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Lidocaine hydrochloride (LIDH) as an anesthetic is widely used in local anesthesia. Dissolving micronee-
dles (MNs) have great application value in the field of skin anesthesia. However, the limited drug-loading
of dissolving MNs is an existing challenge that affects clinical use. In this study, we have screened isomal-
tulose (ISO) as the proper matrix material for the MNs by using molecular dynamics (MD) simulation. Our
findings indicate that ISO has good compatibility with LIDH, and the LIDH-loaded ISO MNs (LI-MNs) have
high drug-loading capacity. The drug-loading capacity of LI-MNs could reach 80%, and it could effectively
puncture the skin. In addition, the preparation method of customized LI-MNs was established based on
three-dimensional (3D) printing technology. It was shown that the administration time of LI-MNs could
be controlled within 3 min. Also, the LI-MNs were able to provide the local anesthetic efficacy within
2 min and sustained for more than 2 h. Significantly, LI-MNs had more efficient drug efficacy compared
to the topical creams and the majority of existing LIDH-loaded dissolving MNs. They even provided a
longer duration of action than the injections. Overall, the LI-MNs with high drug-loading have a promis-
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ing application prospect.
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Lidocaine hydrochloride (LIDH) is a local amide anesthetic and
is widely used in clinical local anesthesia, such as dermatological
procedures and biopsies [1]. With the widening use of minor sur-
gical procedures, the demand of local anesthesia for the skin in-
creases. The most common way of delivering local anesthesia to
patients in clinical practice is to inject anesthetic drugs. However,
the direct injection of drugs inherently caused pain. LIDH creams
have been developed to reduce pain, but the slow-acting of the
LIDH creams would restrict clinical applications [2-4]. The stratum
corneum serves as the natural physical barrier to limit drug diffu-
sion through the skin, which is the primary cause of it [5-7].

As a minimally invasive skin puncture device, dissolving mi-
croneedles (MNs) can penetrate the stratum corneum of the skin
and create microchannels to facilitate the penetration of drug
molecules into the dermis, resulting in local or systemic thera-
peutic effects [8-11]. The penetration depth of the dissolving MNs
does not reach the nerve endings, so the pain can be effectively
avoided [12]. The dissolving MNs are prepared by using a dissolv-
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able matrix material loaded with drugs that do not leave any sharp
waste in the body. In addition, as a disposable device, the dissolv-
ing MNs can reduce the possibility of drug cross-contamination
which ensures patients’ safety. The LIDH-loaded dissolving MNs
have been studied for decades, but their restricted drug-loading
capacity remains an issue. It may cause problems, such as slow
onset or short duration of action [13,14]. Therefore, the applica-
tion value of dissolving MNs as a dosage form is still constrained
in local anesthesia.

In this study, we aim to work on a matrix material to achieve
the preparation of the high drug-loading dissolving MNs, so that
the MNs could deliver more doses of LIDH to the patients. The
molecular dynamics (MD) simulations is an effective computer-
aided tool that can be used to guide experimental study [15]. It
has the advantages of fast calculation speed, small errors between
simulation and experimental results, and low consumption of man-
power and material resources [16]. We used MD simulations to
find a proper matrix material. Subsequently, preparation methods
based on 3D printing technology were used in this study, allowing
for the quick customization of MNs. Further, the practical appli-
cability of the MNs was verified by the skin puncture tests, drug
delivery capability, and biosafety tests. Finally, the actual efficacy
of MNs, including onset and duration of action, was examined
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Table 1

The interaction energy of hybrid systems (unit: kcal/mol).
Hybrid system Eotal Evpn Ematrix Einter
LIDH/ISO 566.30 287.11 309.31 -30.13
LDIH/MAL 575.72 287.11 309.78 -21.17
LIDH/PVA —199.48 -23.62 —165.96 -9.91
LIDH/CTS 1279.79 -23.62 1299.82 3.59
LIDH/PVP —-25.87 -23.62 -26.71 24.45
LIDH/HPMC 175.10 -23.62 199.80 -1.07
LIDH/CMC —268.44 -23.62 —262.66 17.84
LIDH/HA -9.48 -23.62 -18.85 32.99
LIDH/SA —200.92 -23.62 -227.02 49.73
LIDH/PLGA 141.08 -23.62 146.67 18.03

LIDH/PMVE/MA ~199.95 ~23.62 ~181.78 5.45

through behavioral experiments on animals. We also compared the
efficacy of our MNs with that of the current existing topical creams
and injections.

We selected eleven commonly used matrix materials to
screen, including hyaluronic acid (HA), sodium hyaluronate
(SA), carboxymethylcellulose (CMC), polyvinyl alcohol (PVA),
polyvinylpyrrolidone (PVP), poly(methylvinyl ether)/(maleic an-
hydride) (PMVE/MA), hydroxypropyl methylcellulose (HPMC),
poly(lactic-co-glycolic acid) (PLGA), chitosan (CTS), maltose (MAL),
and isomaltulose (ISO). To screen a matrix material that had great
compatibility with LIDH, the eleven hybrid systems were formed
by mixing each of them with the LIDH. Then, we used Materials
Studio 8.0 software to perform MD simulations in each of the
hybrid systems and calculated the interaction energies [15,17,18].
The interaction energy (Ej,;) could be used as a reference stan-
dard for evaluating the compatibility between different hybrid
systems. When the total interaction energy became lower, the
two substances would be more compatible and stable. As shown
in Table 1, among the 11 matrix materials, the ISO had strong
interactions with LIDH. The interaction energy of LIDH/ISO could
reach —30.13 kcal/mol. It indicated that high drug-loading LIDH-
loaded dissolving MNs could be prepared using ISO as the matrix
material.

The LIDH-loaded ISO MNs (LI-MNs) were fabricated through
three steps, consisting of the customized MNs master molds, the
preparation of polydimethylsiloxane (PDMS) female molds, and the
preparation of LI-MNs. The MNs master molds were customized by
the static optical projection lithography (SOPL) technology [19]. It
could help us get MNs master molds in seconds and quickly cus-
tomize different shapes and sizes of MNs master molds to meet
the needs of patients. Then, the PDMS female molds were prepared
by using the membrane turning method on the basis of MNs mas-
ter molds (Fig. 1A). The LI-MN contained the needle tips and the
backing layer (Fig. S1 in Supporting information). The preparation
of LI-MNs was described in detail below. First, the drug-melting
mixtures were prepared by mixing LIDH and ISO with a mass ra-
tio of 8:2 at high temperatures. Then these mixtures were infilled
into the PDMS female molds under a vacuum at 145 °C and main-
tained for minutes. The excess drug-melting mixtures at the sur-
face were scrapped off to complete the preparation of the needle
tips. Subsequently, the melted ISO was infilled into the PDMS fe-
male molds under a vacuum at 145 °C and maintained for minutes
to prepare for the backing layer. After cooling to room tempera-
ture, the LI-MNs were peeled off the mold (Fig. 1B). The needle tip
was comprised of the drug-melting mixtures, and the backing layer
was comprised of melted ISO. The content of LIDH in the LI-MNs
with 10 x 10 array was 13.02 £+ 0.40 mg.

The morphology of the LI-MNs was observed by the micro-
scope and the scanning electron microscope (SEM) at 15 kV. As
shown in Fig. 1C, the microscopic observation exhibited that the
base diameter, average height, and tip diameter of the LI-MNs
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Fig. 1. Preparation and characterization of LI-MNs. The complete preparation pro-
cess of LI-MNs included the preparation of MNs master molds, PDMS female molds
(A), and the LI-MNs (B). (C) Overall appearance of LI-MN. Scale bar: 200 pm. (D)
SEM image of LI-MN. Scale bar: 200 pm. (E) Customized LI-MNs photo. (F) DSC ther-
mograms of LI-MNs, ISO, and LIDH. (G) Representative stress-displacement curve of
one needle of the LI-MNs measured by the texture analyzer. (H) Histological exam-
ination of the skin section after the puncture with the LI-MNs. Scale bar: 100 pm.

were 420.40 + 3.11 pum, 816.15 &+ 6.17 pm, and 8.13 + 0.35 pm,
respectively. The area of the LI-MNs with 10 x 10 arrays was
about 1.1 cm?. The surface of the LI-MNs was smooth without
any delaminations or particles (Fig. 1D) which could be attributed
to the uniform dispersion of LIDH. Significantly, the shape of LI-
MNs could be systematically controlled by our preparation method
(Fig. 1E). To test whether the high temperature during the prepa-
ration method affected the drug stability, we dissolved the LI-MNs
and the LIDH powder with the same drug content in distilled
water (DW) and filtrated through a 0.22 pm microporous mem-
brane filter respectively. Then, the filtrated solutions were analyzed
by using high-performance liquid chromatography (HPLC). It was
shown that the retention time of the LI-MNs was about 8.7 min,
which was consistent with the solution of LDIH powder on the
HPLC chromatogram (Fig. S2A in Supporting information). There
was no significant difference in the content of LIDH between the
LI-MNs and the LIDH powder (Fig. S2B in Supporting information).
The result indicated that the efficacy of LIDH was not affected by
the high temperature.

Further, the physical state of LIDH within the LI-MNs was stud-
ied by analyzing the differential scanning calorimetry (DSC) ther-
mograms and X-ray diffraction (XRD) patterns. In Fig. 1F, the DSC
thermograms of LIDH showed an endothermic drug peak at about
79 °C. The main reason for it was that LIDH was initially crys-
talline. However, the LI-MNs absented the endothermic drug peaks,
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Fig. 2. Examination of the performance of LI-MNs. (A) The dissolution of LI-MNs
in the agarose gel. Scale bar: 200 pm. (B) Representative images displaying the
morphology of MNs’ needle tips were taken out at different time intervals after
penetrating the rat’s skin. (C) The effects of 0.1, 0.4, and 1 mg/mL concentrations
of extraction solutions on HSF cell viability that was evaluated with CCK-8 assay.
The data were expressed as mean + standard deviation (SD), n = 3. ns, no sig-
nificance. (D) Histological examination of skin at 24 h and 48 h after the LI-MNs
treatment and comparison with the skin before treatment. Scale bar: 500 um. (E)
Rat’s skin was stained with rhodamine B after being punctured with LI-MNs. (F)
Frozen sections showed that LI-MNs delivered rhodamine B to the rat’s skin. Scale
bar: 200 pm. (G) Line graph of the content of LIDH in the skin with time after be-
ing punctured with LI-MNs. The data were expressed as mean =+ standard deviation
(SD), n = 3.

which illustrated that LIDH was amorphous inside the ISO ma-
trix. The main reason for it was that high temperature process de-
stroys the original ordered crystal structure of LIDH. Compared to
the XRD pattern of LIDH, the multiple peaks of the LI-MNs had
disappeared which also revealed the transition of LIDH from crys-
talline to amorphous (Fig. S3 in Supporting information). Thus, the
LIDH in LI-MNs was dispersed entirely and solubilized in the ma-
trix materials. Fig. 1G demonstrated that the fracture force of LI-
MNs was about 0.71 N/needle. The current study implied that the
MNs could pierce the skin without being broken when the fracture
force was above 0.24 N/needle [20]. It meant that the fracture force
of the MNs was sufficient to pierce the skin. Moreover, a 0.1-3 N
force was used to push the MNs into the skin [21,22]. The pushing
force of the human thumb could reach at least 28.1 N [23], which
was sufficient to insert the LI-MNs into the skin. Further, the skin
puncture experiments were used to verify the actual puncturing ef-
fect of MNs. Animal welfare and experimental procedures were re-
viewed and approved by the Animal Ethics Committee of the State
Key Laboratory of Biotherapy, Sichuan University. In our study, the
LI-MNs were inserted into the rat’s back skin. As shown in Fig. 1H,
the insertion depth of the LI-MNs was about 318 pm, which re-
vealed that the MNs pierced through the epidermis and reached
the layer of the dermis. We also proved the skin insertion ability
of LI-MNs by using pigskin because of its reality and similarity to
human anatomy (Fig. S4 in Supporting information) [24].

Agarose gels could be used to observe the dissolution of the
MNs [25]. To prepare the agarose gel with viscoelastic proper-
ties similar to the pigskin, we added agarose powder to the DW
(0.0265 g/mL) [26], and the DW was heated to dissolve completely.
Then, the solution stayed for 30 min at room temperature and
molded into slices. To observe the dissolution of the MNs, we
added rhodamine B (0.5% mass ratio) to the drug-melting mixtures
to prepare the LI-MNs with rhodamine B. As shown in Fig. 2A,
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the MNs completely dissolved within 2 min. In addition, the dif-
fusion of the MNs in agarose gel was uniform and rapid (Fig. S5 in
Supporting information). Applying the MNs to the rat’s skin could
characterize the MNs’ dissolution properties when we used them.
The rat’s back skin was divided into four parts, and each part was
used with an LI-MN. Subsequently, the LI-MNs were removed from
the skin after 0.5, 1, 2, and 3 min, respectively. As shown in Fig.
2B, it took 3 min for the LI-MNs to dissolve in vivo. The dissolu-
tion time of the LI-MNs in vivo was longer compared to the disso-
lution time in vitro. The possible reason could be that the moisture
content of the agarose gel was higher than the skin’s moisture con-
tent. The biosafety of the LI-MNs was further investigated, includ-
ing the cytotoxicity assay and the inflammatory immune response
in vivo. Cytotoxicity of the LI-MNs toward human skin fibroblast
(HSF) was analyzed by cell counting kit-8 (CCK-8) assay. LI-MNs
were dissolved in the culture medium to be configured into differ-
ent concentrations of extraction solutions. As shown in Fig. 2C, the
cell viability treated with extracts of 0.1-1.0 mg/mL concentrations
persisted more than 95% within the 3 days, indicating that the ma-
terials had no adverse effect on the cells. Furthermore, the skin ir-
ritation of LI-MNs was tested by histological analysis. LI-MNs were
used on rats, and the treated skins were collected after 24 h and
48 h. The skin that was not treated by LI-MNs worked as a control
group. Then, these skin samples were fixed in 4% paraformalde-
hyde and were processed routinely into paraffin sections (5 pm).
Compared to the untreated skin samples, the hematoxylin-eosin
(H&E) staining results exhibited no apparent infiltrated inflamma-
tory cells observed on the skin tissue on day 1 and day 2, indicat-
ing that the applications of LI-MNs did not harm the skin sample
(Fig. 2D).

To observe the drug delivery capacity of the MNs, we pierced
the LI-MNs with rhodamine B into the rat’s back skin. The pin-
holes observed on the skin surface could be aligned with the array
of the LI-MNs (Fig. 2E). Then, the skin was prepared into frozen
sections to observe the drug delivery positions under a fluores-
cence microscope. As shown in Fig. 2F, the red fluorescence emit-
ted by rhodamine B could be clearly observed at the pinholes. As
a drug dosage form, the drug delivery capacity of LI-MNs had been
proven. Furthermore, we measured the content of the LIDH in the
skin samples at different time points after administration of the
LI-MNs. As shown in Fig. 2G, the drug diffused in the rat’s skin as
time passed, and the intradermal drug content decreased. Approx-
imately 3.45 mg/cm? LIDH was significantly present in the skin
samples at 2 h. The previous studies suggested that 2 mg of LIDH
delivered into 1 cm? of skin could provide a local anesthetic action
[27]. Therefore, the drug release results revealed that LI-MNs could
maintain a local anesthetic level for more than 2 h.

To assess the local anesthetic effect of the LI-MNs, we measured
the pain thresholds of the rats by the Von Frey test. The Von Frey
test verifies the pain threshold of animals under a free-ranging
state, avoiding stress on the animal that could affect the results
of the experiment. The mid-plantar surface just posterior to the
footpads, shown as the black dotted square in Fig. 3A, was used
for pain testing. It was primarily innervated by terminal branches
of the sciatic nerve [28]. The rats were divided into 5 groups con-
sisting of the LI-MNs, Sham (no treatment), the ISO-MNs (prepared
in the same method as LI-MNs but without the addition of LIDH),
the LIDH-CR (LIDH cream), and the LIDH-IN (LIDH injection (2%))
(Fig. 3B). Depending on the size of the drug delivery site, 6 x 6 ar-
rays of LI-MNs and ISO-MNs were designed and used. The LI-MNs,
LIDH-CR, and LIDH-IN maintained a consistent amount of LIDH ad-
ministered (about 4.68 mg). The LI-MNs started to take effect af-
ter 2 min (P < 0.01) of administration and maintained for more
than 120 min (P < 0.05). The ISO-MNs showed no anesthetic effect
(Fig. 3C). Compared to the sham group, the onset time of LIDH-IH
and LIDH-CR were 2 min (P < 0.01) and 30 min (P < 0.05) respec-
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Fig. 3. Behavioral experiments on animals. (A) Diagram of the hindpaw area used
for testing. (B) The schematic device of behavior test for measuring pain thresh-
old. Anesthetic efficacy of LI-MNs, ISO-MNs (C), LIDH-IN, and LIDH-CR (D) com-
pared with the Sham group. (E) Comparing the pain threshold according to time
after LI-MNs and LIDH-IN application. (F) Comparing the pain threshold according
to time after LI-MNs and LIDH-CR application. The data were expressed as mean +
SD, n = 6. *P < 0.05, **P < 0.01, ***P < 0.001.

tively, and the maintenance of the drug effect were all less than
120 min (Fig. 3D). When comparing the anesthetic effects of the
LIDH-IN and LI-MNs, we found that the pain threshold of the in-
jections was significantly higher than that of the MNs in the early
stage but was generally lower than that of the MNs in the late
stage. The drug effect of MNs was maintained longer than that
of injections (Fig. 3E). The main reason for it might be that the
vascular tissue under the skin was richer compared to the intra-
cutaneous. When LIDH was injected into the subcutis, the drug
was rapidly absorbed and utilized. However, the drug within the
MNs was delivered to the superficial dermis, which meant that
it required further release to be absorbed and utilized. Based on
the above reasons, the drug delivered by injection was metabo-
lized more quickly, while MNs could significantly prolong the dura-
tion of action. At the same time, we were concerned that it would
show no significant difference in the pain thresholds between the
LI-MNs and LIDH-IH at 30 min, indicating that the LI-MNs de-
livery approach could also provide a high pain tolerance similar
to the LIDH-IH. As shown in Fig. 3F, the LI-MNs significantly im-
proved the local anesthetic effect compared with the LIDH-CR. The
main reason for this is that MNs can break the stratum corneum,
whereas creams have a slow drug release rate due to the barrier of
the skin. The results of the in vitro drug release showed a signifi-
cant difference between the LI-MNs and LIDH-CR (Fig. S6 in Sup-
porting information). About 93% of LIDH was released by LI-MNs
at 4 h, but only 39% of LIDH was released by LIDH-CR at 12 h.
Combination of MD simulation and experimental techniques
provides a priori means to solve biomedical problems [29]. We
screened ISO as the matrix material by using MD simulation for
the preparation of LI-MNs with high drug-loading. To ensure that
the drug in the MNs could be used efficiently, we loaded LIDH only
at the needle tips of the MNs. Each needle tip of LI-MNs could be
loaded up with about 130.20 pg of LIDH which might be the high-
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est drug-loading among the existing LIDH-loaded dissolving MNs
[1,13,14,30]. The high drug-loading capacity made LI-MNs have the
characteristics of both rapid onset and long duration of action. In
addition, we could customize the LI-MNs to match the shape of
the drug delivery site, which enhanced the practicality. The LI-MNs
were biocompatible and do not cause inflammatory skin reactions.
Also, the LI-MNs had universal applicability to patients due to the
non-glycemic index of ISO. The previous study proved that topical
applied LIDH was mainly distributed inside the skin [31]. There-
fore, the in vivo drug release assay confirmed that the local skin
still contained the drug content that could provide local anesthesia
after 2 h of administration. The LI-MNs could be rapidly dissolved
in the skin within 3 min and provided fast onset time and long du-
ration of action. Animal behavioral experiments have declared that
the local anesthetic effect of LI-MNs was better than that of topical
creams. Compared with the injections, the LI-MNs had longer du-
ration of action. In conclusion, the LI-MNs had efficient local anes-
thetic effects. Our study on the LI-MNs offers promising application
prospects for the use of dissolving MNs in rapid local anesthesia of
the skin.
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