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ABSTRACT

Local anesthetics (LAs) have been widely applied in clinic for regional anesthesia, postoperative anal-
gesia, and management of acute and chronic pain. Nanostructured lipid carriers (NLCs) and lipid-poly-
mer hybrid nanoparticles (LPNs) are reported as good choices for LA therapy. Transactivated
transcriptional activator (TAT) was reported as a modifier for the topical delivery of drugs. In the pre-
sent study, TAT modified, levobupivacaine (LEV) and dexmedetomidine (DEX) co-delivered NLCs (TAT-
LEV&DEX-NLCs, T-L&D-N) and LPNs (TAT-LEV&DEX-LPNs, T-L&D-L) were designed and compared for
the LA therapy. T-L&D-L exhibited better efficiency in improving the skin permeation, analgesic time,
and pain control intensity than T-L&D-N both in vitro and in vivo. On the other side, T-L&D-N also
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improved the therapeutic effect of drugs to a large extent. These two systems both exhibited superior-
ity in some respects. TAT modified LPNs are more promising platform for the long-term

local anesthesia.

Introduction

Local anesthetics (LAs) have been widely applied in clinic for
regional anesthesia, postoperative analgesia, and manage-
ment of acute and chronic pain (Andreae & Andreae, 2013;
de Aradjo et al, 2019; Levene et al., 2019). However, the
commercially LAs (lidocaine and bupivacaine) have short-
term effects (lasting for hours after a single administration)
due to rapid clearance from the injected site, thus resulting
repeated injections to control of prolonged, acute or chronic
pain (McLure & Rubin, 2005; Golembiewski & Dasta, 2015).
Moreover, systemic toxicity is another clinical limitation
including cardiovascular and central nervous systemic toxicity
(Brown et al., 1995; Shomorony et al., 2019). Therefore, there
is significant interest in exploiting novel pharmaceutical dos-
age forms or therapeutic strategies including combination
therapy and transdermal drug delivery to prolong the action
time and reduce toxicity.

Bupivacaine, a long-acting LA with eight hours of duration
of action, has been the most widely used agent during surgi-
cal procedures and postoperative pain (Casati & Putzu, 2005).
Compared to bupivacaine, levobupivacaine (LEV), the pure
left-isomer of bupivacaine, provides a similar long-lasting
block as racemic bupivacaine, but a greater margin of safety
due to less toxic both on cardiovascular system and central
nervous system (Casati & Putzu, 2005; Cereda et al., 2018).

The duration of nerve block from bupivacaine or LEV can be
prolonged synergistically by co-administration of a-adrener-
gic agonist dexmedetomidine (DEX) (Brummett et al., 2008;
El-Boghdadly et al, 2017; Hussain et al, 2017; Adel
Elmaddawy et al., 2018; Rwei et al., 2018; El Baz & Farahat,
2019; Varshney et al, 2019). In our study, we devoted our-
selves into designing transdermal drug delivery system
(TDDS) to co-deliver LEV and DEX.

Compared with approved injection administration of DEX
and bupivacaine, TDDS is a promising alternative way for its
following advantages: lower side effects; continuous drug
delivery; long-term action and improved patients’ compliance
(Blanco et al., 2003; Prausnitz & Langer, 2008). LEV has a high
log P (4.74), which means it is highly soluble in lipids and
suitable for delivery by TDDS. Meanwhile, the physicochemi-
cal properties of DEX still provide an approach for TDDS
including lower molecular weight (200.28 Da) and daily dose
(1.2mg), and proper log P (2.11). For the transdermal delivery
of LEV and DEX, the main limitations are to overcome the
barrier of the stratum corneum that impedes the penetration
of drugs and achieve sustained drug release that prolongs
duration of action.

Transactivated transcriptional activator (TAT), one of cell
penetrating peptides (CPPs), is a short amino acid sequences
able to carry molecules across the barrier of the stratum
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corneum (Nasrollahi et al, 2012; Chu et al, 2017; Pescina
et al, 2018). Recently, TAT has been reported as vehicles for
the topical delivery of LAs and achieved some breakthrough
results (Wang et al, 2013, 2016; Chen & You, 2017).
Nanostructured lipid carriers (NLCs) have been used as drug
delivery vehicles for local anesthesia (Ribeiro et al, 2016).
TAT modified NLCs (TAT-NLCs) were also engineered by
Wang et al. for the delivery of lidocaine, achieving enhanced
transdermal delivery and anesthesia effect (Wang et al.,
2016). Other researchers argued that lidocaine-loaded lipid-
polymer hybrid nanoparticles (LPNs) are good choice of for
LA therapy (Wang et al., 2016).

In the present study, TAT modified, LEV and DEX co-deliv-
ered NLCs (TAT-LEV&DEX-NLCs, T-L&D-N) and LPNs (TAT-
LEV&DEX-LPNs, T-L&D-L) were designed and applied for the
LA therapy. They were compared in all respects to determine
which one is better for local anesthesia analgesic.

Materials and methods
Materials

Glycerol tripalmitate (GTP), oleic acid (OA), LEV, and DEX
were obtained from Sigma-Aldrich (St. Louis, MO). TAT pep-
tide was provided by Chinese Peptide Co., Ltd. (Hangzhou,
China). Polyethylene glycolygo0 (HN-PEG-COOH) was pro-
vided by Lipoid GmbH (Ludwigshafen, Germany). Poly(p,L-lac-
tic-co-glycolic acid) (PLGA 50:50;, MW 0.5-1.5 W) was
purchased from lJinan Daigang Biomaterial Co., Ltd. (Jinan,
China). All other reagents and solvents were analytical or
high performance liquid chromatography (HPLC) grade.

DRUG DELIVERY 1453

Animals

Sprague-Dawley rats (SD rats, 350-400g, 10-12 weeks old)
and Kunming mice (4-6 weeks old, 18-22g weight) were
purchased from the Medical Animal Test Center of
Shandong University and used for experiments after 1 week
of acclimatization. Animal experiments were conducted
according to the policy of the National Institutes of Health
guide for the care and use of laboratory animals
(NIH Publications No. 8023, revised 1978) and approved
by the Medical Ethics Committee of Weifang Medical
University (2019SDL098).

Synthesis of TAT conjugated lipid ligand

TAT conjugated lipid ligand was synthesized by conjugating
TAT with OA, using PEG as a linker (TAT-PEG-OA, Figure 1).
PEG-OA was first synthesized by dissolving OA, EDC-HCI, and
NHS (molar ratio, 1:1.5:1.5) in DMSO under stirring (1h at
room temperature). Then, H,N-PEG-COOH was dissolved in
DMSO, added dropwise into the OA mixture under stirring
(10h at room temperature) to achieve PEG-OA (Tan & Wang,
2018). EDC-HCl and NHS were then added to PEG-OA (molar
ratio, 1.5:1.5:1), followed by adding TAT-NH, (dissolved in
DMSO) dropwise into PEG-OA with gentle stirring (400 rpm
at room temperature) temperature for about 24 h (Zhu et al,,
2014). The solvent was then dialyzed against deionized water
for 48h and lyophilized to get TAT-PEG-OA. The chemical
structure of TAT-PEG-OA was confirmed by "H NMR spectrum
(Figure 1). Peaks 1-3 belong to OA, peak 4 refers to PEG,
TAT showed the peaks 5-9.

o) o]
"y sy
0
n o n
@ o
— — &
4 5

2

o WLl b

9 8 T 6 5 4 3 2 1

TAT-NH,

HN NH-TAT
o
n

o

Figure 1. Synthesis of TAT conjugated lipid ligand: TAT conjugated lipid ligand was synthesized by conjugating TAT with OA, using PEG as a linker (TAT-PEG-OA).

The chemical structure of TAT-PEG-OA was confirmed by "H NMR spectrum.
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Figure 2. Preparation of T-L&D-N and T-L&D-L (A): T-L&D-N was prepared by the hot high pressure homogenization technique and T-L&D-L was prepared by the
single-step nanoprecipitation technique. The TEM images of T-L&D-N and T-L&D-L (B).

Preparation of T-L&D-N

T-L&D-N (Figure 2(A)) was prepared by the hot high pressure
homogenization technique (Vitorino et al., 2013). Briefly, TAT-
PEG-OA (150mg), GTP (100mg), LEV (10mg), and DEX
(10 mg) were melted as the lipid phase and then added into
the Tween® 80 (0.5%, w/v) hot solution (80°C), followed by
high speed shearing (20,000 rpm for 1 min). The mixture was
subjected to a high-pressure homogenization procedure (five
cycles at 50 MPa). The T-L&D-N was then cooled and stored
at 4°C. TAT modified, non-drug contained blank NLCs (T-N)
were prepared using no drug. Non-TAT modified LEV and
DEX co-delivered NLCs (L&D-N) were prepared using PEG-OA
instead of TAT-PEG-OA.

Preparation of T-L&D-L

T-L&D-L (Figure 2(A)) was prepared by the single-step nano-
precipitation technique (Zhang et al., 2008). Briefly, TAT-PEG-
OA (100 mg) and lecithin (50 mg) were dissolved in ethanol
(4%) heated to 65 °C to ensure all lipids were in liquid phase.
PLGA (100 mg), LEV (10 mg), and DEX (10 mg) were dissolved
in acetonitrile and added into the preheated liquid phase
dropwise under gentle stirring. The mixed solution was vor-
texed vigorously (3 min) followed by gentle stirring (2h) at
room temperature. The remaining organic solvent and free

DMED

molecules were removed by washing the NP solution three
times using a filter (molecular weight cutoff of 10kDa). TAT
modified, non-drug contained blank LPNs (T-L) were pre-
pared without any drug. Non TAT modified LEV and DEX co-
delivered LPNs (L&D-L) were prepared using PEG-OA instead
of TAT-PEG-OA. All the formulations were stored at 4°C
before use.

Particle size, zeta potential, and drug entrapment
determination

The morphology of NLCs or LPNs was investigated using a
transmission electron microscope (TEM, Hitachi, Tokyo,
Japan). Average particle size and zeta potential of NLCs or
LPNs were determined by photon correlation spectroscopy
(Zetasizer 3000, Malvern, Worcestershire, UK) (Tsai et al.,
2012). The formulations were diluted with double-distilled
water before the measurements.

The total concentration of LEV in the nanoparticles was
determined by using an HPLC system (Gao & Song, 2004).
Reversed phase chromatography was performed using a C18
Gemini RP column (150 x 4.6 mm). The flow rate was set at
1 mL/min and the column effluent was monitored at 263 nm.
DEX drug loading was determined by HPLC at 214nm after
disrupting the nanoparticles with 100 mM octyl B-p-glucopyr-
anoside (Rwei et al., 2018). Drug entrapment efficiency (EE)



was calculated using the equation: EE (%)=(Ciotai — Ciree)/
Ciotal X 100, where Cioa is the total concentration of drugs in
nanoparticles systems and G refers to the concentration of
un-entrapped drugs.

Stability of NLCs and LPNs

The long-term stability of T-L&D-N and T-L&D-L was deter-
mined after storing the formulations under the condition of
2-8°C (Zheng et al., 2019). At each time point, the mean
particle size was measured by the same method in the
above section.

In vitro drug release kinetics

In vitro drug release kinetics was performed by dialyzing
method (Song et al., 2018). The samples were sealed in dialy-
sis bags (molecular weight cutoff of 20 kDa) and immersed in
100 mL of phosphate-buffered saline (PBS) in the presence of
10% FBS placed in a shaking bed (37°C with a rotation
speed of 100rpm). Samples were collected at predetermined
time intervals and replaced with fresh release media. The
release solution was subjected to determining the drug con-
tent via the method in the ‘Particle size, zeta potential, and
drug entrapment determination’ section.

In vitro cytotoxicity assay

In vitro cytotoxicity of NLCs and LPNs was evaluated by MTT
assay using Balb/c fibroblasts (3T3 cells) (Ma et al, 2017).
Cells were seeded in 96-well plates at the density of 1 x 10°
cells/well and incubated with T-L&D-N, L&D-N, T-N, T-L&D-L,
L&D-L, T-L, and L&D at equivalent drug concentrations for
10h. The medium was removed and treated with 100 uL of
MTT solution (5mg/mL) for additional 4h. The absorbance
was measured at 570 nm using a microplate reader.

In vitro skin permeation behaviors

In vitro skin permeation behaviors of NLCs and LPNs were
examined using the Franz diffusion method (Zhang et al,
2016). The skins from the abdominal surface of rats (fur,
adherent fat, and subcutaneous tissues were removed) were
mounted on the Franz diffusion cells with a surface area of
09cm? and a receptor volume of 5mL. Drugs entrapped
NLCs, LPNs or free LEV and DEX combination (L&D) (contain-
ing Tmg LEV and 1mg DEX each) in PBS (pH 7.4) was
applied on the donor compartment side of the skin. The
receptor medium was withdrawn at determined time inter-
vals and was replaced by the same volume of fresh buffer
(pH 7.4) to maintain the sink condition. The receptor medium
was subjected to determine the drug content via the
method in the ‘Particle size, zeta potential, and drug entrap-
ment determination’ section.
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In vivo evaluation of anesthetic effect in mice

To test the anesthetic effects, NLCs and LPNs were moni-
tored by the vocalization response of mice when electrical
stimuluses were given (Ma et al., 2017). T-L&D-N, L&D-N,
T-L&D-L, L&D-L, and L&D (containing 1 mg LEV and 1 mg DEX
each) were applied on the lower abdomen of mice. Electrical
stimulations (beginning at TmA and increasing to a max-
imum of 8 mA) were applied using a current generator over-
lying the abdomen at the site of application (Li et al., 2019).
The enhanced analgesia threshold was recorded in terms of
analgesia ratio (AR) at determined time points using the
equation: AR (%):Nnon—vocalization/NtotaI><100: where Nnon—vocal—
ization IS the number of non-vocalization response mice and
Nioral refers to the total number of mice tested.

In vivo evaluation of anesthesia antinociception ability
in rats

In vivo anesthesia antinociception ability of NLCs and LPNs
was assessed in rats using the hot-plate test (Singh et al,,
2018). After local application of T-L&D-N, L&D-N, T-L&D-L,
L&D-L, and L&D (containing 1 mg LEV and 1mg DEX each)
on the planta, rats were placed rats on a hot plate (50°C).
Response time for observed behavioral changes like paw lick-
ing, stomping, jumping, and escaping from the hot plate
was recorded to examine the normal heat pain threshold
before treatment and the pain threshold after treatment. The
enhanced pain threshold (EPT) could be recorded using the
equation: EPT (%):(Tafter treatment Tbefore treatment)/Tbefore
treatment X 100, Where Tiser teatment refers to the time of
threshold after treatment and Tpefore treatment 1S the time of
threshold before treatment. The cutoff time for the hot plate
test was 15s.

Statistical analysis

Statistical significance was analyzed by the Student t-test
(SPSS 21.0 for Windows; SPSS Inc., Chicago, IL). *p<.05 was
considered statistically significant.

Results
Characterization of NLCs or LPNs

The particle size, zeta potential, and EE of NLCs or LPNs are
summarized in Table 1. Both NLCs and LPNs showed a mean
size of about 100 nm. No obvious difference was found in
different formulations. Differences in size were not large
among the different nanoparticles. Positive zeta potentials
were found on both NLCs and LPNs, and TAT modified nano-
particles exhibited higher surface charge. The EE of both
drugs is higher than 80% in all the formulations. TEM images
of T-L&D-N and T-L&D-L are shown in Figure 2(B). During the
stability studies, there were no remarkable changes in the
particle size of T-L&D-N and T-L&D-L during 4 months of
storage at 2-8°C (Table 2), indicating the good stability of
these two carriers.
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Table 1. The particle size, zeta potential, and EE of NLCs or LPNs.

In vitro drug release profiles

Mean Zeta LBVC DMED i .
Formulations  diameter (nm)  potential (mV) EE (%) EE (%) Both NLCs and LPNs illustrated sustained drug release behav-
T-L&D-N 103.3+3.8 289+19 837+33 819+29 iors in Figure 3. TAT modified nanoparticles showed more
L&D-N 101.5£3.5 165+1.5 845£3.1  826%32 systained drug release than that of non-modified counter-
TN 98.7+29 27.8+2.1 - -
T-L&D-L 96.4+3.1 19.6+18 869+26 852+31 Parts. Drugs loaded LPNs released drugs more slowly when
L&D-L 949+35 113+1.2 884+24 873125 compared with NLCs. The finishing points of drug release for
n B7+27 184416 - - T-L&D-N and T-L&D-L were 48 and 72 h, respectively.
Data presented as means + standard deviations.
In vitro cytotoxicity
Table 2. The stability of NLCs O,\;‘ LPNZ. Figure 4 shows that both blank NLCs and LPNs exhibited
ean diameter (nm) negligible cytotoxicity. T-L&D-N and T-L&D-L caused lower
Time T-L&D-N T-L&D-L cytotoxicity than free drugs (L&D) (p<.05). Low toxicity could
0 103.3+£3.8 96.4£3.1 prove the safety of these two system for drugs delivery.
15 105.5+3.9 97.3+37
30 106.9£4.1 99.2+29
45 104.4+3.38 100.1+3.2 . . . .
60 105.5+ 4.3 1012426 In vitro skin permeation efficiency
%0 107.3+4.6 103.1+3.3 ] ) ) .
120 106.1+4.1 102.4+29 In vitro skin permeation efficiency of NLCs and LPNs was
Data presented as means + standard deviations. much better than free drugs (L&D) (Figure 5, p<.05). TAT
modified nanoparticles showed enhanced drugs permeation
(A) 100: ——T-L&D-N —a—L&DN —+—T-L&D-L —=L&D-L (B) 100 ——T-L&D-N —=—L&DN —+—T-L&D-L —=L&D-L
-1 e
80 - & 80 o
g g
E 60 - E 60
2 o
o o
§ 404 DMED %J 40
- 2
g 20 - § 20
3 8
0 + + + + ; + ; i 0 #* + + + + ; + + i
0 12 24 36 48 60 72 84 96 0 12 24 36 48 60 72 84 96
Time (h) Time (h)

Figure 3. In vitro LEV (A) and DEX (B) release profiles of NLCs and LPNs: both NLCs and LPNs illustrated sustained drug release behaviors.
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Figure 4. Cytotoxicity of NLCs and LPNs evaluated on 3T3 cells after 8 h exposure to various concentrations of drugs. *p<.05.
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Figure 5. In vitro LEV (A) and DEX (B) skin permeation efficiency of NLCs and LPNs: in vitro skin permeation efficiency of NLCs and LPNs was much better than free
drugs (L&D), TAT modified nanoparticles showed enhanced drugs permeation than non-modified ones. *p<.05.
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Figure 6. In vivo evaluation of anesthetic effect in mice: the analgesic response of T-L&D-L was the longest, longer than that of T-L&D-N and other samples.

than non-modified ones (p<.05). The skin permeation ability
of NLCs and LPNs is different: NLCs showed more perme-
ation amount during the first 24 h, but the next 48 h belongs
to LPNs, which gain a more and increased permeation cap-
acity (p<.05). The different permeation behaviors of these
two systems may influence the in vivo anesthetic effects.

In vivo evaluation of anesthetic effect in mice

The duration rates of mice were summarized after adminis-
tration of different formulations (Figure 6). The analgesic
response of T-L&D-L was the longest (60 h), longer than that
of T-L&D-N (48 h), and other samples (p<.05). T-L&D-N and T-
L&D-L illustrated better anesthetic effects compared with
their non-modified counterparts (L&D-N and L&D-L, p<.05).
The median durations of analgesia for L&D-L and L&D-N
were 12 and 8h, which are significantly longer than that of
free L&D (0.5 h, p<.05).

In vivo evaluation of anesthesia antinociception ability
in rats

In vivo evaluation of anesthesia antinociception ability in rats
was improved by NLCs and LPNs (Figure 7). The pain thresh-
old of T-L&D-L was the most prominent, which showed con-
tinuous effects until 24 h. T-L&D-N also exhibited remarkable
ability which is better than non-modified L&D-N, L&D-L, and

free L&D (p<.05). These results were in accordance with the
in vivo evaluation of anesthetic effect in mice in the above
section, which could be the evidence of the outstanding effi-
ciency of the systems.

Discussion

Drugs encapsulated by nanoparticles have been reported to
increase efficacy and reduce LA toxicity (Yang et al, 2019).
As discussed in our previous study, nanoparticles having
sizes around 100 nm are optimum for drug delivery applica-
tions (Pang et al., 2020). In the present study, NLCs and LPNs
showed a mean size of about 100 nm. NLCs are reported to
have the abilities of biocompatibility, modified release kinet-
ics which are suitable for topical drug delivery (Chen et al.,
2012). LPNs are argued to have controlled release capability,
high biocompatibility, and favorable pharmacokinetic profile,
while may have an influence on the drug transdermal per-
meation (Zhang et al., 2015; Liu et al., 2018).

Drug transdermal permeation included two processes:
release from adhesive layer and skin percutaneous perme-
ation (Wang et al, 2019). From the results of drug release
experiment, it was obvious that the process of drug release
may play an important role in drug delivery: Slower release
behaviors were found on TAT modified nanoparticles than
that of non-modified particles. LPNs also released slower
than NLGs. Lipid nanoparticles were reported to reduce the
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Figure 7. In vivo evaluation of anesthesia antinociception ability in rats: T-L&D-N also exhibited remarkable ability which is better than non-modified L&D-N, L&D-L

and free L&D.

cytotoxicity of drugs (Howell & Chauhan, 2009). In this study,
biocompatible, low toxic materials were used for the nano-
carriers preparation. Hence, the cytotoxicity results indicated
that drugs loaded LPNs and NLCs can reduce the cytotoxicity
of drugs.

In vitro permeation results illustrated that NLCs formulas
good skin permeation capacity, which may be due to their
similar property to skin lipids, the high specific surface area
for drug absorption because of their smaller size, the exist-
ence of a solid matrix, and the biocompatibility makes them
suitable for skin administration (Yue et al., 2018). LPNs have
lipophilic shell and have a natural affinity for skin lipids. This
character allows them to facilitate drug transport by favoring
the partitioning of the drug from the vehicle into the skin
(Hadinoto et al., 2013). The skin permeation ability of NLCs
and LPNs is different: NLCs showed more permeation
amount during the first 24 h, which may be explained by the
entrapment of drugs in the inner core of LPNs that hindered
the release and permeation. However, after 24 h, more drugs
were permeated from LPNs. These behaviors may influence
the efficiency of these two systems when used in vivo.

Electrical stimulation testing has long been used as a
means of evaluating anesthetic and analgesia effect in ani-
mals and humans (Cohen et al., 2012). Electrical shock-
induced vocalization response suggested that the T-L&D-L
prolongs and increases the analgesic properties of the drugs
better than T-L&D-N after local administration in mice. TAT
modification also illustrated better anesthetic effects com-
pared with their non-modified ones. The penetration of
drugs across the skin and their percutaneous delivery are
limited by the barrier function of the enormously organized
structure of stratum corneum (Alexander et al., 2012). TAT is
one of the cell-penetrating peptides, which represent amphi-
pathic, arginine-rich, cationic peptides that penetrate and

translocate into the cell (Pappalardo et al., 2014). TAT pep-
tide could help the carriers to penetrate the skin barrier,
enter the dermis and epidermis (Ookubo et al., 2014). The
results of this section revealed that LPNs may be a better
choice for skin penetration and showed better and longer
analgesic efficacy.

Hot plate test in rats is one of in vivo analgesic study that
assessed by measuring the rats’ pain responses toward ther-
mal stimulus after being put on top of the hot plate (Aziz
et al. 2019). Rats exposed to NLCs and LPNs were subjected
to the hot plate test to determine the effects on pain relief
compared with free drugs. The observations suggested that
pain thresholds increased by NLCs and LPNs without increas-
ing the dose of the drugs (Yin et al., 2019). The most promin-
ent and long-lasting pain threshold of T-L&D-L proved the
efficiency of the LPNs and TAT modification. The TAT modi-
fied LPNs enhanced the skin permeation of drugs and
improved the in vivo efficiency of drugs more remarkably
than NLCs counterparts.

Conclusions

T-L&D-L exhibited better efficiency in improving the skin per-
meation, analgesic time, and pain control intensity than T-
L&D-N both in vitro and in vivo. On the other side, T-L&D-N
also improved the therapeutic effect of drugs to a large
extent. These two systems both exhibited superiority in
some respects. In this study, conclusion may be made that
TAT modified LPNs are more promising platform for the
long-term local anesthesia.
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