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Introduction: The tight structure of the blood-brain barrier severely limits the level of drug therapy for central nervous system
disorders. In this study, a novel composite delivery system combining nanocarrier and microneedle technology was prepared to explore
the possibility of transdermal delivery of drugs to work in the brain.

Methods: Nanoparticle solutions containing paroxetine and rhodamine-B were prepared using PLGA as a carrier by the emulsifica-
tion-solvent volatilization method. Then, they were mixed with hyaluronic acid and the PLGA nanoparticulate-based microneedle
system (Rh-NPs-DMNs) was prepared by a multi-step decompression-free diffusion method. The particle size, zeta potential, and
micromorphology of the nano solution were measured; the appearance, mechanical strength, dissolution properties, and puncture effect
of the Rh-NPs-DMNs were evaluated; also, it was evaluated for in vivo live imaging properties and in vitro skin layer transport and
distribution properties.

Results: The mean particle size of Rh-NPs was 96.25 + 2.26 nm; zeta potential of 15.89 £ 1.97 mV; PDI of 0.120 + 0.079. Rh-NPs-
DMNs had a high needle content of 96.11 £ 1.27% and a tip height of 651.23 + 1.28 pum, with excellent mechanical properties (fracture
force of 299.78 + 1.74 N). H&E skin tissue staining showed that Rh-NPs-DMNs produced micron-sized mechanical pores approxi-
mately 550 pm deep immediately after drug administration, allowing for efficient circulation of the drug; and the results of in vivo
imaging showed that Rh-B NPs DMNs had a faster transport rate than Rh-B DMNs, with strong fluorescent signals in both brain
(P<0.01) and hippocampus (P<0.05) 48 h after drug administration.

Conclusion: Nanoparticles can prolong blood circulation time and intracerebral retention time and have certain brain-targeting
properties due to their excellent physical properties. The use of microneedle technology combined with nanocarriers provides new
ideas for delivery systems for the treatment of central neurological diseases.

Keywords: soluble microneedle, PLGA nanoparticles, skin transfer, central nervous system

Introduction

Central nervous system (CNS) diseases have a high occurrence and disability rate, and the global number of patients with
diseases is expected to increase in the future; therefore, it is important to intervene for preventing further deterioration of
these patients. Although drug therapy has a huge potential in this field, its real clinical efficacy still needs to be amplified.
The difficulty in the treatment of CNS disorders is the prevention of delivery of exogenous drugs to the brain tissue.
Thus, how to safely and effectively transfer medications to the brain tissue is still a popular topic in academic research.
Some of the reported invasive drug delivery techniques across the blood—brain barrier (BBB) comprise disrupting the
tight junctions of BBB using ultrasound,'? magnetic resonance,® or chemical means;® intracranial drug delivery
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techniques based on direct drug delivery through the ventricles,” intracerebral,® or skull” after craniotomy; convection-
enhanced drug delivery techniques;® and brain implantation techniques using polymer® and microchips.'® The benefit of
these invasive drug delivery strategies is that they can directly reach the brain tissue across BBB to apply the effects of
the drug; however, they are prone to structural disruption of BBB, which may cause leakage of plasma proteins into the
brain triggering chronic neurological changes such as neurotoxicity and neuroinflammatory reactions. Moreover, the use
of mechanical devices on the brain may lead to a series of risks, including aggravation of intracranial infections, brain
tissue damage, and thrombosis.

Transdermal drug delivery, as a non-invasive drug delivery system, has many advantages over traditional drug
delivery methods (ie, injection and oral administration); moreover, it is very suitable for diseases requiring frequent or
long-term treatment and is expected to replace various invasive drug delivery methods in the treatment of CNS and other
12 13 etc.). N-methyl-D-aspartic acid (NMDA) receptor
dysfunction is closely related to neurological disorders; ketamine can be used for treating depression by inhibiting the

diseases (eg, rheumatoid arthritis,“ diabetes, - cardiac repairs,
NMDA receptor channel activity and participating in the regulation of synaptic transmission and plasticity signaling
pathways, thus restoring synaptic damage in the cortical and hippocampal regions caused by chronic stress.'* Aaron'?
prepared ketamine-loaded hydrogel-forming microneedle arrays and compared their differential pharmacokinetics with
those of conventional intravenous administration. The results of their study showed that transdermal drug delivery could
achieve ketamine plasma concentrations higher than the target concentration of 0.15-0.3 pg-mL ™' over 24 h, whereas
intravenous drug delivery dropped to 0 pg-mL™" at 2 h. Transdermal drug delivery is believed to be the novel treatment
method for neuropsychiatric disorders. Pervaiz'® prepare novel paroxetine-loaded solid lipid nanoparticles (SLNs) based
sustained-release transdermal patches, which could reduce side effects associated with high initial blood levels and
fluctuating blood levels after oral administration; Also, it can reduce the frequency of administration, improve patient
compliance, and establish a foundation for the study of transdermal delivery systems for PAX.

Based on the results of the above study, we experimentally prepared poly(lactic-co-glycolic acid) (PLGA) nanopar-
ticles (NPs) loaded with paroxetine (selective serotonin reuptake inhibitor)'” and then loaded them into dissolving
microneedles (DMNSs) to improve their efficiency of drug delivery across BBB. We successfully constructed DMN arrays
containing rhodamine B fluorescent probe NPs (Rh-NPs-DMNs) based on in vivo bioluminescence imaging and
evaluated trans-BBB penetration using this delivery mode and the behavioral description of transdermal transport to
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the brain. The results of the study confirm the possibility of its therapeutic effect in the brain by transdermal delivery and
provide a basis for the foundation for the study of CNS drugs across the blood-brain barrier.

Materials and Methods

Materials
PDMS microneedle molds were provided by Microchip Pharmaceutical Technology Co., Ltd (Taizhou, China).
Hyaluronic acid (HA-TLM 3-5), molecular weight (Mw = 10,000) was purchased from Bloomage Biotechnology Co.,
Ltd (Shandong, China). PLGA (50:50, Mw = 10,000) was manufactured at JUFK Biotechnology Co., Ltd. (Jinan, China).
Paroxetine (Par) was purchased from Aladdin Biochemical Technology Co., Ltd (Shanghai, China). Rhodamine B was
sourced from Damao Chemical Reagent Factory (Tianjin, China). Polyvinyl alcohol was bought from Kuraray
International Trading Co., Ltd. (Shanghai, China). 2-hydroxypropyl-B-cyclodextrin was procured from Qianhui
Biotechnology Co., Ltd. (Zibo, China). All other reagents and organic solvents were analytical reagents.

Balb/c-nu/nu mice, female, seven weeks old, weighing 16-18 g, were purchased from Guangdong Medical
Experimental Animal Center, license number: SCXK (Guangdong) 2022-0002.

SD rats, female, four weeks old, weighing 100-300 g, purchased from Guangdong Medical Laboratory Animal
Center, license No. SCXK (Guangdong) 2022—0002.

Construction of a Dissolvable Microneedle System

The preparation of dissolvable nanoparticle microneedles (Rh-NPs-DMNs) was based on the preparation of fluorescent
rhodamine-loaded PLGA NPs using the emulsification-solvent volatilization method,'® followed by the multi-step
decompression-free diffusion method.'® The preparation process comprised two steps. First, fluorescent dye (Rh,
2 mg) and paroxetine (200 mg) were added to the oil phase, and PLGA (LA:GA = 50:50, Mw = 10,000,50 mg) was
dissolved in 20 mL of dichloromethane: acetone (3:1) solvent mixture which served as the organic phase; the aqueous
phase was made up of 1.5% 2-hydroxypropyl-f-cyclodextrin and 2% polyvinyl alcohol in 20 mL of the aqueous solution,
and the pH was adjusted to 3 using dilute hydrochloric acid. Then, the organic phase was gradually injected into the
aqueous phase in an ice-water bath for ultrasonic emulsification (JY88-IN, Scientific Biotechnology Ltd, People’s
Republic of China, variable amplitude rod: 6 mm, power: 270 W, interval: 3 s) for 30 min. Finally, Rh-NPs were
obtained via magnetic stirring at 300 rpm until the organic phase was completely volatilized, followed by making up the
volume of the mixture to 20 mL using deionized water. The second step was to add HA (HA-TLM 3-5, Mw = 10,000) to
the prepared Rh-NPs, and the ratio was controlled at 1:10 (m/v); this was stirred at low speed until the solution was
completely swollen. Then, the sample was centrifuged at 5000 rpm for 5 min. Next, the supernatant was taken out,
poured into PDMS microneedle molds, and spread evenly; then, it was transferred to a vacuum drying oven (DP33C,
Yamato Co., Japan) and degassed to —0.08 Mpa for approximately 30 min, followed by removal of the matrix solution.
After removing the matrix solution containing air bubbles, the above process was repeated until the matrix material filled
the pinholes of the mold; finally, the matrix solution was added so that the backing layer was filled, rested at 25 °C for
20-30 min, then placed at 40 °C (DKN612C, Yamato Co., Japan), cured for about 8 h, and demoulded.

To demonstrate the effect of NPs on brain-targeted delivery, the fluorescent rhodamine-loaded hyaluronic acid-based
microneedle system (Rh-DMNs) was prepared for comparison with Rh-NPs-DMNs. Rh-DMNs were prepared by directly
adding the same amount of rhodamine as above to the aqueous solution of HA (10% w/v) and stirring uniformly and
preparing the microneedle system using the multi-step decompression-free diffusion method.

Evaluation of the Properties of Rh-NPs-DMNs
Good formability and adequate mechanical strength are important factors for ensuring that the microneedle does not bend
or break during percutancous delivery, thus ensuring puncture efficiency.

Film Thickness and Flatness
To examine the mechanical strength, capability to cross the stratum corneum barrier, and ensure effective drug delivery
of the microneedle system, the degree of film formation, flatness, and the presence of air bubbles in the backing layer of
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the microneedle system are the primary factors that should be assessed. Rh-NPs-DMNs were placed on slides and
observed for flatness and film formation using the stereo microscope (S6D, Leica Co., Germany).

The microneedles were similarly placed under the polarizing microscope (TrueChrome II cx41*/*Olympus Co.,
JAPAN) to observe the tip-forming results layer by layer, and the needle tip-forming effect (N.g) was calculated
according to the following equation (1).

T, — D,
Ny = ”T x 100% (1)

n

Where T, is the total number of needles and D,, is the defective-shaped needles.

Scanning Electron Microscopy

Scanning electron microscopy (Gemini SEM 300, ZEISS Co., Germany) was used to observe the appearance of the
microneedles and the surface structure of the needles; the samples were subjected to gold spraying (platinum as the target
material) for 20s on an ion sputtering instrument (JFC-1600, JEOL, JAPAN) before being placed in a low vacuum
thermal field emission scanner (10 kV) for observation.

Determination of Nanoparticle Properties

To assess whether NPs can significantly improve the efficiency of transport across BBB, the particle size, surface charge,
encapsulation efficiency (EE), and drug loading (DL) are the critical factors that should be analyzed.”® Rh-NPs were
diluted in appropriate amounts, controlled at (25 + 1)°C, and determined by Delsa Nano C laser particle sizer (Beckman
Coulter Inc., CA, USA) to determine the particle size distribution range, polymer dispersity index (PDI), and Zeta
potential of the NPs in the system. Additionally, the morphologic and size characteristics of the NPs in the system were
further observed via transmission electron microscopy (JEM-1400, JEOL, JAPAN). Rh-NPs were appropriately diluted in
distilled water and then dropped onto the copper mesh with a carbon film stained with 2% phosphotungstic acid solution
for 10 min for observation after the mesh was dried. The encapsulation efficiency and drug loading of the nanoparticle
solution were determined by ultrafiltration-centrifugation method,”' by taking an appropriate amount of nano-solution in
a centrifuge tube with 1000 rpm for 10 min to obtain the supernatant of nanoparticles and little dissolved drug, and then
transferring the upper liquid to an ultrafiltration tube (with a retention molecular weight of 3 kd) and centrifuging it at
15,000 rpm for 30 min at 4 °C to separate the dissolved drug from the nanoparticles. The dissolved drug was separated
from the nanoparticles. The drug content in the nanoparticles was determined by HPLC, and the EE and DL of the
nanoparticle system were calculated according to the following equations.

C -G
0

x 100%

EE(%) =

C -GV
DL(%) :% x 100%

where C is the initial concentration of drug, pg-mL™"; C, is the concentration of drug in the supernatant after low-speed
centrifugation, pg-mL™'; C, is the concentration of drug in the filtrate in the ultrafiltration tube, pg-mL™"; V is the volume
of nanoparticle solution, mL; M is the total amount of drug and PLGA in the nanoparticle solution, mg.

Evaluating the Mechanical Strength of Rh-NPs-DMNs

The two types of microneedles were assessed using the texture analyzer (TA-XT plus, Stable Micro System Inc., CA,
UK) to establish mechanical strength. A P/2 probe (diameter of approximately 2 mm) was selected and set to move down

at a speed of 0.01 mm-s '

. When the probe contacted the tip of the needle and started to apply pressure and reached
a trigger force of 0.05 N, the pressure sensor began to record the change in pressure until the compression deformation
reached 90%, the probe stops pressing down and remains until the microneedle patch crushes before ending the
measurement. During the measurement, the texture analyzer records the change of probe pressure with time and plots

the time—force relationship with time as the x-axis and probe pressure as the y-axis. And the probe pressure
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corresponding to the inflection point of the mechanical strength curve was used as the fracture force of the microneedle
patch, and the magnitude of this value was used to assess the mechanical strength of the microneedle.

Evaluation of Transdermal Permeation of Microneedle System

The skin penetration of the two microneedles was simulated using Parafilm® M film,** and the efficiency of the
microneedles in reaching different depths was assessed by analyzing the depth of penetration of the microneedles into
various layers of the film. Eight layers of Parafilm® M film (approximately 127 pm thickness each) were flattened and
stacked on polystyrene foam templates (approximately 5 mm thickness), while the microneedle was placed over the
stacked films and held for approximately 30s by finger pressure. Finally, the Parafilm films were separated layer by layer,
and the number of micropores generated after microneedle action on each layer was recorded, the penetration efficiency
(P.gr) was calculated according to equation (2), and the x-y axis was plotted with the penetration efficiency as the vertical
coordinate and the depth of penetration as the horizontal coordinate to assess the depth of microneedle drug delivery
reaching the skin.

N,
Per = — x 100% )
Ty

where P refers to the penetration efficiency, N, refers to the number of micropores on the membrane, and T, is the
total number of needles on the microneedle patch.

In vivo Evaluation of Rh-NPs-DMNs Transport Behavior Using Fluorescence Imaging
To further evaluate the influence of the properties of nanoparticle-laden microneedles on drug transport and distribution
in vivo after transdermal administration of microneedles. In vivo imaging technology (VISQUE In vivo Smart-LF,
Biotimes Technology Inc., CA, CHINA) was used to visualize the changes in fluorescence intensity at the administration
site over time and the fluorescence distribution of NPs in the organ and tissues after the administration of the two
microneedles. To avoid the effect of animal hair on the fluorescence signal, the experiments were conducted in adult
healthy Balb/c-nu/nu mice, and the animals were randomly divided into two groups. First, after preparing 1% sodium
pentobarbital, the mice were anesthetized by intraperitoneal injection of sodium pentobarbital (1%) at 5 mg-kg ' body
weight and the mice were fixed on a plate to ensure that they were lying flat throughout the test. Then, to dynamically
observe the drug penetration behavior in the skin, Rh-DMNs, and Rh-NPs-DMNs were pressed into the abdominal skin
of nude mice for 10 min (the needle tips were completely dissolved) and the treated mice were placed into the live
imaging chamber for imaging (green light source, excitation light: 530-570 nm, emission light: 575-640 nm, the field of
view: 15 x 15, exposure time: 500 ms, aperture: F1.8) at preset time points (0 min, 10 min, 30 min, 60 min, 2 h, 3 h, 4 h,
6 h, 9 h, 12 h, 24 h, and 48 h). To further observe the retention of the drug in the body, the animals were injected with an
overdose of pentobarbital sodium 48 h after administration of the nanoparticle-laden or nanoparticle-free microneedle
system and then dissected to explore the accumulation of fluorescence in the brain, heart, liver, spleen, lung, and kidney,
and the fluorescence signal was quantified using the IVIS system.

Ex vivo Evaluation of Transdermal Transport of Microneedles

It is important for the dissolution rate of Rh-DMNs to correlate with drug release patterns, and to understand the
dissolution profile of the Rh-DMN matrix when it is placed in contact with the skin. The abdominal skin of Sprague-
Dawley rats used for the study should be depilated with subcutaneous fat and connective tissue removed> was used to
investigate the dissolution rate of the microneedle tips. After washing rat skin with physiological saline, the skin surface
was rubbed dry and placed flat on the platform of the Texture analyzer. The two types of microneedles were attached to
the probe (P/50) of the texture analyzer with the tip perpendicular to the abdominal skin; the probe was set to move

toward the platform at a speed of 2 mm-s ™'

. When the trigger pressure of 0.05 N was reached, the probe changed its
speed to 0.5 mm-s ' and continued to move downward. Once the pressure increased to 50 N, the probe was held for 5

s and then moved in the opposite direction. The microneedles retained on the skin were removed at 5s, 10s, 30s, 60s, 2
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min, 5 min, and 10 min, respectively, and the swelling and dissolution of the microneedles were observed using a texture
analyzer.

Ex vivo Skin Permeation Studies

The stratum corneum barrier is the primary factor that affects the transdermal delivery of drugs. A Franz
transdermal diffusion tester (TK-12B, Testing Instrument Co., CHINA) was used to assess the drug transport and
distribution in the skin layer using the abdominal skin of SD rats (female, 80—100 g, 4 weeks) with subcutaneous
fat and connective tissue removed as the medium. The isolated skin was placed between the donor and receptor
compartments, with the stratum corneum facing the donor compartments and the skin tissue facing the receptor
compartments. The receiving solution is 18 mL of PBS (pH 5.2, typical pH of healthy non-diseased skin is around
4.0-6.0),>* ensure that it is in complete contact with the skin (area of 3.14 cm?), and with the application of
approximately 50 N force on the surface of the stratum corneum to cause the microneedle to pierce the abdominal
skin of SD rats. The temperature was maintained at 32°C + 0.5°C with a rotation speed of 300 r-min"' to simulate
the physiological conditions of blood and tissue fluid circulation under human skin. The skin of the microneedle
administration site was removed at 10 min, 1 h, 4 h, 8 h, and 12 h, respectively, and the skin surface was washed
with physiological saline until there was no drug residue, fixed with 4% paraformaldehyde overnight, rinsed with
PBS, and immersed in 20% sucrose solution until the tissue mass was immediately extracted after observation of
sinking and frozen sections were processed according to a previously described method.”” The laser confocal
microscope (STELLARIS 5, Leica Co., Germany) was used to visualize the changes in fluorescence intensity and
the depth of microneedle distribution.

In vivo Evaluation of Transdermal Transport Mechanism

Microneedle penetration depth in the skin and changes in microneedle orifices at different time points were analyzed by
hematoxylin—eosin (H&E) staining in the normal control group (only depilatory treatment) and SD rats after administration of
Rh-NPs-DMNs versus Rh-DMNSs, respectively. The microneedle patch was pressed onto the abdominal skin of SD rats and
held for about 30s. The microneedle was fixed on the skin with medical tape, and the administered animals were executed by
intraperitoneal injection of sodium pentobarbital at 10 min, 12 h, and 24 h, respectively, after which the administered skin
tissue was dissected.”® The relevant skin tissues were fixed in 4% paraformaldehyde tissue for 24 h, then the tissues were
gradually dehydrated using ethanol as a dehydrating agent and xylene (I, II, III, 20 min each) to make the tissues transparent.
The transparent tissues were removed and placed sequentially in wax cylinders (I, II, III, IV, each for 30 min) for wax
immersion, and finally, after sectioning, spreading, baking, H&E staining, and sealing, the differences in skin structure before
and after microneedle administration were examined using Aperio ImageScope x64c®.

In vivo Evaluation of the Healing Potential of Microneedle System

The microporous channel mechanism confirmed by microneedles can effectively overcome the stratum corneum barrier,
diffuse CNS drugs to the deeper layers of the skin, and deliver them to the target site by the penetration and diffusion of
tissue fluid. The abdominal skin of healthy Balb/c-nu/nu mice (female, 1618 g, 7 weeks) was chosen for observing the
healing of the microneedle in the skin orifice after drug administration. The microneedle was pressed perpendicular to the
skin surface for 3 min; then, after removing the microneedle patch, the status of the microneedle site was continuously
observed at 0 min, 2 min, 5 min, 10 min, and 15 min, and the time required for the skin to completely return to the pre-
puncture state was noted.

Data Analysis and Statistics

All data were expressed as Mean + S.D. and were statistically analyzed using Origin 2018 64Bit and GraphPad Prism
9.0. One-way analysis of variance was used for statistical analysis to evaluate the significance of statistical differences in
experimental data. *P < (.05 was considered as a statistical difference.
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Results
Evaluation of Rh-NPs-DMNs Properties

Drug delivery based on NPs is one of the new treatment methods for CNS diseases. However, to assess the characteristics of NPs
microneedles for effective drug delivery across BBB to the brain after transdermal administration, the NPs microneedles should be
prepared based on the fluorescent dye rhodamine-B (Rh) loaded into them as fluorescent probes. Under the stereo microscope, Rh-
NPs-DMNs and Rh-DMNs made using the multi-step decompression-free-diffusion method were prepared as neatly arranged,
unbroken, 15x15 quadrilateral conical microneedle arrays with tip distances of 800.91 + 1.98 ym and 802.35 + 1.64 um,
respectively (Figure 1A, n = 12). The needle tip forming effect (Ng) of Rh-NPs-DMNs and Rh-DMNs was observed using the
polarizing microscope and recorded to be 96.11% =+ 1.27% and 92.36% = 0.97%, respectively (both >85%). Using IS Capture®
application, the needle length of Rh-NPs-DMNs and Rh-DMNs was measured to be 651.23 + 1.28 pm and 651.71 + 1.21 pm,
respectively (Figure 1B, n = 12). Scanning electron microscopy revealed that the connection between the microneedle body and
backing layer was tight, there were no hollows or air bubbles in the microneedles (Figure 1C and D), and the tip of the needle had
a multilayer quadrilateral cone structure with a top area of less than 300 pm?, having enough tip sharpness to puncture the skin.

The size and surface charge of NPs is important elements for improving the efficiency of transport across BBB.?’ NPs
with a particle size of less than 200 nm and a PDI of less than 0.2 can break BBB, providing a promising innovative
approach for solving the challenge of drug entry into the brain.?’ The stability of the system is affected by different
PLGA polymerization ratios; thus, those that affect the range of NPs size distribution were investigated in the
experiment. Figure 2A shows that at the same Mw, the particle size distribution of the system tends to decrease with
an increase in the proportion of hydrophilic polymer polyglycolic acid in the copolymerization ratio. At the copolymer-
ization ratio of 50/50, the system has the smallest distribution range and the average particle size is less than 100 nm so
that NPs with a narrow distribution of the system determine the contact area and contact mode between the nanomaterial
and the cell membrane to a certain extent, which is the key to affect its transport process in vivo. Eventually, NPs with
a particle size of approximately 100 nm were optimized for the preparation process via research experiments, and the
NPs in this size range were able to cross the stratum corneum barrier through passive diffusion.”®

Following the preferred NPs process, Rh-NPs were prepared using fluorescent pink emulsion, which could yield the
“Tyndall effect” (Figure 2B); the system was homogeneous and stable. The laser particle sizer revealed that it was

500 pm 100 pm 400 pm

500 pm 100 pm

Figure | Characterization of fluorescent probes. ((A) SM (1.25%, Scale bars = 500 pum); (B) PM (4%, Scale bars = 100 um); (C) SEM (25%, Scale bars = 400 um); (D) SEM
(500%, Scale bars = 20 um) (I: Rh-NPs-DMNs; 2: Rh-DMNEs).
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Figure 2 Characterization of Rh-NPs. ((A) variation in particle size; (B) appearance properties; (C) particle size distribution; (D) zeta potential; (E) TEM (28X, Scale bars = 200 nm)).

a monodisperse system with an average particle size of 96.25 + 2.26 nm (Figure 2C, n = 12, the same below), zeta
potential of 15.89 + 1.97 mV (Figure 2D), and PDI of 0.120 £+ 0.079. Transmission electron microscopy revealed that
NPs were spherical and uniformly dispersed (Figure 2E), and the calculated particle size (97.70 + 8.02 nm) was similar to
that determined by the laser particle sizer method. In addition, the encapsulation efficiency of the nano-solution was
measured to be 87.40 + 3.86% and the drug loading to be 2.66 + 0.66%.

Mechanical Performance Evaluation

Chi et al*® used HA (Mw = 10,000) to prepare Rh-DMNs and reported that a fracture force of 0.21 N per needle tip can
produce adequate puncture efficiency. Figure 3A shows that when the probe is displaced to the tip length of Rh-NPs-
DMNs at 650 pum, the fracture force of the tip is 2.75 = 0.03 N (n = 12, approximately four needles), which is 1.8 times
higher than that of Rh-DMNss, generating a force sufficient to overcome the elastic barrier of the skin. The reason for this
may be related to the fact that the 2-HP-B-CD-based PLGA system forms hydrogen bonding with HA,*® restraining the
migration of molecular chains and tightening the structure, thus increasing the mechanical strength of this composite. The
maximum mechanical strength value of Rh-NPs-DMNs can reach 299.78 + 1.74 N (n = 12; Figure 3B) when the
maximum compression distance is approximately 2 mm, whereas that of Rh-DMNSs is only 196.62 £ 1.71 N (n = 12). Rh-
NPs-DMNs prepared by combining HA with PLGA NPs as a matrix material can effectively improve the mechanical
properties of the microneedle system and guarantee the effective delivery of drugs.

The degree of penetration of the microneedle system into the parafilm was almost 100% when the microneedle was
inserted into less than three layers (Figure 3C), and quadrilateral shapes were seen at the bottom cross-section of the
microneedle tip in the first layer (Figure 3D). After more than four layers, it could only form an impression in the 4th and
Sth layers, and the penetration efficiency of complete penetration decreased to approximately 60% in the 4th layer and
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approximately 40% in the 5th layer. When it reached the 6th layer, the penetration efficiency decreased to approximately
20% although a more obvious impression could be formed at the stress site when the depth exceeded 650 pm. The
penetration rate in the 8th layer was 0%, with almost no impression of microneedle penetration. Using a polystyrene
foam template to simulate the elastic space of skin,’' it was predicted that microneedle drug delivery could reach
a certain depth of the skin, however, without touching the subcutaneous dermis (ie, the eighth layer of the Parafilm film),
which is filled with blood vessels and nerves for approximately 1000 pm. In summary, the microneedles prepared herein
not only have a good appearance and formability but also sufficient mechanical strength to ensure that the microneedles
do not fracture after penetration into the skin due to skin peristalsis and external driving effects. The combination of NPs
and microneedles increases the strength and stiffness of the microneedles, thus guaranteeing that no fracture or flexion
damage occurs when the microneedles are inserted and enhancing the efficiency of transdermal delivery.

Transdermal Delivery Efficiency Across BBB

The skin fluorescence intensity detected through near-infrared in vivo imaging was positively correlated with the
concentration of fluorescent drug (Rh).*> As shown in Figure 4A, the fluorescent intensity of the Rh-NPs-DMNs
group showed an increasing trend from 1.81x10" [p/s/cmz/sr]/[uW/cmz] to 2.48x10"° [p/s/cmz/sr]/[pW/cmz] during

(A-1)

=
0 min 2l 3] J < 2 & 454015
: » Al 4064015
¥ 3504015

. ) \ N / = Y 1 €
4 - # 3064015
- 254015

(A-2)

Brain Hippocampus
e+l D
feill3 ©) 3 Blank control group D) g
153104 1 Rh-DMNs *
3 Rh-NPS-DMNs s
(B-1) edlt3
8x10'2f- T
*¥ A
fex013 ~ L ?
a s
L] =
X 1x104 s
5 £ *x =T £ 2 o0}
B3 - * * ]
Sz s T ki bl S 2
Y e - s L s £ =
184 2 2 I s Y
E= s =T
=5 P
2 £q
;NE s £
3 2 2}
(B-2) £s 3 g
1664 33 R
& 1 s &
1464013 2x10"2f
12e+013
B Hert  Liver  Speen  Lung  Kidney Blank control group Rh-DMNs Rh-NPS-DMNs
(B-3)

Figure 4 (A) Fluorescence signal intensity distribution at different time points; (B) Fluorescence signal intensity distribution of major organs; (C) Organ collection of
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0-3 h, which was due to the embedded skin needle tip layer in the tissue fluid gradual dissolution and diffusion under the
action of the micro-needle patch with the simultaneous release of drug at this stage. Subsequently, the fluorescence
intensity showed a decreasing linear trend. The reason for this might be the fact that the drug slowly diffused into the
dermis and subcutaneous tissues and was then absorbed through the capillary network whereby it entered the body
circulation, with almost no fluorescence signal at 48 h ((5.85397 x 1013) [p/s/cm?/sr]/[uW/cm?]); there were no
significant differences compared with the blank group. In contrast, the fluorescence intensity of the Rh-DMNs group
showed a sudden release (from (1.17 x 10'%) [p/s/em?/sr]/[uW/em?] to (2.40 x 10'%) [p/s/em?/sr}/[uW/cm?]) within 4
h after drug administration; it was still significantly higher than that of the Rh-NPs-DMNs group at 12 h (**P < 0.01),
suggesting that the drug of this system penetrated the stratum corneum and accumulated in the active epidermis and the
amount of drug entering the dermis was relatively limited. Thus, Rh-NPs could enhance the ability of drug penetration
through biological membranes and could diffuse through the basement membrane of the epidermis to the dermis,
resulting in an effective increase in dermal transit rate.

As seen in Figure 4C, compared with the blank group, the brain, heart, liver, spleen, lung, and kidneys of the Rh-
DMNs group showed some degree of fluorescence. The presence of strong fluorescence in the liver and spleen in the Rh-
DMNs group (*P < 0.01) can be explained by the liver being the main organ of metabolism, which tends to allow the
accumulation of drugs there, as well as the fact that the administration site was located in the abdominal skin of mice,
which was thin enough to allow the microneedle to pass through the skin directly into the surface layer of liver tissue.
The spleen is the largest lymphatic organ in the body; approximately 90% of the blood circulation of the body flows
through the spleen. This proves that microneedle drug delivery effectively delivers active ingredients to the deeper layers
of the skin and also passes them through the association of lymphatic circulation and blood circulation, allowing them to
be delivered to the lesion site. Subsequently, the results of the dissection of brain tissues performed to isolate the
hippocampus in close order are shown in Figure 4B and D; the Rh-NPs-DMNs group had a stronger fluorescence in the
brain and hippocampus than the blank group. There was no significant difference in other organs of the Rh-NPs-DMNs
group compared with the blank group ("P > 0.05), and the reason for this phenomenon may be that PLGA is
a biodegradable and biocompatible material with good stability, which can increase the intracerebral concentration of
the drug and simultaneously extend the retention time of the drug in the brain with brain targeting.?’

Mechanism of Transdermal Delivery Across BBB

To elucidate the transdermal administration of microneedles across BBB, the transport mechanism was validated by
a transdermal model to restore the in vivo transport behavior of the Rh-NPs-DMNs administration mode. The results of
the in vitro dissolution test Rh-NPs-DMNs (Figure 5) inserted into the isolated skin revealed that the microneedle tip
slowly dissolved within 0-30 s and the microneedle was dissolved to approximately 60% of the initial length after 60 s.
Moreover, the backing layer also gradually started to dissolve, and the reason for this was related to the hydrophilicity of
HA and the gradually increasing pyramidal shape of the cross-sectional area of the microneedle tip from the backing.
When dissolved for 10 min, the tip dissolution length was close to 100%, demonstrating that the physical promotion of
permeation by microneedle can release NPs into the formed micro-pore channels in a short period.

0 min 10s 2 min 5 min 10 min

Figure 5 Morphological changes within 10 min of microneedle puncture into isolated rat abdominal skin. (4%, Scale bars = 200 pm)(I: Rh-NPs-DMNs; 2: Rh-DMN:Ss).
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Tissue cry sectioning experiments showed that the fluorescence intensity and distribution of Rh-NPs-DMNs in the
skin layer gradually increased as the administration time of Rh-NPs-DMNs increased (Figure 6A). After 10 min of
administration in the Rh-NPs-DMNs group, fluorescence accumulation deep in the skin was noted, and this depth
signified the penetration depth of the needle tip (approximately 400 um), denoting quick and effective delivery of NPs
across the stratum corneum barrier by microneedle administration. The microneedles slowly dissolve over time through
the action of the skin matrix solution, letting the drug be released and gradually spread deeper into the skin with time-
dependent fluorescence intensity. At about 1000 um of dermal tissue, the Rh-NPs-DMNs group showed a deeper
distribution of fluorescence intensity than the Rh-DMNs group when the 12-h period was reached. This finding further
proposes that NPs are more conducive to entering the skin through microcirculation or mucosal contact to deliver the
drug through blood vessels or lymphatic vessels.

The H&E staining findings of the skin tissue is shown in Figure 6B: immediately after Rh-NPs-DMNs administration,
obvious micron-sized mechanical pore channels were observed, which measured approximately 80% of the tip length
(approximately 550 pum); this length was sufficient to cross the stratum corneum barrier of approximately 70—1200 um in
thickness and still maintain the collagen fullness of the dermis and the tight structure of the fibrous layer. However, some
microporous channels remained in the epidermis even after 12 h of microneedle administration. At this moment, the
backing layer, a drug reservoir, can still diffuse into the dermis and consequently enter the body’s circulation through
capillaries to deliver the drug to the target site, maintain a stable blood concentration, and improve the bioavailability of
the drug. After 24 h of microneedle administration, the overall skin returned to the same state as that of the blank group,
with intact and neatly lined up cell structure and almost no inflammatory cells.

Visual observation of skin healing after drug administration revealed that the skin surface formed evident micro-pore
channels immediately after drug administration. When the drug was administered for approximately 5 min, the puncture
effect was about 100% (Figure 6C) and some of the pore channels could no longer be observed by the naked eye,
indicating that the pore channels formed after microneedle administration are a dynamic healing process. After 15 min of
drug administration, the peripheral drug administration traces had disappeared, and the skin was the same as that before
drug administration, without obvious wounds, erythema, and folds.

Discussion

With the development of an aging population, the incidence of central nervous system (CNS) diseases including
ALzheimer’s disease, Parkinson’s disease, multiple sclerosis, stroke, and brain tumors is increasing and has become
the second most common type of disease threatening human life. These diseases are caused by a variety of complex
ischemic, hemorrhagic, inflammatory, neurodegenerative, and developmental disorders, which are prevalent and poorly
treated. However, the success of CNS drug development is very low, and one of the most important constraints is the
difficulty of crossing the blood-brain barrier (BBB). Almost all large-molecule drugs, including peptides, recombinant
proteins, monoclonal antibodies, and drugs based on RNA interference technology, and more than 98% of small-
molecule drugs fail to cross the blood-brain barrier, which seriously hinders the effective clinical treatment of CNS
diseases.>® Therefore, CNS drugs need to be able to overcome the BBB and achieve adequate exposure in the CNS while
having safety and efficacy, which is the key to successful CNS drug development. The brain barrier is a key factor
affecting the efficacy of central nervous system drugs, so increasing drug distribution to the brain could improve efficacy
for possible new approaches to the treatment of refractory depression.

In order to achieve drug delivery across the BBB, existing research mainly focuses on directly interfering with
the physiological barrier function of the BBB to reduce the obstruction of the blood—brain barrier, such as opening
tight junctions®* and inhibiting efflux pumps;’> or rationally designing and modifying drug molecules®® to change
the properties of drugs to make them cross the BBB more easily, such as designing drugs by simulating
endogenous molecules, pre-drug design, lipidation modification, glycosylation modification; and also coupling
drugs with carriers to build effective brain drug delivery systems, such as monoclonal antibody delivery systems
and cell shuttle peptide delivery systems. In addition, the use of appropriate routes of drug delivery, including
nasal administration and intrathecal injection, has improved the success rate of crossing the BBB. A Nanoscale
brain-targeted drug delivery system is a new type of nano drug delivery system, which can target drugs
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specifically to diseased tissues, organs, and even cells, with the characteristics of low dosage, high efficacy, and
low toxic side effects, and the drug delivery method and speed can be easily controlled.>” However, for effective
brain drug delivery, crossing the blood—brain barrier is only the first step, how the delivery system transports the
drug within the brain to its target pathological site should also consider various mechanisms such as CNS solute
clearance of nanoparticles, easy aggregation of nanocarriers, for example, liposomes remain confined to the
stratum corneum in the skin,’® and also because of their small size, they will remain in the distal part of the
circulatory system and enter the nucleus to cause DNA damage,’® which will affect the effectiveness and safety of
the drug.

Therefore, in this study, the effect of transdermal administration of nanoparticles across the BBB into the CNS was
investigated using microneedles as a vehicle, where NPs under 200 nm have a passive targeting effect, facilitating more
drugs to be targeted for action in the brain.*’ In addition, the shortcomings of insufficient rigidity of NPs, poor self-
deformability, and poor transfer efficiency due to biological barriers can be solved by combining DMNs with NPs in
physical permeation-promoting methods,*' thus improving the permeation rate of drug transdermal absorption into the
body.** We used in vivo imaging techniques to dynamically observe the penetration behavior of Rh-NPs-DMNs and
analyze the results of microneedle morphological changes in combination with H&E staining of isolated skin, frozen
sections, and skin healing, respectively, to evaluate whether microneedle-loaded nanoparticles and/or APIs administered
transdermally can achieve adequate exposure in the distal CNS. The results showed that the skin transfer of microneedle-
loaded nanoparticles (Rh-NPs-DMNs) had stronger mechanical properties, deeper distribution of the drug in the skin
tissue, and stronger fluorescence intensity than the API-loaded drug (Rh-DMNSs). The research results can improve the
precision of brain-targeted drug delivery systems and provide new ideas for the treatment of central nervous system
diseases.

Conclusion

The skin is the largest organ in the human body and has been studied to deliver vaccines, hypoglycemic agents, genes,
anesthetics, and antineoplastic drugs safely and stably through this route, and all of them can achieve good therapeutic
effects. In this paper, PLGA nanoparticulate-based microneedle system (Rh-NPs-DMNs) was designed and developed
for the treatment of central nervous system diseases. PLGA, which is biodegradable and has a large drug loading
capacity, was used as a carrier and combined with microneedle technology for effective transdermal delivery, with the
aim of reducing the clearance of large molecules by the mononuclear macrophage system while increasing the drug
transport to the brain and prolonging the therapeutic activity of the drug in the body circulation. The permeation
behavior of Rh-NPs-DMNs was vigorously observed using in vivo imaging technique and analyzed in combination
with the results of H&E staining of isolated skin, frozen sections, skin healing, and other microneedle morphological
changes; the findings revealed that the drug was continuously released in the interstitial fluid of the skin and entered
the body circulation and reached the brain. The Rh-NPs-DMNs group showed a stronger fluorescent signal than the
Rh-DMNs group (**P < 0.01); Rh-NPs-DMNs were also observed in the sub-tissue hippocampus with a relatively
strong fluorescent signal (*P < 0.05) and had greater skin penetration. Therefore, NPs-laden Rh-DMNs can generate
the potential for delivery across BBB to the brain, providing the basis for their need for clinical application across the
blood—brain barrier.
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