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ABSTRACT

In cutaneous cosmetology surgery, local injection or coated anesthetics are generally used to provide analgesia at the treatment
site to achieve painless operation. Due to the barrier of corneum, topical cream may cause uncertain dosage and delayed
analgesia. Local injection has problems such as pain, infection, and misoperation. Therefore, it is necessary to develop a
painless and rapid administration method for local anesthesia. Here, a lidocaine/hyaluronic acid bubble microneedle patch
(Lido/HA bMNP) was prepared for rapid drug delivery and efficient analgesia. The bubble structure between microneedles (MNs)
and the backing layer allowed the MNs to efficiently penetrate into the skin and remove from the backing layer under shear force
to rapidly complete the administration. Drugs were quickly released with the dissolution of HA within 15 s, which immediately
played an analgesic effect and lasted for 1 h. Lido/HA bMNP could deliver precise doses to the skin in an extremely short time,
which had the advantages of convenient operation, high biosafety, rapid onset of analgesia, and reasonable pain relief time. This
patch provided an alternative way for local anesthesia and it was a promising transdermal drug delivery method for the
realization of high quality and efficiency “painless medical beauty”.
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1 Introduction

With the continuous progress of medical technology and
individual pursuit of beauty in recent years, the medical cosmetic
industry is gradually growing, especially for light medical beauty
projects. Most aesthetic surgery has a certain degree of pain, so
adequate analgesia is required during surgery [1,2]. Some
dermatological surgeries and medical beauty treatment in plastic
surgery, including superficial skin surgeries (e.g., nevus removal,
vegetations excision, and superficial skin tumor resection) and
minimally invasive cosmetic procedures (e.g, skin laser
treatment), generally have a short operation time, small and
superficial wound, and only local anesthesia is needed to meet the
needs of surgical analgesia. Local anesthesia is relatively safer due
to low physical stress, less drug dosage, and fast recovery [3].
Injectable anesthesia and spray or cream application are common

forms of anesthetic administration for local analgesia [4,5].
However, injection anesthesia requires high operation
requirements for injection personnel and patients have lower
compliance [6]. Systemic toxicity may occur with excessive
administration or with accidental intravascular injection and can
result in loss of consciousness, seizures, cardiac rhythm
disturbances, and cardiovascular collapse [7,8]. Topical
anesthetics usually have a slower onset of action and require
longer waiting times due to the barrier of the stratum
corneum [9]. At the same time, considering individual
differences, insufficient anesthesia may occur and eventually affect
the operation process. Therefore, it is necessary to develop a
painless and rapid transdermal drug delivery method for the
delivery of local anesthetics.

As a minimally invasive device, microneedles (MNs) can
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painlessly  penetrate the stratum cormeum and form
microchannels into the epidermis or dermis [10-12]. As a result,
drug molecules can bypass the skin barrier and diffuse into the
subcutaneous tissue [13, 14]. Apart from the painless and mini-
invasive administration [15-17], the advantages of MNs for
transdermal delivery include avoiding emotional trauma and
injection risk [18-20], elevating the efficiency of drug
delivery [21], as well as decreasing the transportation and
preservation of pharmaceuticals and reducing medical
waste [22,23]. MNs provide appropriate administration for local
analgesia [24, 25]. The current MNs for analgesia mainly include
solid MNs, coated MNG, and dissolving MNs [26]. Solid MNs are
usually used for skin pretreatment, which is difficult to precisely
control the dosage [27,28]. Coated MNs could relatively
accurately control the dosage in the process of percutaneous
administration, but it is difficult to achieve an effective dose on
MN surface [29]. Dissolving MNs are made of water soluble
materials as the matrix [30]. Generally, drug loading could be
improved by loading drugs on the needle [31, 32]. However, rapid
and accurate drug delivery remains a challenge due to the
difficulty of ensuring complete insertion and efficient dissolution
of the MNs. In addition, since the microneedle patch (MNP) is
easily detached from the skin, long-term compression is required
to complete the administration. Dissolving MNs with bubbles
provide an opportunity to shorten administration times, which
could rapidly separate the patch backing layer from the
needle [33-35]. Nevertheless, improving the drug loading and
separation rate of bubble MNs is another key challenge.

Given these objectives and challenges, we developed a
lidocaine/hyaluronic acid bubble microneedle patch (Lido/HA
bMNP) for local anesthesia, which was prepared with two
different materials, and the needle and the backing layer were
made of HA and polyvinyl alcohol (PVA), respectively. Taking
advantage of different water absorption properties of HA and
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PVA, when Lido/HA bMNP was applied to the skin, the HA MNs
could be easily separated from the backing to achieve rapid drug
administration. The drug loading capacity of Lido/HA bMNP was
improved by the method of drug loading on the tip and matrix
material, and repeatedly coating the drug solution and vacuuming.
Lido/HA bMNP could contain 107 pg Lido and release it within
15 s with accurate drug loading and rapid drug release rate. In cell
experiments, it was demonstrated that Lido/HA bMNP has high
biosafety for local analgesia. Analgesic effect on the plantar
incision model (PIM) showed Lido/HA bMNP could rapidly
relieve pain and sustain for 1 h, which satisfied the requirements
of minimally invasive cosmetic surgery. The patch has the
advantages of low preparation cost, convenient operation, rapid
onset of analgesia, and a reasonable duration of analgesia.

2 Results and discussion

2.1 Design and fabrication of Lido/HA bMNP

In this work, a Lido/HA bMNP was designed for rapid delivery of
anesthetics. HA was used to prepare the dissolving MNs, which is
a natural hydrophilic molecule that absorbs and retains moisture,
making skin soft, smooth, and elastic, thus preventing skin aging
or wrinkles [36, 37]. The patch backing was fabricated using 35%
PVA, which is a safe and water-soluble material. To facilitate the
rapid drug administration, a bubble was created between MNs
and the patch backing. The process of Lido/HA bMNP
transdermal drug delivery is shown in Fig. 1(a). After the MN
penetrated the skin vertically, the drug-loaded MN body was
dissolved and implanted into the skin with the action of a weak
shear force due to the presence of bubbles structure and different
water absorption properties of HA and PVA. Then, Lido was
quickly released with the dissolution of HA MNss. As illustrated in
Fig. 1(b), Lido/HA bMNP would hold promise for topical
analgesia in minimally invasive cosmetic procedures such as
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Figure1 Design of Lido/HA bMNP. (a) Right and inset: schematic of the design of Lido/HA bMNP containing a bubble for rapid separation of the MNs from the
backing layer. Left: the process of Lido/HA bMNP application to the skin with vertical force and MN delivery into the skin using shear force for the rapid release of
encapsulated Lido. (b) Lido/HA bMNP for analgesia in medical cosmetic surgery such as removing moles and modifying eye skin.
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removal of superficial moles or tumors and modification of
ocular skin.

As shown in Fig. 2(a), Lido/HA bMNP was fabricated by using
a mold casting method. The Lido solution was filled in the cavity
under vacuum, dried and collected at the tip of the cavity. The
drug loading of MN was enhanced by repeatedly adding the Lido
solution to the polydimethylsiloxane (PDMS) mold. Next, HA
solution mixed with Lido was cast onto the mold to fill the cavities
under vacuum. Following the excess solution was removed, a

sunken structure was formed in the cavity under vacuum due to
the insufficient polymer matrix. The aqueous PVA backing
solution was applied to the mold, and a bubble solidified in the
MNs after drying. It can be seen from Figs. 2(b)-2(d) that
Lido/HA bMNP was designed as 10 x 10 MN array on a 7 mm x
7 mm substrate, with a needle body height of 700 um, a bottom
diameter of 300 um, and a needle spacing of 500 pm. The position
of the bubble could be controlled by adjusting the vacuuming time
of the Lido/HA matrix material. As shown in Fig. 2(e), when the
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Figure2 Characterization of Lido/HA bMNP. (a) Schematic of the fabrication process of Lido/HA bMNP. (b) Lido/HA bMNP shown resting on a finger. (c) SEM
image of Lido/HA bMNP with an array of MNs. (d) Representative bright-field microscopy images of MNs containing bubbles. The black circle identifying bubble
structures. (e) Representative bright field microscopy images of Lido/HA MNP (no bubble) and Lido/HA bMNP with bubbles in different positions of needle,
fabricated using different vacuuming time of Lido/HA matrix material, 10, 30, and 60 min. (f) Typical force displacement curve of Lido/HA MNP and Lido/HA bMNP
in different positions. (g) Representative bright field microscopy images of Lido/HA MNP (0 min) and Lido/HA bMNP with bubbles of different sizes generated by
forming the sunken structure of different depths with different vacuum times of 5, 10, and 15 min. (h) Horizontal force displacement curve of Lido/HA MNP and
Lido/HA bMNP with bubbles of different sizes. (Inset) The representative bright-field microscopy images of MNs without bubble (left) and bubble MNs (right) after

the application of shear force. Scale bar, 300 um.
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vacuuming time were 10, 30, and 60 min, the corresponding
heights of the bubbles were 500, 300, and 100 pm, respectively.
This was because the longer the vacuuming time, the more
Lido/HA matrix material was filled into the PDMS cavity, and the
position of the subsequently formed bubbles was closer to the
backing layer. The force and displacement curves were presented
in Fig. 2(f), the slope of the Lido/HA bMNP gradually became
larger and the mechanical properties of MN gradually became
better as bubbles position approached the base. Therefore, the
vacuuming time of the Lido/HA matrix was set to 60 min to
prepare Lido/HA bMNP. At the same time, as shown in Fig. 2(g),
the bubble size was controlled by adjusting the vacuuming time to
form the sunken structure [38], as the increased time of the
vacuuming promoted deeper depressions and bigger bubble in
MN. The size of the bubbles affected the mechanical properties of
the MNs [39]. As seen from Fig. 2(h), bMNP was easily broken
under the shear force of 0.08 N/needle, while MNP without
bubbles required a significantly larger shear of 0.12 N/needle to
bend and deform, indicating that due to the existence of the
bubble structure, Lido/HA bMNs could be easily separated from
the backing layer and implanted in the skin tissue under weak
shear force. However, the mechanical properties of the MN
deteriorate with the increase of the bubble volume. Hence, the
vacuuming time of the HA solution was 60 min, and the bubble
formation time was 5 min, which were the optimal conditions for
the preparation of MNs.

2.2 Drug delivery in vitro and in vivo

To determine whether the bMNP could rapidly release the drug
when applied to the skin, as shown in Figs. 3(a) and 3(b), we
pressed the bMNP into the pig skin. MNs are loaded with
rhodamine B dye instead of Lido for visualization. Figure 3(c)
presents MNs penetrated the skin, detached from the patch
backing, and embedded in the skin after applying a gentle shear,
and Fig. 3(d) shows that there was little residual red dye in the
MNs, proving the efficient drug delivery of the MNs into the skin.
The content of Lido encapsulated in MNs determines its
analgesic effect. The drug loading of MNs mainly depended on the
concentration of Lido solution and the content of Lido/HA matrix
material during the preparation process. However, the high
content of Lido in the needle may affect the mechanical properties
of the microneedle. The skin piercing ability is the premise of drug-
loaded MNs for transdermal drug delivery. Stronger polymer
MN:ss facilitate transdermal drug delivery at stiffer body tissue sites,
while weaker mechanical behavior limits the application of
MNs [40]. The optimal formulation of Lido/HA bMNP was
determined by analyzing the mechanical properties and
penetration capabilities of MNs, which were completed by
applying axial compressive load to the MNs and inserting the
prepared MNss into parafilm and animal skins. The drug loading
of Lido/HA bMNP was investigated in 0.01 mol/L phosphate
buffer solution (PBS), and the MNs were completely dissolved
within 15 s. As seen from Fig. 3(e), the Lido loadings in Lido/HA
bMNP prepared with Lido concentrations of 1, 5, 10, and 20 mg/L
were 0.01 + 0.009, 0.08 + 0.008, 0.11 + 0.009, and 0.24 + 0.001
pg/needle, respectively. The results showed that the drug loading
of the MNs increased with the concentration of Lido solution.
However, Fig.3(f) shows that the mechanical properties of the
MNs dropped sharply when the Lido concentration was 20
mg/mL, which was attributed to the accumulation of a large
amount of Lido powder on the needle tip and the lack of HA
matrix material. Therefore, the Lido concentration of 10 mg/mL
was the most suitable parameter to be used to prepare the MNs. In
order to further improve the drug loading of MNs, HA matrix
material mixed with Lido was used to prepare MNs. As shown in
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Fig. 3(g), the higher the mixed Lido content in the HA matrix
material, the higher the drug loading of the MNs. The Lido
loadings in Lido/HA bMNP with Lido contents in HA matrix
material of 10%, 20%, 30%, 40%, and 50% were 0.58 + 0.016, 1.07
+ 0.046, 1.74 + 0.052, 2.50 + 0.023, and 3.18 + 0.012 pg/needle,
respectively. However, Fig. 3(h) presents that the mechanical
properties of the MNs also gradually deteriorate when the content
of Lido increases. The penetration ability of the MNs was
evaluated by penetrating the MNs into the multilayer parafilm that
mimicking skin tissue, and the penetration depth of the prepared
Lido/HA bMNP could be evaluated from the pores generated in
each layer. The experimental results were shown in Fig. 3(i), with
the increase of Lido content in the HA matrix material, the
penetration ability of the MNs gradually weakened. Most
importantly, as shown in Fig. 3(j), when Lido/HA bMNP was
applied to the skin of mice, the needles of Lido/HA bMNP with
the Lido concentration of more than 20% cannot fully penetrate
the skin. Considering the drug loading and mechanical properties
of Lido/HA bMNP, Lido concentration of 10 mg/mL and Lido
content of 20% in HA matrix were the optimal formulations for
the preparation of MNs.

To visualize the drug release process in vivo, rhodamine B
instead of Lido was encapsulated in bMNP. The patch was
manually applied to the mouse skin and gently sheared, the MNs
penetrated the skin, detached from the backing layer, and fully
embedded in the skin. In Figs. 3(k) and 3(1), in vivo imaging and
fluorescence intensity at the administration site showed that more
drugs were rapidly released from the MNs and further diffused
into the deep skin tissue compared with the same drug-loaded HA
hydrogel patch. It indicated that bMNP could rapidly separate
from the backing and quickly release drugs in vivo.

2.3 Biosafety assessment

To achieve the effect of local analgesia, Lido acts on the tissue of
the surgical area to block peripheral nerve endings. In this process,
there is a chance that some Lido could be absorbed into the blood.
Excessive intake of lidocaine the bloodstream may cause mild
headache and tinnitus, visual disturbances, muscle twitching,
convulsions, loss of consciousness, and finally coma.
Cardiovascular depression and respiratory arrest could occur at
very high plasma concentrations. Lido toxicity was evaluated in
L1929 fibroblast cells [41,42]. As shown in Figs. 4(a) and 4(b), the
images of fluorescence staining showed that £929 cells grew slowly
and died easily when incubated with 400 and 800 pg/mL Lido.
When the Lido concentration was 200, 400, and 800 pg/mL, the
cell viability was 86.65%, 74.15%, and 62.81%, respectively. With
the increase of Lido concentration, the cell viability significantly
decreased, indicating that excessive Lido had certain toxic and side
effects on the cells. Therefore, it is critical to strictly control the
dose of Lido during surgery. Interestingly, Lido/HA bMNP can
pierce the skin stratum corneum and transport the accurate dose
of Lido to the skin tissue, and it would not touch the skin blood
vessels, avoiding excessive Lido into the blood to cause a certain
toxic side reaction. Furthermore, we further evaluated the material
toxicity of the MNs. As shown in Figs. 4(c)-4(f), the cell viabilities
of HA, PVA, and Lido/HA bMNs were all above 80%, and the cell
viability was almost unchanged with the increase of material
concentration. These results fully demonstrated the high biosafety
of Lido/HA bMNP for local analgesia.

24 Lido/HA MNs analgesia in vivo

As illustrated in Fig.5(a), we selected the classic acute
postoperative pain, Brennan’s plantar incision model to evaluate
the local analgesic effect of HA soluble MNs containing Lido [43].
Figure 5(b) showed that the Brennan’s plantar incision model was
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Figure3 Drug delivery in vitro and in vivo. (a) Representative bright-field microscopy images of Lido/HA bMNP. (b) Representative bright-field and (c) fluorescence
microscopy images of porcine skin after MNP insertion and drug delivery in vitro. (d) Representative bright-field microscopy image of MNP backing layer after
application to porcine skin in vitro, showing detachment of the MNs from the backing layer and release of drugs. (e) Drug loading of Lido/HA bMNP fabricated with
different drug concentrations, 1, 5, 10, and 20 mg/mL. (f) Typical force-displacement curve of Lido/HA bMNP fabricated with different drug concentration. (g) Drug
loading of Lido/HA bMNP fabricated with HA matrix materials containing different drug contents of 10%, 20%, 30%, 40% and 50%. (h) Typical force-displacement
curves of Lido/HA bMNP fabricated with different drug content in HA matrix material. (i) Holes created in each parafilm layer after insertion of Lido/HA bMNP
using constant 5 N. (j) Skin insertion efficiency of Lido/HA bMNP. (k) and (1) Fluorescence images and fluorescence intensity of skin administration area by Lido/HA

bMNP and Lido/HA HP at different times.

constructed by longitudinally incising the skin and fascia of the
heel to expose the toe muscles, and then longitudinally splitting
flexor digitorum brevis muscle. All rats were allowed to
acclimatize in the laboratory for two days; then baseline
measurements were completed before modeling. Rats were
allowed to recover for one day post-surgery, and the postoperative
mechanical paw withdrawal threshold (PWT) was tested on the
first day after operation. The mechanical threshold of all PIM rats
decreased significantly to 39.34% + 6.0% of pre-PIM baseline,
confirming successful modeling. Then PIM rats in each group
were treated with Lido/HA bMNP (107 pg Lido/patch), Lido
hydrogel patch (Lido HP, 107 pg Lido/patch), HA bMNP without

drugs, and no treatment as the black control group, respectively.
As shown in Fig. 5(c), the Lido/HA bMNP was applied vertically
to the skin on both sides of the wound, and the backing layer was
removed using a transverse shear force. The behavioral tests were
performed at scheduled time points (15, 30, 45, 60, 75, and
90 min) post administration. In Figs. 5(d)-5(f), the mechanical
PTW showed significant difference across all time points of post-
operation compared to the baseline. There was no significant
difference of PWT between HA bMNP group and blank group.
The threshold of the Lido HP group was slightly improved at 15,
30, 45, 60, and 75 min post administration compared to blank
group, and Lido HP produced only a small analgesic effect on
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mechanical pain. The PWT of Lido/HA bMNP group was
significantly increased at 15, 30, 45, and 60 min of post-
administration compared to blank, HA bMNP, and Lido HP
group. The observed analgesic effect lasted for up to 1 h and
reached a maximal effect at 30 min post-Lido/HA bMNP
application, as indicated by an increase in the mechanical PWT
from 50.2% to 122.9% of preoperative threshold on mechanical
pain. Compared with Lido HP, Lido/HA bMNP could directly
release more drugs into the skin, which could significantly reduce
mechanical allodynia of surgery. Therefore, Lido/HA bMNP could
be applied for local analgesia in the field of microplastic surgery.

3 Conclusions

In summary, we designed Lido/HA bMNP encapsulating the
precise dose of Lido. The MNs effectively penetrate the skin and
fall off under shear after patch administration, and quickly release
encapsulated Lido within 15 s for sustained pain relief about 1 h.
The Lido/HA bMNP has advantages such as convenient
application, rapid onset, high biosafety, and effective analgesic
effect. This minimally invasive local analgesia provides
convenience and practicality for medical cosmetic surgery, and
also brings hope for beauty lovers to reduce and relieve the pain
caused by related invasive cosmetic surgery with great clinical
significance and practical value.

4 Methods

4.1 Fabrication of Lido/HA bMNP

PDMS (Sylgard 184) was purchased from Dow Corning
(Midland, USA). HA (M = 20,000-400,000 Da) was purchased
from Sigma-Aldrich (MO, USA). Cell counting kits (CCK-8) were
obtained from Beijing Solarbio Science & Technology Co., Ltd.
(Beijing, China). Lido was purchased from Macklin (Shanghai,
China). Male SD rat and BALB/c mice were purchased from the
Institute of Laboratory Animal Sciences (Beijing, China)

TSINGHUA
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The Lido/HA matrix material was prepared by adding 1 g of
HA (M, = 200,000-300,000) powder to 10 mL of deionized (DI)
water, stirring at 40 °C for 2 h, and then Lido (0.1, 0.2, 0.3, 0.4, and
0.5 g) was mixed at room temperature for 1 h. PDMS (Sylgard
184) negative micromolds were used to fabricate Lido/HA bMNP
according to the previously reported method [35]. The patch was
designed as a 10 x 10 array with a needle spacing of 500 pm. Each
MN was conical with the height of 600 um and the base radius of
300 um. The MNP was prepared by vacuum forming. 100 pL of
Lido hydrochloride solution (1, 5, 10, and 20 mg/mL, in DI water)
was dropped on the PDMS template, and the drug solution was
driven into the template cavity by vacuuming. After 90 min, the
excess drug solution was removed, and the drug solution in the
holes was dried under a vacuum for 30 min. In order to increase
the drug loading capacity of the MNP, the above steps were
repeated twice. Then the prepared Lido/HA matrix material was
coated on the MN mold and kept under vacuum for 10, 30, and
60 min to further fill the mold cavity. After removing the excess
Lido/HA matrix material and continuing to vacuumize (5, 10, and
15 min), and a concave structure was formed in the MN cavity.
Finally, a thin layer of 35 wt.% PVA solution was applied on
PDMS to form the backing layer of the MNP, a bubble was
formed between MN and the backing layer, and the Lido/HA
bMNP was obtained by demolding and drying. The morphologies
of MNPs were observed using an optical/fluorescence microscope
(Olympus SZX7, Japan).

4.2 Mechanical and insertion properties of Lido/HA
bMNP

An electric displacement force test bench (ESM301, Mark-10,
dynamometer model, USA) was used to determine the mechanical
properties and insertion properties of the IMP, as described in our
previous work. For the test of mechanical properties, the MNP
was placed on a metal fixed station, and the mechanical sensor
applied an axial force to press MN at a speed of 1.1 mm/s until a

@ Springer | www.editorialmanager.com/nare/default.asp
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Figure 5

Lido/HA bMNss analgesia in vivo. (a) Schematic illustration of Lido/HA bMNP for the analgesia of Brennan’s PIM. (b) Pictures of rats constructed with

Brennan’s plantar incision model. (i) Preparation before an incision. (ii) A 1-cm longitudinal incision was made starting 0.5 cm from the proximal edge of the heel.
Flexor muscle was elevated and split by blunt dissection longitudinally. (iii) and (iv) The wound was sutured with two stitches by 4-0 nylon. (c) Picture of rat plantar
administration with Lido/HA bMNP. (d) The rats’ mechanical pain thresholds to von Frey filaments tested in Black, HA bMNP, Lido HP, and Lido/HA bMNP
groups at different times. (¢) Changes in mechanical pain threshold of rats in each group compared to pre-PIM baseline. (f) After treatment with Lido HP and
Lido/HA bMNP, the changes of mechanical pain threshold of rats within 15, 30, 45, and 60 min. *, #, and & indicate the significant differences between groups
HA/Lido MNP and blank, HA/Lido MNP and HA MNP, and HA/Lido MNP and HA/Lido HP, respectively.

preset maximum load (20 N) was reached. A function of force and
displacement was recorded to evaluate the mechanical properties
of MNs. Regarding the insertion test, the fabricated MNP was
attached to the mechanical sensor and respectively inserted into
biological tissues and artificial membranes with a certain force
(10 N). Prior to penetration testing, hair of the back skin was
carefully removed using a disposable razor, and the parafilm was
folded into an eight-layer sheet (approximately 1 mm thick) to
achieve the thickness of human skin. The insertion ability of MNP
was determined by evaluating the number of holes in each layer of
parafilm and the puncture marks of the mouse skin under a
brightfield microscope.

4.3 Drug delivery in vitro
The drug loading of Lido of Lido/HA bMNP was quantified by

high-performance liquid chromatography (HPLC, Elite 23011,
with a P 230II pump and UV 230II detector). Lido/HA bMNP

was soaked in 0.01 M PBS, and the soaking liquid was pretreated
with a 1,000 Mw ultrafiltration centrifuge tube to remove HA.
Lido concentrations were performed by reversed-phase high
performance liquid chromatography at 254 nm, using a C18
column (Supersil ODS2, 5 pm, 4.6 mm x 150 mm). A mixture of
0.1 M KH,PO, buffer and acetonitrile (50:50, v/v) was used as the
mobile phase.

44 Drug delivery in vivo

Animal experiments complied with the guidelines of National
Institutes of Health (NIH) and were totally approved by the
Institutional Animal Care and Use Committee of the Cancer
Institute and Cancer Hospital Chinese Academy of Medical
Sciences prior to initiation of studies (ethical approval number:
NCC2021A275). To visualize drug release in vivo, rhodamine B, as
a model drug, was encapsulated in MNP instead of Lido
hydrochloride. Six BALB/c mice (6-8 weeks) were treated by
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MNP and HP loaded with the same dose of drug, HP as control
group. Mice were imaged using an in vivo imaging system (IVIS
spectrum, PE), and the fluorescence intensity of the administered
area was measured to analyze the drug release efficiency in vivo.

4.5 Biosafety assessment

L1929 fibroblast cells were used to evaluate the toxicity of Lido drug
and Lido/HA bMNP matrix materials. Specifically, 1929 cells were
inoculated in 96-well plates at a density of 1 x 10* cells/well and
and cultured in cell culture medium (1% penicillin-streptomycin
solution, 10% fetal bovine serum, and 89% dulbecco’s modified
eagle’s medium (DMEM)) containing 200 uL, 25, 50, 100, 200,
400, and 800 pg/mL of Lido, PVA, HA, and bMNP, respectively.
Among them, the culture medium of Lido/HA bMNs was
prepared by dissolving 0.8 mg of bubble MNs in 1, 2, 4, 8, 16, and
32 mL of DMEM cell culture medium. After the cells were
incubated in a constant temperature and humidity chamber (37
°C and 5% CQO,) for 24 h, the Calcein-AM/PI kit was used to
perform double staining and labeling of live and dead cells. Cell
fluorescence images were captured by confocal fluorescence
microscopy (Leica SP8). CCK-8 was used to assess cell viability,
and the absorbance of each well was measured by a microplate
reader (BioRad iMark) at a wavelength of 450 nm.

4.6 Plantar incision model

The Brennan’s plantar incision model was created in male SD rats
(200 £ 10 g) to evaluate the analgesic effect of MNP. Anesthesia
was induced and maintained with sevoflurane in oxygen and
spontaneous respiration. The surgical incision was marked with a
black marker pen on the left hind paw. The hind paw was placed
through a hole in a sterile cloth and aseptically treated with 10%
povidone-iodine solution. At the starting point from the 0.5 cm of
the proximal edge of the heel, a 1-cm longitudinal incision was
made with a number 11 blade, and the skin and fascia were cut
open to expose the toe muscle. The flexor digitorum brevis muscle
was raised and split longitudinally by blunt dissection, and the
muscle origin and insertion were kept intact. After hemostasis, the
wound was sutured with two stitches by 4-0 nylon on FS-2 needle.
After the operation, the rats were put back into their original cage
and recovered from anesthesia for about 15 min.

4.7 Lido/HA bMNSs analgesia in vivo

SD rats created with the Brennan’s plantar incision model were
randomly divided into 4 groups and treated in four ways: blank
(no treatment), Lido HP, HA bMNP (without drugs), and
Lido/HA bMNP. The analgesic effect of the patch was assessed by
measuring the mechanical PWT and the hind-paw licking latency.
The von Frey test was used to measure the mechanical nociceptive
threshold in rats. Individual rats were placed in separate plastic
chambers (15 cm x 15 cm x 30 cm) with a mental mesh at the
bottom, which was suspended on a bracket. Restraints on rats
should be minimized so as not to affect behavior tests. After
30 min of adaptation, the PWT was tested by means of von Frey
filaments (ZS-Vofry, ZS Dichuang, China) with bending forces of
2,4, 6, 8, 10, 15, 26, and 60 g applied by turn from beneath the
cage through the mesh floor to the plantar skin of planned surgical
area. Each time the von Frey hair was kept bent for 2 to 3 s, and
each filament was applied 3 times with a 5 s interval. If the paw
withdrawal happened 2 out of 3 times, this force was considered as
the mechanical PWT. If there was still no response at the bending
force of 60 g, then 60 g was assigned as the cutoff value. The
mechanical measurements of rats were expressed as the PWT at
the corresponding time and a percentage of the normal
nociception measured before PIM surgery, respectively.
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