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Purpose: Hyaluronic acid-poly(ethylene glycol)-distearoyl phosphoethanolamine (HA-PEG-DS

PE)modified and tocopheryl polyethylene glycol 1000 succinate (TPGS) contained nanostructured

lipid carriers (NLCs) were prepared loading ropivacaine and dexmedetomidine to improve the

topical anesthetic analgesic anesthesia efficiency.

Methods: NLCs were prepared by the solvent diffusion method. The average particle size,

zeta potential, release behavior, and cytotoxicity of the NLCs were tested. Ex vivo skin

permeation was studied using a Franz diffusion cell mounted with depilated rat skin. Local

anesthesia antinociceptive efficiency was evaluated by rat tail flick latency study in vivo.

Results: NLCs have sizes of about 100 nm, with negative zeta potentials. All the NLCs

formulations were found to be significantly less cytotoxic than free drugs at equivalent

concentrations. The cumulative amount of drugs penetrated through rat skin from NLCs

was 2.0–4.7 folds higher than that of the drugs solution. The in vivo anesthesia antinocicep-

tion study displayed that NLCs showed stronger and longer anesthesia antinociceptive effect

when compared with single drugs loaded NLCs and drugs solution even at a lower dosage of

drugs.

Conclusion: The results demonstrated that the HA modified, TPGS contained, dual drugs

loaded NLCs could perform a synergistic effect and may reduce the amount of drugs, which

can lower the toxicity of the system and at the meanwhile, increase the anesthesia anti-

nociceptive efficiency.

Keywords: topical anesthetic analgesic, skin penetration, hyaluronic acid, long-acting

nanostructured lipid carriers, tocopheryl polyethylene glycol 1000 succinate

Introduction
Efficient pain management, especially postoperative pain, is difficult to achieve and

remains one of the most common challenges.1 In this field, local anesthesia is one

of the most important methods for analgesia either following surgery or for control

of other acute and chronic pain through peripheral nerve blocks.2,3 Local anes-

thetics (LA), such as lidocaine, bupivacaine, ropivacaine (RVC), etc., have small

molecule properties like limited acting duration (1–2 hrs for lidocaine; 2–4 hrs for

bupivacaine and RVC) and rapid redistribution.4–6 Therefore, there is a compelling

need for novel drug delivery formulations of LA to prolong the anesthetic effect

and reduce systemic toxicity.
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RVC is a local anesthetic frequently indicated for the

production of local or regional anesthesia for surgery and

for acute pain management.7 Compared with bupivacaine,

RVC shows longer duration, and less cardiovascular as well

as central nervous system toxicities.8,9 Thus, many anesthe-

siologists now prefer the use of RVC (Naropin®) in lieu of

bupivacaine for peripheral nerve blocks.10 Moreover, to

prolong analgesia and reduce local inflammation, research

have combined LA with adjuvants, such as dexmedetomi-

dine (DMDT) and dexamethasone recently.11

DMDT, a selective α2-adrenergic agonist, has been

approved by the FDA for continuous intravenous sedation

in the intensive care setting and procedural sedation in

non-intubated patients.12 It acts on both pre- and post-

synaptic sympathetic nerve terminal and central nervous

system, thereby showing sedative, analgesic, and hemody-

namic effects.13,14 Recently, more and more clinical trials

have indicated that DMDT has the ability to hasten the

onset and prolong the duration blockade when combined

with RVC (75% increase in the duration of analgesia).15–18

The drug delivery methods used of penetration

enhancement contained chemical penetration enhancers,

physical methods, and iontophoresis for various mem-

branes like skin and nail.19 Nanoparticulate drug delivery

systems have been applied in pharmaceutical arena like

vaccines, etc.20,21 Nanoparticle systems provide promising

platforms for combination therapy, sustained release and

less systemic side effects in the field of anesthesia and

analgesia.2,22 Lipid-based delivery systems, with particular

emphasis on nanostructured lipid carriers (NLCs), are

among the most attractive strategies for improving pene-

tration of drugs through the skin, especially for encapsula-

tion of the hydrophobic or lipophilic drug.23 Poly(ethylene

glycol)-distearoyl phosphoethanolamine (PEG-DSPE)

lipids have been widely used in the preparation of lipid

carriers and could prolong the circulation time and release

drugs at a sustained rate.24 Hyaluronic acid (HA), a linear

polysaccharide composed of repeating units of D-glucuro-

nic acid and N-acetyl-D-glucosamine, is proved to be

efficient in skin penetration due to the hydrophilic patch

domain of HA enables HA to hydrate and diffuse through

the skin.25 In this study, HAwas conjugated to PEG-DSPE

(HA-PEG-DSPE) to produce a long-acting system which

could enhance the permeability of RVC and DMDT.

Tocopheryl polyethylene g1000 succinate (TPGS), a

water-soluble derivative of natural vitamin E, has been

widely used in developing various skin delivery systems

to enhance the solubility and percutaneous penetration of

drugs to improve their therapeutic effects with minor sys-

temic side effects.26 In the present research, RVC and

DMDT co-loaded, HA-PEG-DSPE modified, TPGS con-

tained NLCs (HA-TPGS-RVC/DMDT-NLCs) were

designed and the particle size, zeta potential, release beha-

vior, and cytotoxicity of NLCs were characterized. The

skin permeation efficiency and in vivo anesthesia antino-

ciceptive effect of NLCs were evaluated on the skin and

the tail of rats.

Materials and methods
Materials
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[(poly-

ethylene glycol)2000]-NH2 (DSPE-PEG-NH2, molecular

weight: 2 kDa) was provided by Pengsheng Biological

Co., Ltd. (Shanghai, People'sRepublic of China). HA (mole-

cular weight: 3 kDa) was obtained from Shandong Freda

Biopharm Co., Ltd. (Ji’nan, People'sRepublic of China).

Injectable soya lecithin (ISL) was obtained from Lipoid

GmbH (Ludwigshafen, Germany). Compritol® 888 ATO

and Glycerol Monostearate (GMS) were obtained as gifts

from Gattefossé (Saint-Priest, Lyon, France). RVC hydro-

chloride, DMDT hydrochloride, N,N-dimethylformamide

(DMF), polysorbate 80, DMEM, and MTT were purchased

from Sigma Aldrich (St. Louis, MO, USA). All the other

chemicals and reagents were of analytical grade or HPLC

grade and used without further purification.

Cells
Mouse embryonic fibroblasts (BALB/c 3T3 cells) were

obtained from the American Type Culture Collection

(Manassas, VA, USA) and cultured in DMEM supplemen-

ted with 10% heat-inactivated fetal bovine serum (Gibco,

Waltham, MA, USA). Cells were grown as suspension

cultures and maintained in a humidified atmosphere at

37±2°C and 5% CO2.

Animals
Sprague-Dawley (SD) rats (weighting 350–400 g) were

purchased from the Medical Animal Test Center of

Shandong University (Jinan, People's Republic of China),

fed with standard diet and allowed water and housed in an

air conditioned room (22–24°C, 12 hrs light cycle). All the

animal experiments were approved by the Animal Ethics

Committee of Shandong University and followed the

National Institutes of Health guide for the care and use

of laboratory animals (NIH Publications No. 8023).
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Synthesis of HA-PEG-DSPE
DSPE-PEG-NH2 (100 mg) were dissolved in DMF

(10 mL) and stirred in an ice bath, followed by adding

dicyclohexylcarbodiimide (DCC, 1.2 equivalents) and stir-

red until completely dissolved (Solution-A). HA (1 equiva-

lent) was dissolved in water (10 mL), added to Solution-A

drop by drop, stirred at room temperature overnight and

dialyzed (MWCO, 3500 Da) against excess ultrapure

water for 24 hrs to get HA-PEG-DSPE. Chemical structure

of HA-PEG-DSPE was after dissolved in DMSO-d6 and

analyzed by 1H-NMR and fourier transform infrared (FT-

IR) spectroscopy . 1H-NMR, δ (ppm) belong to protons of

PEG-DSPE: 0.89 (-CH3), 1.22–1.87 (-CH2-), 2.47

(CH2C=O), 2.87 (-OH), 3.45 (-CH2-O-); belong to protons

of HA: 3.76 (-CH2-OH), 5.02–5.49 (CH), 8.11 (-NH-),

10.84 (-OH); belong to protons of amide bond: 4.53

(-CH2-C=O-N-), and 7.13 (-NHC=O). FT-IR spectroscopy

ν/cm−1: 3442 (-NH-), 2923 (acyl chains on the backbone

of HA), 2882 (-CH2-CH2-O- of PEG), 1665 (-HN-CO-),

1416 (-CH2CO-).

Preparation of NLCs
HA-TPGS-RVC/DMDT-NLCs were prepared by solvent

diffusion method.27 Lipid dispersion was composed of

Compritol® 888 ATO (100 mg), GMS (100 mg), ISL

(200 mg), RVC (100 mg), and DMDT (20 mg) were

dissolved in DMF (5 mL) and heated at the temperature

of 80–85°C to form the lipid phase. Aqueous phase was

prepared by dissolving HA-PEG-DSPE (200 mg), TPGS

(100 mg), and polysorbate 80 (0.5%, w/v) in water

(10 mL), stirred and heated to 30°C. The lipid phase was

rapidly injected into the stirred aqueous phase (600 rpm) at

30°C, and the resulting suspension was then dispersed

with Milli-Q water and then dialyzed against Milli-Q

water for 24 hrs using a centrifuge filter (MW cutoff

=30,000 Da) to get the HA-TPGS-RVC/DMDT-NLCs

(Figure 1A). Single drug-loaded NLCs were prepared

using the same method using only one drug, named

HA-TPGS-RVC-NLCs and HA-TPGS-DMDT-NLCs.

Non-HA modified NLCs were prepared by the same

method using PEG-DSPE instead of HA-PEG-DSPE,

named TPGS-RVC/DMDT-NLCs. Non-HA modified, no

TPGS contained NLCs were prepared by the same method

using PEG-DSPE instead of HA-PEG-DSPE and without

the presence of TPGS, named RVC/DMDT-NLCs. Blank

NLCs were prepared using the same method without the

presence of any drug, named HA-TPGS-NLCs.

Characterization of NLCs and stability
The morphology of NLCs was examined by transmission

electron microscopy (TEM). NLCs were placed onto cop-

per grids, one drop of 3% aqueous solution of sodium

phosphotungstate was added to each sample and air-dried

for TEM analysis. The average particle size (nm), poly-

dispersity index (PDI), and zeta potential (mV) of the

NLCs were determined by dynamic light scattering,

using a Zetasizer ZS-90 particle analyzer (Malvern

Instruments, Malvern, UK).28 Encapsulation efficiency

Figure 1 The sketch diagram (A) and TEM image (B) of HA-TPGS-RVC/DMDT-

NLCs. -poly(ethylene glycol)-distearoyl phosphoethanolamine (HA-PEG-DSPE)

modified and (TPGS) contained (NLCs) were prepared loading (RPV) and (DMDT).

Abbreviations: TEM, transmission electron microscopy; HA, hyaluronic acid;

TPGS, tocopheryl polyethylene glycol 1000 succinate; RVC, ropivacaine; DMDT,

dexmedetomidine; NLCs, nanostructured lipid carriers.
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(EE) and drug loading (DL) of the NLCs were determined

after ultrafiltration–centrifugation (4000 g for 20 mins) in

a Millex 10 kDa regenerated cellulose filtration device

(Millipore, Bedford, MA, USA). Samples were diluted

(1:9) in 50 mM Hepes buffer (pH 7.4) and the RVC or

DMDT present in the filtrate was determined by HPLC.

For RVC determination, aliquots were injected onto a

Purospher1 STAR RP-18E column (octadecylsilane,

4.6×150 mm; mobile phase: acetonitrile/phosphate buffer

=6/4, pH 8.0, flow rate 1 mL/min), the absorbance was

measured at 240 nm.29 For DMDT determination, aliquots

were injected to a WondaCract ODS-2 column (5 μm,

4.6×150 mm; mobile phase: water/acetonitrile =4/6, flow

rate 1 mL/min), the UV absorbance was measured at 254

nm.30 The EE was calculated using the equation: EE (%)=

(Trapped drugs in the NLCs)/(Total drugs added)×100. DL

(%)=(Trapped drugs in the NLCs)/(Weight of NLCs)×100.

The stability of NLCs was evaluated during 3 months of

storage at 4°C by assessing the particle size and PDI.

In vitro drug release
In vitro release behaviors of NLCs were performed using

Franz diffusion cells.31 NLCs (2 mL, 1 mg/mL) were

placed evenly on the surface of a regenerated cellulose

membrane (Spectra Por 6, MW cutoff =30,000 Da)

mounted between the donor and receiver compartments

of Franz diffusion cells. The receiver compartment was

filled with pH 7.4 PBS, stirred at 300 rpm and maintained

at 32±2 °C (mimicking human skin conditions) using

circulating water bath. 0.5 mL of samples was collected

at predetermined time points from the receiver compart-

ment and replaced with fresh pH 7.4 PBS. The amount of

drugs released was performed by HPLC as described in

the “Characterization of NLCs and stability” section.

Cell viability test
In vitro cytotoxicity of drugs encapsulated NLCs and

drugs solution (RVC/DMDT SOLU) was measured using

MTT assay, in cultures of BALB/c 3T3 cells.32 Cells were

seeded in 96-well culture plates at a density of 104 cells/mL

and incubated for 24 hrs at 37°C and 5% CO2. The culture

medium was then removed and replaced with 100 µL of

fresh medium containing different concentrations of NLCs

or drugs solution. Untreated cells were used as

controls. After the exposure period (2 hrs), the

medium was removed and the plate was washed with

phosphate-buffered saline (pH 7.4). The medium

(100 µL, without serum) with 0.5 mg/mL of MTT reagent

was added to each well and incubated for 3 hrs at 37°C.

The MTT solution was discarded from each well and

100 µL of ethanol was added to dissolve the formazan

crystals. The formazan absorbance was measured at

570 nm.

Ex vivo skin permeation efficiency of NLCs
The abdominal full-thickness skins of SD rats were used

for the evaluation of the skin permeation efficiency.26 SD

rats were sacrificed and the fur on the abdominal area of

the rats were removed. We excised the skin from the

abdominal surface and removed the adherent muscle, fat,

vasculature, subcutaneous tissue and then equilibrated

with PBS buffer. The stripped skin (the epidermal side

facing upward) was tied between the donor and receptor

compartment of the Franz diffusion cells with an effective

permeation area of 3.14 cm2.33 The receptor compartment

was filled with PBS (pH 7.4) which was maintained at

37±0.5°C and constantly stirred at 400 rpm. Drugs encap-

sulated NLCs and drugs solution (0.5 mL, 5 mg/mL) were

added to the skin and samples (0.3 mL) were collected

from the receptor compartment at predetermined time

points and replaced with equivalent amount of PBS. The

samples were analyzed for the permeate amount of drugs

by HPLC as described in section 2.6 and the cumulative

amount of drugs penetrated (Pn) was calculated using

equation: Pn¼ Cn�V0∑n�1
i¼0 C�Vi

� �.
A, where Cn and Ci

refer to the drug concentration of the receptor medium at

each sampling time and the drug concentration of the ith

sample. V0 and Vi correspond to the volumes of the

receptor compartment and the collected sample. A means

the effective diffusion area. The steady-state fluxes (Jss)

were obtained from the slope of the linear region of the

curve, representing the amount of drug permeated per unit

area versus time. Based on the Jss, the permeability coeffi-

cient (Kp) was calculated using the equation: Kp = Jss/C0,

where C0 corresponds to the drug concentration in the

donor compartment.

In vivo anesthesia antinociception

efficiency of NLCs
In vivo anesthesia antinociceptive effect was assessed by

using the tail-flick test.25 The dorsal surface of the tail of

SD rats was exposed to a focused, radiant heat light

source. HA-TPGS-RVC/DMDT-NLCs (containing 5 mg

RVC, 1 mg DMDT), HA-TPGS-RVC-NLCs (containing

10 mg RVC), HA-TPGS-DMDT-NLCs (containing 2 mg
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DMDT), TPGS-RVC/DMDT-NLCs (containing 5 mg

RVC, 1 mg DMDT), RVC/DMDT-NLCs (containing

5 mg RVC, 1 mg DMDT), HA-TPGS-NLCs, RVC/

DMDT-SOLU (containing 10 mg RVC, 2 mg DMDT),

and 0.9% normal saline were applied locally on the dorsal

surface of the tail. Tail-flick test was conducted every

5 mins for a total of 75 mins. Percentage of the maximum

possible effect (MPE) was applied to express the anesthe-

sia antinociception effect and calculated using the equa-

tion: MPE (%)=(postdrug latency−baseline latency)/

(cutoff latency−baseline latency)×100. The baseline

latency was calculated as the mean of three different

measurements taken at 10-min intervals. A maximum cut-

off latency of 10 s was set to avoid tissue damage in

analgesic animals.

Statistical analysis
Results are presented as means±SD. The significance of

differences was assessed using two-tailed Student’s t-tests

or one-way ANOVA. Differences were considered to be

significant at a level of p<0.05.

Results
Characterization of NLCs
TEM image showed the surface morphology

of HA-TPGS-RVC/DMDT-NLCs revealed nano-sized

(100 nm), spherical shape (Figure 1B). HA-modified

NLCs have sizes of about 100 nm, while sizes of TPGS-

RVC/DMDT-NLCs and RVC/DMDT-NLCs were 86.3±2.9

and 64.5±3.1 nm (Table 1). For all formulations the PDIs

ranged from 0.1 to 0.2. Zeta potentials of HA-TPGS-RVC/

DMDT-NLCs, TPGS-RVC/DMDT-NLCs, and RVC/

DMDT-NLCs were −30.7±2.8, −21.2±2.5, and −15.6±2.3
mV, respectively. The EEs of RVC and DMDTwere above

80%. The NLCs were stable during 3 months of storage at

4°C for there was no significant change in particle size and

PDI (Figure 2).

Drug release in vitro
The release of RVC or DMDT from HA-modified NLCs,

TPGS contained NLCs and NLCs were different (Figure 3).

With the presence of TPGS and HA, release of drugs was

in more sustained manners. Release behaviors of

RVC and DMDT from HA-TPGS-RVC/DMDT-NLCs,

HA-TPGS-RVC-NLCs, and HA-TPGS-DMDT-NLCs were

substantially similar with no statistically significant differ-

ences. RVC and DMDT release from solution was the T
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fastest; on the contrary, release of drugs from HA-TPGS-

RVC/DMDT-NLCs was the slowest.

Cell viability
The cell viability of 3T3 cells treated with NLCs and drugs

solution using the MTT assay. Figure 4 shows that all kinds

of NLCs do not significantly reduce cell viability even at high

nanoparticles concentration. However, RVC/DMDT-SOLU

presents the dose-dependent cytotoxic effect, led to a

decrease in cell viability down to 61.2 ± 1.9%. All the

NLCs formulations were found to be significantly less cyto-

toxic than free drugs at equivalent concentrations (P<0.05).

Skin permeation efficiency
Skin permeation efficiency of drugs from different kinds

of NLCs and solution was compared using Franz diffusion

cells with the skin of rats. Figure 5 illustrates the accumu-

lative penetration curves of RVC and DMDT during 72 hrs

of study. Tables 2 and 3 summarize the P72 (the cumulative

amount of drugs penetrated at 72 h), Jss, and Kp-values.

Figure 5, Tables 2 and 3 show the RVC/DMDT-NLCs

significantly improved the permeation efficiency of drugs

when compared with RVC/DMDT-SOLU (P<0.05).

TPGS-RVC/DMDT-NLCs exhibited more drugs permea-

tion than RVC/DMDT-NLCs (P<0.05). HA-TPGS-RVC/

DMDT-NLCs gain the most remarkable efficiency among

all the groups, which is much better than that of TPGS-

RVC/DMDT-NLCs (P<0.05). At 72 hrs of study, 1018.3

±39.1, 666.8±18.7, 439.2±17.3 and 214.3±13.2 μg cm−2 of

RVC was permeated from HA-TPGS-RVC/DMDT-NLCs,

TPGS-RVC/DMDT-NLCs, RVC/DMDT-NLCs, and RVC/

DMDT-SOLU, respectively. HA-TPGS-RVC/DMDT-

NLCs exhibited the most prominent Jss, which is 4.7

folds higher than that of RVC/DMDT-SOLU.

In vivo anesthesia antinociception

efficiency
In vivo anesthesia antinociceptive effect was evaluated to

determine the efficiency of the two drugs combination in

different modified NLCs system. HA-TPGS-NLCs did not

show any effect during the test (Figure 6). All the drugs

encapsulated NLCs and drugs solution increased the tail-

flick test latency significantly compared with the 0.9%

normal saline control (P<0.05). RVC/DMDT-SOLU

showed a short-lasting antinociceptive effect (reduced

rapidly at the first 10 mins), while RVC and/or DMDT-

loaded NLCs exhibited a more prolonged antinociceptive

effect lasted until 90 mins. To be noticed, HA-TPGS-RVC/

DMDT-NLCs showed stronger and longer anesthesia anti-

nociceptive effect when compared with TPGS-RVC/

DMDT-NLCs and RVC/DMDT-NLCs (P<0.05). This

Figure 2 The stability of NLCs evaluated during 3 months of storage at 4°C by assessing the particle size (A) and PDI (B).
Abbreviations: NLCs, nanostructured lipid carriers; PDI, polydispersity index; HA, hyaluronic acid; TPGS, tocopheryl polyethylene glycol 1000 succinate; RVC, ropivacaine;

DMDT, dexmedetomidine.
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means the HA modification and TPGS incorporation could

enhance and prolong the anesthesia antinociceptive effi-

ciency. Also, single drug-loaded NLCs shower weaker

ability than the dual drugs combination system. It is inter-

esting to note that the antinociceptive impact of HA-

TPGS-RVC-NLCs and TPGS-RVC/DMDT-NLCs were

comparative, which may prove the efficiency of HA mod-

ification and drugs combination could lead to the similar

efficiency. To be noticed, the uses of both drugs in the

combination system were halved but still gain the better

results, this may be the evidence that RVC and DMDT co-

loaded NLCs could perform a synergistic effect and may

reduce the amount of drugs, which can lower the toxicity

of the system.

Discussion
Nanocarrier encapsulation has been reported to increase

efficacy and reduce local anesthetic toxicity.34 Studies

Figure 3 The release profiles of RVC (A) and DMDT (B). (Data represent the mean±SD, n=3).

Abbreviations: RVC, ropivacaine; DMDT, dexmedetomidine; TPGS, tocopheryl polyethylene glycol 1000 succinate; DMDT, dexmedetomidine; HA, hyaluronic acid; NLCs,

nanostructured lipid carriers.
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with solid lipid nanoparticles, silver nanoparticles, and

liposomes have been shown to increase the anesthesia

duration of drugs formulations, when compared to their

respective plain solutions.35–37 As a widely used local

anesthesia in clinics, the efficacy of RVC was preferred

because of its reduced toxicity.38 Thus, we imagined the

treatment of pain with long-acting RVC is exciting. Co-

delivery of two adjuvant drugs (DMDT and RVC) was

expected to increase the duration of single RVC

formulation.6,39 In order to maintain the effectiveness of

the drug while minimizing its toxicity, this study consid-

ered the development of a nano-sized, controlled release

pain management system. Moreover, HA-PEG-DSPE and

TPGS were introduced to enhance the percutaneous pene-

tration of drugs, which could improve their therapeutic

effects wand produce a long-acting system.

The NLCs in this study were prepared by the solvent

diffusion method.40 Drugs loaded NLCs and blank NLCs

appeared the similar sizes of about 100 nm. This means

the loading of drugs did not enlarge the size of the NLCs.

Size and PDI of the carriers are important factors for the

nanocarriers, which can influence the distribution of

carriers.23 Particle size lower than 200 nm (with a PDI

lower than 0.2) could decrease uptake by the liver, pro-

longs circulation time in the blood, and improves

bioavailability.23 In this research, addition of DMDT and/

or RVC did not have a significant effect on the size or PDI

of the NLCs. The size of HA-modified NLCs is larger than

that of TPGS-RVC/DMDT-NLCs and RVC/DMDT-NLCs.

These results demonstrated that adding of TPGS and

modification of HA enlarged the size of the NLCs. For

all formulations, the zeta potentials were negative, an

indication of physical stability due to charge repulsion on

the surface of the NLCs.41 The maintenance of similar zeta

potentials in the presence of DMDT and/or RVC indicates

that there are few anesthetic molecules at the surface of the

NLCs. Instead, the majority of the anesthetic is in the inner

aqueous compartments of the NLCs. Zeta potentials of

HA-TPGS-RVC/DMDT-NLCs and TPGS-RVC/DMDT-

NLCs were more negative than RVC/DMDT-NLCs,

which may be caused by the negatively charged TPGS

and HA. The EE values for RVC and DMDT in the

NLCs are higher than 80%. A high upload capacity of

the NLCs is desirable in order to ensure the encapsulation

of drug molecules.

The release profiles of RVC and DMDT could be crucial

for achieving long-acting corneal anesthesia. The release

profiles illustrated that the drugs released from NLCs in

sustained manners. The sustained-release behavior is an

important prerequisite for successful long-lasting anesthesia

antinociceptive.42 This phenomenon could be explained by

the entrapment of the drugs by the lipid matrix which can

slowdown the release of the drugs. The release of RVC or

DMDT from HA-modified NLCs, TPGS contained NLCs

and NLCs were different, release of drugs from HA-TPGS-

RVC/DMDT-NLCs was the slowest. These may be

explained by the presence of TPGS and HA hindered the

release of drugs in more sustained manners.

Cell viability test results of drugs loaded NLCs and

drugs solution are different. Drugs loaded and blank NLCs

Figure 4 The cell viability of 3T3 cells treated with NLCs and drugs solution using the MTT assay. (Data represents the mean±SD, n=6). *p<0.05.
Abbreviations: NLCs, nanostructured lipid carriers; RVC, ropivacaine; DMDT, dexmedetomidine; TPGS, tocopheryl polyethylene glycol 1000 succinate; HA, hyaluronic acid.
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Figure 5 Accumulative skin penetration curves of RVC (A) and DMDT (B) from NLCs and solution during 72 hrs of study using Franz diffusion cells with the skin of rats.

(Data represent the mean±SD, n=6).

Abbreviations: RVC, ropivacaine; DMDT, dexmedetomidine; TPGS, tocopheryl polyethylene glycol 1000 succinate; NLCs, nanostructured lipid carriers.
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showed no obvious effect on cell viability. In contrast, the

cytotoxicity of RVC/DMDT SOLU increased along with

the drug concentrations. Lower toxicity of NLCs to the

cells may be explained by the protective effects of the

carriers to the drugs thus let fewer drugs exposed to

the cells.43 The toxic effect of local anesthetics is well

known and encapsulation in NLCs has been shown to

reduce such intrinsic toxicity.44

The significant permeation difference may depend on

the property of the carriers. The skin integrity assessment

methods include visual or instrumental. The common

methods for screening contain radiotracer method and

electrochemical method.45 After application, the NLCs

are supposed to form a film covered on the skin surface.46

The oppressed cover makes drug carrier instantly accessi-

ble to the skin, which facilitates drug permeation across

the stratum corneum. Moreover, the lipids in the formula-

tion may also play a role since it can interact with the skin,

joining lipid bilayer and loosening intercellular regions

between corneocytes.47 This tendency indicated the poten-

tial of NLCs in substantially delivering drugs across skin

was considerable, relative to the free solution. The clini-

cally maximum concentration of the RVC was

7.5 mg/mL.48–50 The concentration used in the receptor

Table 2 RVC permeation parameters of NLCs and solution (mean±SD, n=3)

Formulations P72 (μg· cm−2) Kp (cm· h−1) Jss (μg· cm
−2· h−1)

HA-TPGS-RVC/DMDT-NLCs 1018.3±39.1 7.2×10−3 14.2

HA-TPGS-RVC-NLCs 989.4±31.9 7.0×10−3 13.8

TPGS-RVC/DMDT-NLCs 666.8±18.7 4.7×10−3 9.3

RVC/DMDT-NLCs 439.2±17.3 3.1×10−3 6.1

RVC/DMDT SOLU 214.3±13.2 1.5×10−3 3.0

Abbreviations: HA, hyaluronic acid; TPGS, tocopheryl polyethylene glycol 1000 succinate; RVC, ropivacaine; DMDT, dexmedetomidine; NLCs, nanostructured lipid

carriers; P72, the cumulative amount of drugs penetrated at 72 hrs; Jss, steady-state fluxes; Kp, permeability coefficient.

Table 3 DMDT permeation parameters of NLCs and solution (mean±SD, n=3)

Formulations P72 (μg· cm−2) Kp (cm· h−1) Jss (μg· cm
−2· h−1)

HA-TPGS-RVC/DMDT-NLCs 218.2±12.3 1.5×10−3 2.9

HA-TPGS-DMDT-NLCs 209.4±9.7 1.5×10−3 2.9

TPGS-RVC/DMDT-NLCs 154.1±9.3 1.1×10−3 2.1

RVC/DMDT-NLCs 116.9±6.4 8×10−4 1.5

RVC/DMDT SOLU 74.3±8.8 5×10−4 1.0

Abbreviations: HA, hyaluronic acid; TPGS, tocopheryl polyethylene glycol 1000 succinate; RVC, ropivacaine; DMDT, dexmedetomidine; NLCs, nanostructured lipid

carriers; P72, the cumulative amount of drugs penetrated at 72 hrs; Jss, steady-state fluxes; Kp, permeability coefficient.

Figure 6 In vivo anesthesiaantinociceptive effects of NLCs and drugs solution evaluated by tail-flick test on rats. (Data represents the mean±SD, n=8).

Abbreviations: NLCs, nanostructured lipid carriers; RVC, ropivacaine; DMDT, dexmedetomidine; TPGS, tocopheryl polyethylene glycol 1000 succinate.
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compartment was 5 mg/mL, which was lower than the

maximum concentration of the RVC. HA-TPGS-RVC/

DMDT-NLCs exhibited 4.7 folds higher Jss than

that of RVC/DMDT-SOLU, higher than TPGS-RVC/

DMDT-NLCs (1.5 folds) and RVC/DMDT-NLCs (2.3

folds). These results illustrated the presence of HA and

TPGS could enhance the skin permeation ability of NLCs.

The TFL test is the most frequently used method to

measure pain levels and assess the effects of anesthesia.51

It uses radiant heat to measure the latency of the response to

thermal noxious stimuli and assess the pain threshold and

effect of anesthesia.52 Radiant heat is a type of constant

infringement stimulation that does not damage the skin

when a proper cutoff time is used. In the present research,

all the drugs containing formulations increased the response

time of the rats significantly. RVC/DMDT-SOLU showed a

short-lasting MPE (10 mins), while NLCs exhibited a more

prolonged antinociceptive effect lasted until 90 mins. HA-

TPGS-RVC/DMDT-NLCs showed stronger and longer

anesthesia antinociceptive effect when compared with

TPGS-RVC/DMDT-NLCs and RVC/DMDT-NLCs. This

means the HA modification and TPGS incorporation could

enhance and prolong the anesthesia antinociceptive effi-

ciency. Also, single drug-loaded NLCs shower weaker abil-

ity than the dual drugs combination system. To be noticed,

the uses of both drugs in the combination system were

halved but still gain the better results, this may be the

evidence that RVC and DMDT co-loaded NLCs could per-

form a synergistic effect and may reduce the amount of

drugs, which can lower the toxicity of the system.

Conclusion
In order to improve the anesthesia antinociceptive effi-

ciency, HA-modified long-acting NLCs containing TPGS

as a skin penetration enhancer were prepared and charac-

terized as local anesthesia formulation. The cumulative

amount of drugs penetrated through rat skin from NLCs

was higher than that of the drugs solution. The in vivo

anesthesia antinociception study displayed that HA-TPGS-

RVC/DMDT-NLCs showed stronger and longer anesthesia

antinociceptive effect when compared with other NLCs

and drugs solution even at a lower dosage of drugs. HA-

TPGS-RVC/DMDT-NLCs constructed in this research

could be applied as a promising system for the local

anesthetic strategy.
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