also indicated 

that LPNs may have the potential to help the RPV to cross 

the skin layers more efficiently than the free drug and may 

have good efficiency of action when delivered in vivo.

In vivo local anesthetic effects of RPV-LPNs were evalu-

ated by TFL test in rats and analgesia duration experiments 

in mice. The MPE results of the TFL test exhibited that RPV-

LPNs have a longer lasting effect than the RPV solution, 

which showed a rapid anesthetic effect with a peak effect 

seen within 1 hour from the application. RPV-LPNs induce 

a pronounced anesthetic effect that was a rapid reaction in 

the first few minutes and also displayed sustained activity 

compared with the drug solution.39 In vivo analgesia dura-

tion results in mice also indicated that a single administra-

tion of RPV-LPNs to mice provides significantly prolonged 

analgesia compared with RPV solution. The RPV-LPNs 

developed in this study showed a much-prolonged analgesia 

when compared with free RPV, which was in accordance 

Figure 4 Ex vivo permeation of profiles RPV-LPNs and RPV solution.
Notes: Data represent mean ± SD, N=6. *P,0.05. RPV-LPNs and RPV solution 
were applied to the epidermal surface of skin, respectively. At pre-set time intervals, 
samples were collected from the receiver and analyzed for the permeated amount 
of RPV by HPLC method.
Abbreviations: RPV, ropivacaine; LPNs, lipid-polymer hybrid nanoparticles. 

Figure 5 In vivo anesthesia effect of LPNs was investigated in rats by TFL test.
Notes: Data represent mean ± SD, N=10. samples were applied on the tail of the 
rats, which were placed in a plastic box; the ventral surface of the distal 5–6 cm of the 
tail was placed over a 0.5 cm hole, beneath which an infrared radiant bulb was placed.
Abbreviations: RPV, ropivacaine; LPNs, lipid-polymer hybrid nanoparticles. 

Figure 6 In vivo analgesia duration results evaluated in mice.
Notes: Data represent mean ± SD, N=10. Testing for analgesia was done by a vocal 
response to electrical stimulation at the skin directly overlying the abdomen at the 
site of injection using a current generator. RPV-LPNs, RPV solution, E-LPNs, and 
0.9% normal saline samples were injected subcutaneously into the abdomen of the 
mice, followed by determination of analgesia at the desired time points.
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with the in vivo anesthesia analgesic effect in rats and the 

ex vivo permeation results.

Conclusion
In the present research, RPV was entrapped in LPNs, which 

were constructed using PEG-DSPE as hydrophilic lipid shell 

and PCL as hydrophobic polymeric core. RPV-LPNs had a 

small size, narrow PDI, high drug encapsulation efficiency, 

and low cytotoxicity. Ex vivo permeation efficiency of LPNs 

was better than the drug solution. The sustained release 

behavior of LPNs was in accordance with the long-lasting 

in vivo anesthesia effect both in rats and mice. In conclusion, 

the LPNs prepared in this study could be used as an efficient 

and long-acting local anesthetic.
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