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Abstract: Microneedle (MNs) technology is a recent advancement in biomedical science across the
globe. The current limitations of drug delivery, like poor absorption, low bioavailability, inadequate
skin permeation, and poor biodistribution, can be overcome by MN-based drug delivery. Nan-
otechnology made significant changes in fabrication techniques for microneedles (MNs) and design
shifted from conventional to novel, using various types of natural and synthetic materials and their
combinations. Nowadays, MNs technology has gained popularity worldwide in biomedical research
and drug delivery technology due to its multifaceted and broad-spectrum applications. This review
broadly discusses MN's types, fabrication methods, composition, characterization, applications,
recent advancements, and global intellectual scenarios.

Keywords: MNs; drug delivery; nanoparticles; permeation; skin; transdermal

1. Introduction

Oral delivery is the most accepted route of administration for the treatment of disease,
diagnosis, treatment, and the most widely studied topic by formulation scientists during the
first and second generations of drug delivery. Oral drug delivery has the disadvantages of
systemic metabolism, poor absorption, and a lack of tissue selectivity, leading to decreased

Pharmaceutics 2022, 14, 1097. https:/ /doi.org/10.3390 / pharmaceutics14051097 https://www.mdpi.com/journal /pharmaceutics
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therapeutic effects [1]. This necessitates the development of other dosage forms such
as parenteral, transdermal, intravesical and other novel drug delivery systems. Ancient
medicines for therapeutic effect applied on skin surface area, for various types of skin
disease, wound healing activity, and cosmetic dermatological applications. However, the
skin has an impermeable barrier for efficient and targeted delivery [2]. Scientists developed
syringes and needles for local drug delivery applications to overcome this limitation.
Although, these developed systems also have some disadvantages, such as poor patient
compliance due to the pain in administration and the invasive nature that requires trained
medical practitioners. Furthermore, with the advent of polymer science, nanotechnology,
and applied engineering, the concept of MNs was introduced in the literature report [3].

MNs are micro projections ranging 25-2500 um in height available in different shapes
with the attachment of a base for support. MNs are used to sample fluid from the body
and deliver therapeutic agents to cells [4]. MNs are tiny, unique, novel, and promising
devices made using microelectromechanical systems to detect, diagnose, and treat several
diseases. Vaccines, nanoparticles, high or low molecular weight drugs of various categories,
high molecular weight protein, and antibodies are easily loaded into MNs to deliver it
into different layers of skin and deep within the skin to neutrophil Langerhans, dendritic
cells for immunological effect. MNs are classified into various classes depending upon
their fabrication methods, such as solid, hollow, dissolving coated and hydrogel-forming
MNs. The associated advantages and limitations vary with the type of MNs desired
for the targeted site of action. MNs fabrication depends on the material used and the
intended application [5]. For the design of MNs, various materials have been used, such
as silicon, zeolite, glass, metals, polymers and sugars. MNs array density was developed
using instant microfabrication techniques (prototyping), including hot embossing, micro-
molding, lithography, deep reactive ion etching, thin film deposition, etc. [6,7]. One of the
most important applications of MNs in vaccine delivery to the skin is patient compliance,
high immunogenic nature of skin, vaccine targeting at desired skin site, and reliable vaccine
delivery methods [8]. Numerous drugs, growth hormones, insulin, vaccines, DNA, and
oligonucleotides are in the preclinical and clinical stages designed as MNs [5,9].

In this present article, we review various types of MNss, different materials used for fabrica-
tion, properties of the MNss, characterization of MNs for biological and mechanical properties,
toxicity assessment of MNs with various in vivo and in vitro methods, application of MNs in
several diseases, as well as the regulatory aspect, marketed product, and patent of the MNs.

2. Types and Fabrication of MNs

Several types of MNs are majorly categorized based on the fabrication method and
applications of MNs [10,11]. Each type of MNs has its merit and pitfalls over others for
drug delivery applications. MNs are classified based on their fabrication methods [12,13].
Figure 1 and Table 1 show the types of MNs.

(a) SOLID {b) COATED (¢) DISSOLVING (d) HOLLOW
MICRONEEDLE ~ MICRONEEDLE MICRONEEDLE MICRONEEDLE

r=STRATUM CORNEUM

1= EPIDERMIS

== DERMIS

After needling

Figure 1. Types of MNs [14]. (Adapted from Ref. [14]).
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2.1. Solid MNs

The drug delivery from solid MNs is based on the “poke-and-patch” approach. The
drug delivery mechanism is the disruption of the stratum corneum and the creation
of microchannels by the solid MNs. After the formation of microchannels, the drug
patch is applied to the skin, through which the drug is efficiently diffused through the
microchannels into the skin [12].

The solid MNs were used to transfer the drug through micronized channels formed
inside the skin layer and improved drug diffusion [15,16]. In solid MNs, the drug is bound
to the channel, and the microchannel is closed to prevent the entry of toxic materials by
using termination therapy [17-19]. Solid MNs serve as reservoirs for drugs [20,21]. Non-
biodegradable metals can be used to fabricate solid MNs. The fabrication is conducted by
forming pointed tips at the end, which helps to make micronized pores on the epidermal
surface of the skin [22,23]. Materials used to prepare solid MNs are biodegradable and
non-biodegradable materials such as silicon, stainless steel, titanium, nickel with polymers
methyl vinyl ether polymethylmethacrylate, maleic anhydride, polycarbonate, maltose,
Poly(lactide), Poly(lactide-co-glycolide), etc., [24,25]—various parameters affecting solid
MN'’s performance strip sharpness, insertion force, and density [26,27]. Solid MNs can be
fabricated by microfabrication (micro-electromechanical system) and other methods such
as using microreactors and micropumps [4,28].

2.2. Dissolving MNs

“Poke-and-release” is the drug delivery approach seen with dissolving MNs. In this
approach, the drug is encapsulated within MNs. After insertion into the skin, these MNs
are retained in the skin and not removed. The encapsulated drug is released when these
MNs are degraded within the skin [26]. The dissolving MNs are not removed from the
skin after the insertion as the biocompatible composition of natural, semisynthetic and
synthetic biodegradable polymers such as poly (propylene), dextrin, chondroitin sulphate,
polyvinylpyrrolidone (PVP) albumin, polylactic acid, poly (methyl vinyl ether-maleic
anhydride) polyvinylpyrrolidone, polyglycolic acid, polylactic-co-glycolic acid, and poly
(vinylpyrrolidone methacrylic acid) [4,29]. The advantage of this technology is the easy
fabrication, high drug loading and convenient drug delivery.

Furthermore, these MNs do not leave any biologically harmful waste behind after
dissolution, so the drug delivery is safe. The first research work on dissolving MNs and
their utility were reported by Miyano et al. in 2015 as a pioneering study within this
field [30,31]. The important step for the fabrication of dissolving MNs was the selection of
the appropriate polymer, considering its effects on the release kinetics [32].

The literature has reported various examples regarding dissolving MNs for its syner-
gistic drug delivery system and other techniques [32,33]. The application of the dissolving
MN load cargo for delivery and improved permeation of MN array patches is clear for the
vaccine delivery of influenza, adenovirus vector, etc. [34,35]. Various methods for preparing
dissolving MNs include solvent casting, droplet-born air blowing, laser machining, hot
embossing, microinjection molding, ultrasonic welding, and lithography [36]. The most
frequently used method is the solvent casting method for the fabrication of dissolving
MN:s. In this method, the ultrasonic wedding fuses the polymer without heating [37]. The
dissolving MNs were reported to show poor mechanical performance due to the high
hygroscopicity nature [38].

2.3. Coated MNs

The drug delivery through the coated MNs is by a “coat-and-poke approach”. In this
approach, the drug coating is applied to the MNs, and then these MNs are inserted into the
skin. The drug coating present on inserted MNs gets dissolved into the skin, and after the
dissolution of the drug, the MNs are removed. The advantage of this approach is that it
only requires one step and has simple delivery, while a disadvantage is that a much smaller
amount of the drug is delivered by this technique [39]. Coated MNs surface completely
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covered with the drug enables sustained release. Coated MNs were successfully studied
for DNA, gene, protein, and peptide delivery [40]. These non-invasive MNs comprise steel
for siRNA [41]. Important parameters that need to be optimized in these MNs preparations
are the homogenous coating, stability, the method used for MN coating (spraying or dip
coating) and release from the MN [15]. Gill and Prausnitz et al. showed a reduction in
the surface area and a high viscosity could improve the efficiency of these MNs for drug
delivery [42]. In the case of the layer coating of MNs, it has been reported that MNs are
immersed in oppositely charged solutions for effective coating. The coating of antifungals

on MNs was reported using piezoelectric inkjet printing [43].

Table 1. Types of MNs [44]. (Adapted with permission from Ref. [44]. Copyright 2019 Elsevier).

Material Used for Drug Delivery . e .
Sr. No.  Type of MNs Fabrication Approach Benefits Limitations
Two-step
1 Solid Silicon, stainless steel, Poke and Patch High mechanical process
’ acrylic strength Poor patient
compliance
Limited amount
. L. . of drug can be
2. Coated Stainless Sicec:rl{et;tanlum, Coat and Poke Sirgiessstep coated on to the
POy P tip and shaft
of MN
Single step Chlances of
rocess polymer
polyvinylpyrrolidone (PVP), gh sical removal deposition in the
carboxymethyl cellulose, is r}llo t required skin with
sugar, dextran, polyvinyl Fas fabqrication dissolving MNs.
Dissolving/ alcohol (PVA), y In the case of
3. . S X Poke and Release process .
Biodegradable poly(lactic acid), chitosan, Controlled dru biodegradable
poly(glycolic acid), poly deliver & MN:s, high
(lactide-co-glycolide) Better ya tient temperature is
(PLGA) P needed, which
compliance
may affect
Low cost
payload
Large dose
administration is Chances of
Silicon, metal, glass, ceramic possible ne'ec'ile blockage
4. Hollow and polvmers Poke and Flow Can be used for Critical fabrica-
poly large molecular tion process
weight Costly
substances
Intact removal is .
possible from Less mechanical
Chitosan, PVA, PLGA, the skin st?er}gth
Hydrogel . Difficult to
5. formin poly(methyl vinyl ether-co-  Poke and Release Do not leave any maintain the
& maleic acid) polymer residue shape
Less chances of pe
geometrically

infection

2.4. Hydrogel Forming MNs

Hydrogel forming MNs fabricated with cross-linking polymers. The drug release
approach of hydrogel-forming MNs is “poke-and-release”. The factors affecting MNs
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fabrication for solution parameters include a swelling index, molecular weight, and con-
centration of the foaming agent. This strategy was first established by Donnelly et al. for
highly swellable polymers [45]. Iontophoresis, along with MN formation, enhances the
efficiency of therapy [46]. The array does not contain a drug, but it imbibes through the
skin layer during penetration.

This type of MNs can overcome the pitfalls of the conventional microarray technique
by reducing drug loading capacity and modifying release [47]. These hydrogel-based MNs
prefer sustained-release formulations [48].

2.5. Hollow MNs

The drug delivery approach used in Hollow MN is the “poke-and-flow”. The drug
delivery from Hollow MNss is similar to the hypodermic injection. The micropump is
generally used to execute them under pressure drug delivery into the skin. The advantage
of hollow MN is the fast drug delivery as compared to other approaches as the drug
delivery is pressure-driven. Another advantage of this technology is the painless and
precisely controlled drug delivery into the skin [49]. The Hollow MNs are micron-sized
hollow needles, unlike other MNs in length and diameter [50]. The usual size of the hollow
MN is 30 gauge of the hypodermic needle of 300-micrometer length, and the materials
mainly used in the fabrication are silicone, glass, ceramic and polymer, etc. [51]. It delivers
drugs more promptly through the passive diffusion technique than the other types of
MNs [52]. It is investigated that various parameters, including tip dimension, length,
pressure, inner diameter, insertion and retraction of depth, affect the drug flow rate through
hollow MNs [53]. Various techniques are available, such as MEMS techniques, deep reactive
ion etching of silicon, deep X-ray photolithography, wet chemical etching, an integrated
lithographic molding technique, and microfabrication to fabricate hollow MNs [54]. In the
current era, hollow MNss are engaged in fabrication through the 3D printing method [55].
Figure 2 shows MNs drug delivery approaches.

e | | | |
e iierat RALLAR FWHF} Sz :
e | 1
| | |
Release[

“Poke and Patch™ “Coat and Poke”  “Poke and Release”  “Poke and Flow”
approach approach approach approach

Figure 2. Diagrams showing various microneedle drug delivery approaches. (A) Solid microneedles, for
skin pretreatment to create microchannels, followed by the application of transdermal patch; (B) coated
microneedles, for deposition of drug formulations into the skin, followed by removal of microneedles;
(C) dissolving microneedles, incorporated into the substrate of microneedles, remaining in the skin and
dissolving over time to release the drugs; and (D) hollow microneedles, for inserted into the skin and
continuous infusion of the drug through the created microchannels [56]. (Adapted from Ref. [56]).

a1
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3. Material Used for Fabrication of MNs

Various materials have fabricated MNs like silicon, zeolite, glass, metals, polymers,
and sugars. After more continuous research, the fabrication complexity gets reduced and
improves their mechanical strength, geometrical shapes, and sharpness of needles. MNs
can be divided into two categories based on their fabrication material: biodegradable and
non-biodegradable MNs. Table 2 shows the prototype material and its percentage used for
MN fabrication.

Table 2. Material used for fabrication MNs.

Material Used for MNs Material Used in a Publication (in %)
Metal 14
Glass 5
Ceramic 3
Silicon 10
Polymer 68

Silicon was the first fabrication material for MNs; author Henry et al. reported the
first silicon MN in 1998. The specific reason behind silicon MNs fabrication is that silicon
MNs were precise, 3D structures and widely used for target drug delivery. Still, there is a
high risk of breaking the needle during insertion into the skin due to its brittleness [57].

The percentage of MNs was published in various materials. Based on hits for various
keywords, percentages were determined. Best Match sorted search results at https:/ /www.
ncbi.nlm.nih.gov/pubmed accessed on 30 March 2022. Some of the keywords utilized are
MN’s of metal glass, ceramic, silicon, and polymer [58].

3.1. Metal Material

The initial metal utilized in the fabrication of MN arrays was stainless steel. Metal
MN:s are designed by physically pushing the smallest size of stainless steel hypodermic
needles through a predetermined thickness supporting material or laser cutting metal
sheets into MN forms and twisting them out of the plane [58]. This type of MNs is non-
biodegradable and is more suitable than silicon as it avoids brittleness. Stainless steel,
palladium, titanium, and nickel are common metals used to fabricate MNs [57]. Various
methods used to fabricate metal MNs are laser micromachining [59], laser ablation [60]
and photochemical etching. The stainless-steel MN was prepared by author Gill et al., who
drafted MNs on Auto CAD for the required shape, and the orientation of array and then
laser beam ablated onto the stainless-steel sheet to cut the MN, which are manually bent
at 90° from the sheet [61]. The other method, lithographic masking, was used to fabricate
titanium MNs by Choi et al. They prepared a row of five in one plane MN followed by a wet
etching process [62]. The comparative study was performed for the in vitro transdermal
permeation of atenolol in the porcine ear skin by the silicon, stainless-steel MN array or
gold—titanium MN roller; the presence of atenolol analyzed the result at the receptor site
by LC-MS, and the stainless-steel MN array has a greater transcutaneous flux than the
other materials [63]. The advantages of metal material are toughness and its mechanical
properties within the transdermal drug delivery system.

3.2. Polymers

Polymers are the most promising material for MNs fabrication compared to metals and
inorganic materials. The polymeric material has been used to make solid, coated and hollow
MNss [64]. The polymers are less expensive, biocompatible, and have viscoelasticity to
improve resistance against shear-induced breakage. The compatibility and biodegradation
ability of the polymers make them one of the prominent materials of choice in the fabrication
of MNs. Polymers are mostly used to prepare dissolving and hydrogel-forming MNs,
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whereas the poke-and-release approach is used for drug delivery. Very few polymers used
as a fabricating material are seen with solid coated and hollow MNs. The dip coating, inkjet
printing, and spray drying are generally used to coat drugs and polymers on MNs. In
the case of dissolving needles, high drug encapsulation can be achieved due to polymer
degradation-based drug release. The use of biodegradable polymers can provide sustained
release due to dissolution over a period [65].

The variety of polymers used for the fabrication of MNs are polylactide-co-glycolide
acid (PLGA) [66], poly-L-lactic acid (PLA) [67], polycaprolactone (PCL) [68], poly-glycolic
acid (PGA) [69], hyaluronic acids (HA) [70], polyvinyl pyrrolidone (PVP) [71], polyvinyl
alcohol (PVA) [72], fibroin [73], sodium alginate [74], chitosan [75], carboxymethyl cellulose
(CMQ) [76] and more [64].

3.2.1. Biodegradable

The polymeric biodegradable MNs are made up of natural and synthetic polymers
to improve drug delivery at the targeted site with a prolonged or sustainable release. The
synthetic materials are mainly Polyglycolic acid (PGA), polylactic acid (PLA), polycarbon-
ate and their copolymers (poly(lactic-co-glycolic acid) (PLGA), polycaprolactone (PCL),
polystyrene (PS)), and silk, chitin, chitosan are natural biodegradable polymers used for
the fabrication of MNs, which dissolves or degrades into the body by a metabolic pro-
cess without producing any poisonous side effects [77]. Some other examples of natural
biodegradable polysaccharides are amylopectin, dextrin, hydroxypropyl cellulose, car-
boxymethyl cellulose, alginate, chondroitin, and hyaluronic acid, which have been used as
biodegradable MNs [58].

The fabrication of MNs using biodegradable polymers by a molding method is a
novel approach that provides inexpensive and robust mass production. The polyglycolic
acid (PGA), Poly-L-lactic acid (PLA) and their co-polymers polylactide-co-glycolide acid
(PLGA), polycaprolactone (PCL) are used for the manufacture of biodegradable MNs as
this polymer has biocompatibility, is mechanically robust, cost-effective, and resorbable.
Eventually, biodegradable MNs break when poked into the skin, which has additional
safety concerns as it degrades and is transported into the skin. Biodegradable polymers
have minimal severe side effects. The drug can be encapsulated into MNs and then inserted
into the dermal layer; as the polymer degrades or dissolves simultaneously, the drug
gets released into the skin. This method does not produce any biological hazard like
sharp tips waste. This polymer material can process at a low melting temperature, so the
micro-molding technique is mostly used as, with these certain advantages, the polymer
becomes a promising material for the fabrication of MNs. The downside with polymers
is that most polymers are soft and induce catastrophic buckling during injection or blood
sampling. The author Chu and Prausnitz et al. prepared the biodegradable polymer MN of
an arrowhead sharp tip with the base of a metal shaft. This intellectual design fabrication
requires complex processing and extra cost. Some carbohydrates are an excellent natural
material resource for the fabrication of MNs as they are very effective, cheap and safe.
Carbohydrates have significant biocompatibility and less toxicity and produce products
with great strength. Carbohydrates are a good source of a biodegradable polymer as they
show biocompatibility, are less costly and have good mechanical strength for insertion into
the skin. This includes various sugars, maltose, sucrose, trehalose, mannitol, and galactose
used for MN fabrication [30,78].

3.2.2. Non-Biodegradable

The non-biodegradable polymers are usually synthesized using living organisms in
one way or another. They have been found in the xenobiotic class, which are originally
synthetic, i.e., these compounds are chemicals and do not fall into a natural polymer. Not
all xenobiotics are non-biodegradable; there are many examples of biodegradable xeno-
biotics. We cannot say that all-natural polymers are biodegradable; lignin is the amplest
natural polymer material, but it degrades by selective micro-organisms at a very slow
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rate. The polythioester is a biopolymer obtained by recombinant E. coli bacterial strain
fermentation and can produce large quantities [79]. There are also subsequent methods
available like in vitro enzymatic synthesis, i.e., immobilization of lipase enzyme of Can-
dida Antarctica in the attendance of Epsilon-caprolactone and 11-mercaptoundecanoic
acid [80]. The polythioesters are non-biodegradable as these polymers cannot produce
from simple organic carbon compounds (lipids, carbohydrates) and inorganic sources
(sulphur, sulphates) but from precursor substrates. In 1951 the chemical synthesis path-
way of polythioester was mentioned; recent studies revealed that due to the shortage
of precursor substrates and their occurrence in very few natural habitats, other than the
carbon sources, the yield of polythioesters is low and not scalable for commercializing
purposes. The degradation of polythioesters occurred by extracellular enzymes, that is, the
enzymes located at the cell surface. The degradation of polythioesters is restricted by the
molecular weight and insolubility of polymer into the water, which reduces the entry of
polymer into a cell or the periplasm (cell surface); this mechanism does not cause enzymatic
degradation. Polyolefin is the example of a non-degradable polymer (polyethylene) as they
are found in higher molecular weights, whereas the molecular weight lowers (Hexadecane)
as they are degraded by many micro-organisms [81]. Polyphenols and polyisoprenoids
are water-insoluble, poor biodegradable polymers that degrade at a low rate. Lignin is a
cellulose material found abundantly, and sporopollenin degrades by only white-rot fungi
or other particular fungi. Polyisoprenoids include natural rubbers (cis-1,4-isoprene) ob-
tained from the Hevea brasiliensis rubber tree and can only be degraded by Gram-positive
bacteria [82,83].

3.2.3. Natural Polymers

Polymers have lower tensile strength than metal and silicon materials, but have a
tough nature. Many naturally occurring polymers are used to prepare MNs, including
polysaccharides, proteins, and synthetic and semisynthetic polymers. These polymers are
mainly used to fabricate solid, dissolvable MNss and coat the other material [58].

Carbohydrates are an excellent natural material resource for MNs fabrication as they
are very effective, cheap, and safe. Carbohydrates have significant biocompatibility and
less toxicity and produce products with great strength [84]. By using the master plate
method, carbohydrates can be molded into suitable MNs, low in cost and biodegradable.
They can be mixed with active ingredients to produce active ingredients—carbohydrates
mixtures and then molded; upon insertion, the drug—carbohydrate mixture gets dissolved
into the skin [85]. Many sugars can be used to fabricate MNs like maltose, sucrose, mannitol,
trehalose and galactose. Maltose is mainly used to prepare MN array as it is the FDA-
approved excipient in the parenteral preparation. The author, Gouhua et al., studies the
in vitro study on the transdermal delivery of monoclonal antibodies using maltose MN
on the human IgG protein model. The cryosection MN was pierced into the skin after
the methylene blue was taken out by the maltose MN. As the MN increases in length
and arrays, the delivery of human IgG increases. The other materials like starch and
gelatine can also be used as they dissolve into the skin within five minutes after insertion.
They can insert into porcine skin up to a depth of 200 pm, similar to the depth of rat
skin. The rat model was used to investigate hypoglycemic activity by MNs and shows the
equivalent hypoglycemic activity with subcutaneous injection [30,86]. The material used to
fabricate protein-based MNss is collagen and its derivatives, gelatine, zein and silk, which
are assumed to deliver better high molecular weight protein-based drugs and vaccines into
high-capacity drug loading MNs with improved stability. These proteins are becoming
a good choice for fabrication as they are mostly inexpensive and easily fabricated using
micro-molding [58].

3.3. Natural Polysaccharides for MNs

Polysaccharides are primarily used in transdermal drug delivery due to their bio-
compatibility, biodegradability, cost, easy availability, ease of fabrication and sustainable



Pharmaceutics 2022, 14, 1097

delivery. They are obtained from natural sources such as plants, animals, microorganisms,
etc. These include hyaluronic acid, dextran, Chitosan, and other biopolymers [87-89]:

(1) Hyaluronic acid MNs;

(2) Chondroitin sulphate MNs;
(3) Cellulose-based MNs;

(4) Chitin and chitosan MNs;
(5) Starch-based MNs.

3.3.1. Hyaluronic Acid MNs

HA is a natural and major extracellular component of matrix and cartilage and pos-
sesses mucoadhesive properties [90]. It is widely present throughout the human body,
including the dermis, synovial fluid, dental pulp, and vitreous humor in the form of non-
sulfated glycosaminoglycan. It bears a negative charge and is present in water-soluble salt
form. It is reported in several lengths ranging from 200, 300 and 800 um. HA MNs are
highly dissolvable in water; that serves many benefits in terms of fabrication, including
high drug loading and improved economic benefits.

Jinjin Zhu et al. studied 5-Aminolevulinic acid-loaded HA MNs for the effective
pharmacodynamics therapy for the penetration of superficial tumors that showed long-
term stability and deep penetration [91]. Hyaluronic acid is used as part of a combination
therapy of gene and phototherapy for immunochemotherapy. The combination of p53 DNA
and IR820 is readily incorporated into the HA MN patch for effective delivery [92]. Ying
Hao et al. fabricated HA-based MNs to treat epidermal cancer and melanoma. MNs showed
controlled release of the incorporated drug [93]. Hongyao et al. fabricated HA-based MNs
to treat psoriasis and improve solubility and mechanical properties. The FDA-approved
product is Microhyala, which dissolves in intestinal fluid, with degradation observed
by lysosomal enzymes. Saha et al. showed the application of the HA MN array in the
cosmetics and medical field [70]. A few methods used to fabricate MNs are micromolding,
photopolymerization, and drawing lithography [94].

3.3.2. Chondroitin Sulphate MNs

It is a natural polysaccharide compound used in the form of sodium chondroitin sul-
fate. It possesses certain potential features such as superior hydrophilicity and biodegrad-
ability, and hence it is used in the fabrication of dissolving MNs. It is present as the
necessary component in the extracellular matrix and cartilage in the body. Fukushima et al.
have developed desmopressin and rhGH-loaded sodium chondroitin sulfate and dextran
MNs, which showed dose-dependent concentration [95]. In addition to this, Poirier et al.
fabricated an MN array by using CS and hydroxyethyl starch. The Prepared MN array
loaded hepatitis B surface antigen and QS-21 saponin as an adjuvant. A stability study
suggested that at 37°, antigenicity was retained after a six month time duration, and 10%
loss was observed at 50 °C [96].

3.3.3. Cellulose-Based MNs

Cellulose is a natural biomaterial obtained from various sources such as wood, cotton,
bacteria, and algae. It contains a beta (1,4) linkage of glucose monomers. Cellulose was
reported for biomedical application. Cellulose nitrate is a film former in cosmetics [97].
The application of cellulose-based MNs has been patented in the treatment of cancer
therapy [98] (US20160136407A1).

In addition, some scientists at the University of Pittsburgh and Carnegie Mellon Uni-
versity studied carboxymethyl cellulose (CMC) MNs for incorporating various chemother-
apeutic agents and immune-stimulating agents for skin cancer [99]. These MNs have
been patented for gene delivery and anti-cancer drug delivery [100]. Yong-Hun Park et al.
demonstrated cellulose-based MNs fabrication by using laser writing and replica molding
for transdermal drug delivery. The fabricated MNs observed a three-fold enhancement in
permeability, and thus, it was considered an efficient fabrication process for even cosmetic
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products. Dissolvable hyaluronic acid (HA) and bacterial nanocellulose (BC) MNs have
been used for dermo-cosmetic application. It was observed that an HA and BC blend
provides sufficient mechanical strength to the MNs, and BC promotes the controlled release
of drug molecules. The safety profile of this MN has been proven by in vivo studies [101].

3.3.4. Chitin and Chitosan MNs

Chitosan is a polysaccharide prepared by deacetylation from chitin. Its linear structure
of 3-(1,4) linkage contains D-glucosamine and N-acetyl-D-glucosamine units. It is water-
insoluble and has a molecular weight of this polymer in the range of 300 and 1000 kDa. The
lower molecular weight corresponds to poor mechanical strength, and this bottleneck can
be overcome by blending it with PLGA [102]. However, Chitosan shows antibacterial and
wound healing properties naturally [103]. Micro-molding and electrospraying techniques
were combined to fabricate these MNs to deliver doxorubicin and AuMSS nanorods. It was
observed that Dox@MicroN patches showed good photothermal capacity upon increased
temperature by 12 °C under near-infrared irradiation. However, these MNs have penetrated
through a tumor-mimicking agarose gel and promote a layer-dependent drug release [104].
However, with the addition of the thiol group, the mechanical property has been improved,
and hence thiolated MNs possess sharpness and good mechanical strength [105]. Mei-Chin
Chen et al. studied bovine serum albumin-loaded chitosan-based MN for transdermal
application. The prepared MN showed 95% in vitro drug release within eight days and a
penetration depth of 300 um [106].

3.3.5. Starch-Based MN

Starch is a versatile biomaterial and has been explored in various applications in the
biomedical field. It provides brittleness and is applicable for various topical purposes.
There are numerous reports on starch-based MNs, such as that by Yujie Zhang et al., who
fabricated dissolving glucose-responsive insulin-releasing MN patches for diabetes. Starch
improved the mechanical strength of MNs [107]. The starch and gelatin combination used
for the fabrication of MN-loaded losartan was studied as proof of concept for transdermal
applications [108].

4. Techniques of Preparation of MNs (MNs)

Investigators have used various methods over the past few years to manufacture a wide
variety of MNs. The applications of the MN are considered first while designing an MN,
which includes the type of drug, its dose, desirable pharmacokinetics/pharmacodynamics,
and the targets and properties of the material used for MN [109]. Achieving the uniformity
and reproducibility of the needle geometry at micron-scale resolution is the main goal in
the fabrication of MN to facilitate easy penetration of the needles in the skin. However,
mostly as a result of the conical three-dimensional (3D) geometry and higher aspect ratio of
the MNs structures, the fabrication of MNs is very challenging. The most optimized MN
design and materials are considered for the fabrication of the MN. Depending on the design
(various sizes and shapes), different types (solid, hollow, coated, dissolving, sharp, or flat)
and different materials (silicon, metal, polymer, glass, ceramic), the manufacturing method
for MNs varies [110].

MNis are fabricated in various ways for different applications [6]. The two basic
and primary designs of MNs are in-plane, out-of-plane, and an amalgamation of both
MN:ss. The in-plane MNs are the simple and precisely controlled fabrication method with
different lengths in the fabrication process. In the case of out-of-plane designs, the MNs are
perpendicular to the fabrication surfaces [111]. Sivamani et al. are at ease generating arrays
that are in-plane [112-114]. Figure 3 SEM images of MNs for out-of-plane and combined
in-plane.
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Figure 3. Scanning electron microscope (SEM) images of (a) out-of-plane MNs Source [115] (Adapted
from Ref. [115]). (b) combined in-plane and out-of-plane MNs [116]. (Adapted with permission from
Ref. [116]. Copyright 2008 Elsevier).

4.1. Microfabrication Basics

Microfabrication technology (micro-machining or micro-electromechanical) systems
(MEMS) is the most encouraging method used for MNs fabrication and precise appli-
cation [117]. MEMS technique exploits various tools and methods to produce smaller
3D structures with the dimensions (sub-centimeter to sub-micrometer). MN production
through the MEMS technique is vastly specific and consists of multifaceted multi-step pro-
cesses [118]. MEMS techniques have been potentially utilized in the biomedical fields, i.e.,
DNA sequencing devices, drug delivery, chemical analysis systems and biosensors [113].
A series of consecutive processes are required before the actual device is generated in
the MEMS process. The three primary techniques in the MEMS technology include:
(i) thin film of material deposition on a substrate; (ii) application of the patterned mask on
the top of a film by photolithographic imaging; and (iii) selective etching of the films for
masking [119,120].

4.2. Thin Film Deposition

Thin-film deposition leads to the addition of the material in the thin-film layer over the
substrates. These thin layers could act as spacers with a few nm thicknesses to 700 um [121].
Thin-film deposition occurs in two types, subject to whether the process is mainly chemical
vapor deposition or physical vapor deposition (PVD) [122]. In the PVD process, the raw
materials, i.e., solid, liquid or vapor, are freed and transferred directly from source to
material to be coated and the substrate through the gas phase, e.g., thermal evaporation,
ion plating and sputtering. In thermal evaporation, the source (e.g., aluminum) is heated
by a radiofrequency or electron beam and the silicon wafer is located inside a vacuum
chamber. A source boils on heating, and vapors are condensed on the substrate surface
to form a film. In the sputtering technique, high-energy particle bombardment atoms or
molecules are expelled from the target material. The expelled atoms or molecules could
condense on the substrate, such as a thin film [123]. In ion plating, the material used for
coating is ionized and vaporized with the assistance of an electric arc and then forced
toward the target at high speed [124]. A thin film is formed in the CVD process by a
thermally induced chemically driven reaction among the inert-carrier gases in a chamber
and hot substrate. This flexible method works at atmospheric pressure at moderately
lower temperatures [125,126]. The two most common CVD technologies in MEMS are the
LPCVD (Low-pressure CVD) and PECVD (Plasma-enhanced CVD). The LPCVD could
allow uniform deposition of many thin-film materials on substrates without damaging
effects on film homogeneity at higher temperatures, >600 °C. Conversely, PECVD functions
at low temperatures (200 to 400 °C) due to thermal cycle concerns or material limitations,
but the films grow faster [127]. In conclusion, a specific deposition process depends on
several factors, e.g., source, substrate structure, apparatus, working temperature, depo-
sition rate, and production time. Afterward, the thin layer deposition is decorated using
photolithographic techniques and then etched away to create the final structure [119,120].

11



Pharmaceutics 2022, 14, 1097

4.3. Photolithography

Most of the developments in microelectronics and micromachining fabrication start
with lithography. The different types of lithography include ion beam lithography, pho-
tolithography, X-ray lithography and electron beam lithography. The maximum widely
utilized type of lithography is photolithography [128]. Photolithography is used to deco-
ratively create dissolving, hydrogel, solid, and hollow MNs. This method is also used to
manufacture silicon MNs and polymer MNs by making an inverse mold based on MNs
structure [14]. This technique transfers copies of a master design on the substrate surface
of some material, e.g., a silicon wafer. For this purpose, a thin layer of oxide is developed
onto the surface of the silicon wafer by heating it at 9000-11,500 °C in the occurrence of
steam or humidified oxygen steam. This is followed by the deposition of a thin layer
of a photoresist organic polymer, sensitive to ultraviolet radiation on the silicon wafer’s
oxide surface (Figure 4a). A spin coating process carries out this deposition (spun, 1500
and 8000 rpm) to produce a photoresist of a well-defined thickness (Figure 4a) [129]. The
solvent in the resist layer is taken out through heating at 750 and 100.80 °C for 10 min after
the spin coating step. Along with solvent evaporation, this process indorses devotion of
the photoresist layer to the silicon wafer. When the solvent is taken out, a glass plate (trans-
parent) coated chromium pattern (opaque) and a photomask are positioned to contact the
photoresist-coated surface [130]. The silicon wafer is exposed to UV radiation (150 and 500
nm), shifting the photomask’s design to the photoresist-coated wafers (Figure 4c). The radi-
ation treatment stimulates a chemical reaction in exposed sections of the photoresist, which
are of two types; negative and positive (Figure 5). The solubility of the exposed photoresist
is altered after this reaction. Afterward, in the course of the development processes, this
resistant region could be dissolved by a rinsing solution that removes either the exposed
areas or the unexposed areas of the photoresist, either by wet (solvent) or dry (plasma or
plasma or dry vapor phase) techniques [131]. Thus, it leaves a design of photoresist-coated
and straightforward oxides on the wafer surface (Figure 4d). Subsequently, unwanted
photoresist left after the advancement process is detached by the de-scumming-induced
oxygen-plasma treatment called de-scumming [110]. The final oxide design (positive or
negative) is then a photomask pattern used as a mask in subsequent processing steps
(Figure 4f) [132]. In the MEMS method, the oxide is utilized as successive masking to form
either a new layer on which further layers are to be built, or further etching to form deep
3D holes, subsequent in a complete 3D structure or device [120].
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Figure 4. Sequential processes in transferring a pattern/design onto the substrate surface [114].
(Adapted with permission from Ref. [114]. Copyright 2013 Elsevier).
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Figure 5. Positive and negative photoresist [133]. (Adapted from from Ref. [133]).

4.4. Etching

Etching is an important process to fabricate the final and optimized functional type of
MEMS structure onto the substrate after lithography. This technique creates a design on a
substrate surface by incising the thin films (unprotected parts) previously deposited /placed
on a substrate and/or removing layers of the substrate itself by using strong acid or a
physical process. It is mainly carried out after the photolithography process, through
which a uniform layer of photoresist is deposited over the substrate and patterned for
fabricating the etching pattern [4]. Any photoresist layer or a film resistant to the etching
process can be used as the masking material, e.g., silicon dioxide, silicon nitride, and metal
films. Etching is also used to determine the tapered shape of MNs tip, the size of MNs
base and gap among the MNs before the etching process and the length and shape of the
MN after the etching process [134]. Multiple applications use etching, including silicon
micromachining [135], fabrication through nanoscale etching [136], IC fabrication [137],
biosensors [138], accelerometers [139], phosphoric acid etching of the human enamel for
enhancing resin adhesion for dental applications [140], PDMS [141] and the development
of microfluidic devices via the etching of Parylene [142,143]. The critical parameters of
an etching process are structuring with high resolution, cutting direction of the etchant
and higher aspect ratios. In general, the etching processes are dry etching and wet etching,
subject to the physical state of the etchant [4].

4.4.1. Wet Etching

Wet etching is a patterning method. The material (typically a silicon wafer) or metal
is removed/etched by submerging in a liquid bath containing a chemical solution or
etchant [144]. In this process, the film designed/patterned by etching is covered by another
layer of pattern that is resistant to an etchant (Figure 6A,B). The layer to be patterned is the
metal film, and the masking layer is often a designed /patterned photoresist film [145]. The
etchants used for wet etching are classified into isotropic and anisotropic (Figure 7).
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Figure 6. Wet etching (side view). (A) indicates a case where a substrate or a thick material is being
etched, and (B) shows a case where a thin film deposited on a substrate is patterned [134]. (Adapted
with permission from Ref. [134]. Copyright 2014 Elsevier).
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Figure 7. Etching profiles generated with [146] isotropic and anisotropic etching. (Adapted from
Ref. [146]).

The isotropic etchants engrave the material, such as oxide, aluminum, nitride, polysil-
icon gold and silicon, at the same rate in all directions. Hence, they take off material
horizontally under the etch mask at the same rate as they etch through it. For instance, a
thin oxide film on a silicon wafer is etched with isotropic etchants (hydrofluoric acid) that
etch the oxide quicker than the underlying silicon, as shown in Figure 8. In amalgamating
with water or methanol, isotropic etchants such as hydrofluoric acid, phosphoric acid, and
nitric acid could be used [147].

Photoresist Mask

Oxide Film —

Silicon
G
Wafers

Figure 8. (A) Oxide film onto the silicon wafer with established photoresist mask, (B) after prolonged
wet etching; the etch has developed under the mask (not to scale) [120]. (Reprinted from Ref. [120]).

Rounded side wall microchannels are produced by isotropic wet chemical etching.
The application of titanium as a receding mask through the wet etching process leads to
adjusting the shape and angle of the sidewall of the microchannels (Figure 9). The etch rate
and etch duration control the channel’s depth, while mask opening to twice the channel
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depth estimates the width of the channel. A thick layer of negative photoresists (i.e., SU-8)
may be a simple, low cost and suitable masking material in case of some shallow etches.
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Figure 9. Schematic illustration of etching of glass by (a) Si passive etch mask, and (b) Schematic
representation of etching of glass with a bilayer mask made of a fixed mask and a receding mask [148].
(Adapted with permission from Ref. [148]. Copyright 2013 Elsevier).

During the wet etching isotropic process, if the etching time is prolonged or when the
etchant is the strong base solution, the photoresist could not offer enough protection and
easily get damaged. For example, the photoresist layers are effortlessly etched in a wet
etching of silicon where potassium hydroxide (KOH) or tetramethylammonium hydroxide
(TMAH) is utilized. Hence, they have not functioned as the masking layer. In such a case,
a multistep etching process is employed where the silicon dioxide is designed through a
photoresist as the masking layer and HF as the etchant. As a result, silicon dioxide is the
vastly resistant mask to KOH or TMAH, and the silicon layer is then etched [149].

HF is employed as the main etchant for all types of silicate glass. The chemical reaction
for etching is shown below:

SlOz + 6HF — H251F6 + 2H20

It is usually used to etch the oxides, and in strong concentrations, it speedily strips
oxides [150]. Buffering with ammonium fluoride is known as buffered HF (BHF), or
buffered oxide etch (BOE), which is used to pattern oxides. As a result of the buffering of
HE, its etch rate is more precise and controlled, and it could not peel photoresist as it is
more concentrated than HF [151]. In mixtures with other compounds, phosphoric acid is
utilized to etch either nitride or aluminum substrate, where oxide is used as the mask [152].
Gold is typically etched with an iodine-based solution [153]. Noble metals are etched by
aqua regia, a mixture of hydrochloric and nitric acids (3:1) [154].

Anisotropic etchants attack the material at diverse rates in different directions, so they
are faster in a favored direction at producing more controlled shapes [121,155]. The most
common anisotropic etchants are potassium hydroxide (KOH), tetramethylammonium
hydroxide (TMAH), ethylenediamine (EDP) and hydrazine [156]. The crystal orientation
of the substrate or wafer decides the structures formed in the substrate.

Depending upon the exposure of the crystal faces of a few crystalline materials, they
remain etched at diverse rates. Silicon is a single-crystal material having different crystal
planes that allows very high anisotropic etching at different rates. KOH or TMAH is
regularly used as an anisotropic etchant. Using KOH, the anisotropic etching of silicon
wafers results in the most common crystal orientation (100). The etch rate of a 30% KOH
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solution in <100> directions is 0.8 pm/min, which is >150 times higher than the <111>
directions [157], while the (100)/(111) etch ratio of TMAH is approximately [158] 10-50.
Oxide and nitride both etch gradually in KOH. Silicon dioxide could be employed as an
etch mask for short periods to form narrow grooves and pits; however, KOH etches silicon
dioxide a few nm/min, which is considerable for some applications. For longer periods
and deeper etching (>100 pm), silicon nitrides are an enhanced etch mask as it etches more
gradually in the KOH. TMAH has good etching discernment between silicon dioxide and
silicon [159]. On the requirement of a deep etching with a thickness of a silicon wafer
(500 um), a thermally developed oxide layer could be used as a mask.

The amount of boron in silicon affects its rate of etching. An increased amount of
boron in silicon reduces the etching rate in KOH by a greater extent and further stops the
etching of the boron-rich silicon, called as concentration-dependent etching method [160].
The diffusion method is used to introduce the boron impurities in silicon. A silicon oxide
mask is introduced on the surface of the silicon wafer. It is designed such that the surface
of the silicon wafer is exposed for the introduction of boron (Figure 10A). The silicon wafer
is now positioned in a furnace in connection with a boron-diffusion source; nevertheless, it
is required to retain the time in the furnace as small as possible. The boron atoms transfer
to the silicon wafer for 15 to 20 h. After the boron diffusion is finished, the oxide mask
is stripped off (Figure 10B). A second mask is deposited and designed over the silicon
wafer before immersing it in a KOH etch bath (Figure 10C). The KOH etches around the
boron-doped silicon and the silicon, which is not sheltered by the mask (Figure 10D).
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Figure 10. Concentration-dependent etching methodology: (A) mask for the boron diffusion,
(B) oxide mask stripped succeeding diffusion, (C) mask for the KOH etching, (D) boron-doped
structure expelled by the KOH etching [120]. (Reprinted from Ref. [120]).

A typical anisotropic etching process with a (100) silicon wafer is shown in Figure 11 A.
Anisotropic etching on a silicon wafer continues in the <100> direction and is directed by
the (111) surface on all four sides. The (100) surface will shrink as the four (111) surfaces
meet at the apex of the inverse pyramid structure during the etching process. Etching in
<111> direction is remarkably slower and is detected as an undercut. The shape of the
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etched cavity could be roughly assessed by considering the angle between a (100) surface
and a (111) surface, which is 54.7° (Figure 11B). The etching of a (110) wafer is further
complex than that of a (100) wafer (Figure 11C). Several studies have been carried out to
examine overall cases of anisotropic silicon etching [161-163]. Good predictions for shapes
of etched wafers can be found using numerical analysis [164-166].
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Figure 11. The anisotropic silicon wet etching (side view). (A) Etching in the <100> direction is much
faster than in the <111>direction. (B) An angle of 54.7° is observed between (100) and (111) surfaces.
(C) Vertical walls are created with (110) wafers [134]. (Reprinted with permission from Ref. [134].
Copyright 2014 Elsevier).

Wet etching is used to produce silicon MN, metallic MN and hollow MN arrays of a
sharp tip [155]. However, the crystal planes in silicon limit anisotropic wet etching [167].
The etching rate in wet etching is considerably faster than in dry etching.

4.4.2. Dry Etching

Dry etching, or plasma etching, is the etching process in which an accelerating motion
of an ion species to the substrate combined with a masking process is used to physically
or chemically etch the target materials. This form of etching is carried out at little pres-
sure using inert or reactive gases. The most commonly used dry etchants are hydrogen
fluoride [168], fluorocarbons [169], xenon difluoride [170], oxygen [171] and boron trichlo-
ride [172]. Dry etching is considered a huge scale integration (VLSI) process as it could be
more exactly controlled by regulating parameters like gas pressure, temperature and elec-
tric field distribution. Dry etching is a method classified into two types: reactive ion etching
(RIE), which involves chemical processes and ion-beam milling, which involves purely
physical processes [25]. Depending on the pressure in the plasma chamber and the electric
field that provides direction to the ionic species in the plasma, this process can be either
isotropic or anisotropic [173]. Dry etching methods were used for patterning metals such
as Aluminum [174], Copper [175] and Titanium [176], organic materials [177], Polymers
such as PDMS [178], Parylene [179], PMMA [180], Polycarbonate [181], Polyimide, [182]
and SU-8 [183], silicon and silicon dioxide [184], silicon nitride [185] and, Glass [186].

4.4.3. Reactive Ion Etching (RIE)

In RIE, a plasma generates high-energy ions in a chamber that reacts chemically with
the substrate to be etched. RIE is a form of isotropic etching, primarily embodied as barrel
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etching; conversely, it is often utilized as an anisotropic etch. In this form, the reactive
ions are accelerated toward the substrate to be etched [132]. The electric field accelerates
ions, and etching is enhanced in the direction of the travel of the high-energy ions. The
degree of etching in an RIE system depends strongly on reactive gases, gas flow, pressures,
temperatures, RF power and DC bias [187]. The above parameters have been thoroughly
studied to fabricate such deeper structures. Using the RIE system, various materials such
as silicon, oxide, and nitride can be etched to form pits (up to several microns) of arbitrary
shape, deep trenches, and holes with vertical walls [188]. Despite the anisotropic wet
etching, RIE is made inadequate by the crystal planes in the silicon. The table shows
different etchant gases used for the plasma etching of various films. Various chemicals
are used in plasma etching which ultimately results in etchant gas like Chlorine, Oxygen,
Fluorine etc. [189].

The etching rate in RIE is low; hence, to achieve a high width-to-height ratio, a deep
RIE (DRIE) process was introduced. A deep RIE (DRIE), often called the Bosch process, was
introduced to generate high aspect ratios, height-to-width ratios, and structures in amal-
gamation with chemical vapor deposition (film forming process). Fabrication parameters
can be optimized using the BOSCH process to achieve a high aspect ratio; high etch rate,
straight sidewalls and small sidewall scalloping. The possibility of getting non-vertical,
tapered sidewalls is limited [190].

In order to generate high aspect ratio troughs or beams with vertical walls in a
substrate, two different phases that work repetitively at a reasonable frequency are em-
ployed [191]: (1) Etching: employing an isotropic plasma-enhanced etching method, the
substrate is etched; (2) Deposition: In the second phase, the entire substrate is deposited
with an inert protection layer (e.g., C4Hg) to preserve the etching of the side walls when
the plasma etching phase is repeated for the next cycle of fabrication. The Bosch process
typically creates undulating sidewalls due to the above two steps. The Bosch method is
appropriate for the manufacture of off-plane MNs. This method is also used to yield hollow
MNs with a lumen of several hundred um widths to height ratio of 30:1 [192]. Although
wet etching can decrease fabrication costs more than dry etching, distinct and sharp MN
tips are fabricated by uniting isotropic dry and anisotropic wet etching [49].

Research by Henry et al., in 1998, fabricated solid silicon out-of-plane MNs arrays
employing the DRIE process. The chromium dots formed the masks on the silicon wafers.
The patterned silicon wafers were etched using a reactive ion etcher using SFs and O, gas
as an etchant at a pressure of 150 mTorr and power of 150 W for a run time of about 250
min. These parameters resulted in deep vertical and lateral etching forming MNs from
the regions protected by the chromium masks [193]. Howells et al., 2022 fabricated solid
silicon MN and hollow silicon in-plane MN arrays with a 54.7° sidewall etch angle from a
simple single wet etch process. MNs were fabricated using double-side polished, boron-
doped, 300 um thick (100) orientation silicon wafers with a thermal silicon dioxide layer
on both front and back sides. Photolithography processes were used to pattern devices
onto silicon dioxide. Using ICP, the device pattern was etched into the silicon dioxide
hard mask. The wafer was flipped, and again, the device was patterned and etched. The
whole wafer was submerged in 44% KOH solution for etching for 5 h and then removed.
V-shaped grooves were achieved as the KOH concurrently etched together the front and
back sides of the wafer, which further intersected to form a sharp pyramidal six-sided MN
tip. Via bonding of two grooved MNs together, a hollow MN was designed using ICP. The
MN:s arrays established efficiently pierce in the skin, lacking significant indentation, thus
enabling actual delivery of drugs using solid MNs or direct injection using hollow MNs.
Effective insulin and hyaluronic acid delivery into the skin was achieved using these MN
arrays [194]. Figure 12 shows the Planar plasma etch configuration method.
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Figure 12. Planar plasma etches configuration method. The wafers are held on a grounded chuck
close to the RF electrodes. Reactive gas introduced in the chamber is ionized, and the ions help in
material removal [189]. (Reprinted from Ref. [189]).

4.5. Ion-Beam Milling (IBM)

The Ion-Beam Milling method, in which inert ions are accelerated from a source to
physically eliminate the material etched from the wafer. They are of two types; showered-
ion-beam milling (SIBM), and concentrated ion-beam milling (FIBM) [195]. In SIBM,
energetic ions are poured over the whole substrate. In FIBM, ions are concentrated on
a spot directed to a particular workpiece part [196]. Although SIBM is slower and more
controlled, it can be used as RIE. In ion-beam milling, inert gas ions, usually Ar, are used
as they exhibit higher sputtering yields due to heavy ions and avoid chemical reactions,
e.g., Ar, Oy, Ny, Xe [197]. The process is not selective or specific, but it is highly directional.
Figure 13 shows a Representation of the ion beam etching process methods.
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Figure 13. Representation of the ion beam etching process methods. Ar gas introduced in the vacuum
chamber was ionized by bombarding with electrons. These ions are then directed onto the wafer,
where they eliminate material by physical bombardment [189]. (Reprinted from Ref. [189]).
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5. Characterization of MNs

The characteristic feature of MN advancement is its diversified application. The basic
characteristic includes dimensions, i.e., size, shape and geometry. The material (metal,
ceramig, silicone) used in designing MNs also has a significant role in the characterization
of MNs [198].

These characteristics include: (1) Deep penetration of intact MN into the skin tissue.
(2) Optimized dimensions, as the short needle would not be completely pierced into the
skin tissue, and with a long needle size, there might be a risk of breaking (due to lack of
strength and rigidness) before insertion into the skin [199,200].

5.1. Morphology and Geometry

Morphological characteristics like shape, length, base diameter, and a tip diameter of
MN are observed.

Scanning Electron Microscopy (SEM)

The study of geometry and dimensions was conducted on two types of MN, i.e.,
maltose MN and DermaRollerTM (metallic), on a Scanning electron microscope (Hitachi
S-4100) for MN imaging. These MNs samples were directly imaged without coating with
DermaRollerTM, and detachment of the head embedded with MN from a needle holder
was executed, and samples were placed in SEM with 15 eV accelerated voltage. The
measurement of the dimensions was recorded by software—Vantage 1.3 (Noran Systems,
Middleton, WI, USA). The observed results were as follows; maltose MN consisted of
pyramidal shape, 497.41 &+ 31.10 um length, 197.60 & 17.53 pm base diameter and ~8 pm
tip diameter, whereas DermaRollerTM MN had conical shape, 699.38 £ 70.72 um length,
127.88 £ 15.96 um base diameter, ~15 pm tip diameter [201].

Amer Rl et al. characterized polymeric MNs of Sodium alginate by conducting an
SEM analysis. The geometry of the MN was confirmed from the master mold where the
visualization of MN length is 600-650 um, the base width of 300-350 um with 100-125
pum interspacing. Deformation was observed slightly, i.e., needles were more wide and
flat; this was associated with sampling preparation with a low level of electron beam and
magnification, which resulted in the interaction of both the sample and electron beam,
causing sample degradation by melting.

Uniform sharp tips inter-spacing dimensions of MN were observed and confirmed by
a photograph of a light microscope (MN cross-section sample) [202].

5.2. Mechanical Integrity
Thermogravimetric Analysis

A TGA was performed for sorbitol, polyvinyl alcohol, and MN patch to ensure the
thermal stability of components of MNs where a 3% loss in mass, caused by the evaporation
of adsorbed water, was observed for a powdered sample of polyvinyl alcohol (PVA) with
temperatures ranging from 25 °C to 200 °C. More than 60% mass loss in PVA was recorded
at 300-370 °C, indicating thermal degradation of PVA, and an additional 30% loss in mass
at 370-470 °C occurred due to the decomposition mechanism. Sorbitol under thermal
exposure reported mass loss <1% at 230 °C and represents thermal stability. A further
50% reduction in mass was observed with a temperature rise of 230-350 °C, representing
thermal degradation. The MN patch showed the approximate 85% mass loss is similar to
PVA as it consists of PVA in large amounts. About 6% mass reduction at 65-240 °C occurred
due to water removal and melting. At 300-370 °C, organic combustion caused mas sample
reduction of ~48%. At 380-480 °C the sample showed second phase degradation. This
study concluded the efficient thermal stability of sorbitol, polyvinyl alcohol, and MN
patch [203].
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5.3. Swelling Property

The swelling property signifies the mechanical integrity of the MN. The swelling study
is carried out as follows; where a blank and dry patch was taken from a known mass (Wd),
and was immersed in a petri dish containing phosphate buffer saline solution with pH 6.8.
The immersion continued until the swelling caused disruption to the structure and thus the
structural integrity collapsed due to water uptake (approx. 30 min). The patch was taken
out of the petri dish, and using filter paper, surface water removal was conducted [204].
The swollen patch was weighed (Ws), and the determination of the percentage of swelling
was calculated using the following formula:

(Ws — Wy) »

W% = W,

(100)

The super swelling MN arrays fabricated using an aqueous mixture containing 20%
w/w Gantrez S-97, 7.5% w/w PEG 10,000 and 3% w/w NayCO3 were subjected to swelling
studies PBS pH 7.4 buffer. First, the weight of the MN was measured in a dry state at a
zero time point and then immersed in PBS pH 7.4. The MN films were removed at specific
time intervals, surface fluid was wiped, and the MN film’s swollen mass was measured.
The results showed the highest swelling and fast achievement of the equilibrium state by
the super swelling MN compared to the control formulation (15% Gantrez AN-139, 7.5%
PEG). At equilibrium, the super swelling percentage of the super swelling MN compared
to the control MN was 1708% and 1071%, respectively. Thus, the above study proves the
mechanical integrity of the hydrogel MN array when administered transdermally [45].
Swelling of the polymer network hydrogel is presented in Figure 14.
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Figure 14. Swelling curve for crosslinked hydrogel films prepared from aqueous blends containing
20% w/w PMVE/MA, 7.5% w/w PEG and 3% Na;CO3 based on the increasing mass of the swelling
array expressed as a percentage of the mass of a dry array (Means + SD, n = 3). Adapted from ref [45].

5.4. Drug Release and Drug Distribution

MN design aims to ensure drug delivery into the epidermis and dermis of the skin
by piercing the stratum corneum. The skin staining technique uses methylene blue stain
to confirm these MN holes by piercing the MN. Preparation of methylene blue solution
of 10 mg/mL by adding methylene blue powder(M9140, Sigma-Aldrich, St. Louis, MI,
USA) and distilled water. For biological stains, methylene blue dye is used. It acts as it
binds with the protein in the tissue; due to its hydrophilic nature, it is not absorbed by the
stratum corneum hydrophobic nature [205,206].

When coated, PLA MN and dissolvable MN were removed from a skin sample,
the deposition of methylene blue on the skin sample was conducted for 10 min on the
skin surface, and leftover methylene blue solution was wiped out with ethanol (24,194,
Sigma-Aldrich), leaving dye stains in the punctured region of the stratum corneum and
highlighting them [67].
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MN drug delivery aided the rapid dissolution of the drug into the body. Drug
distribution enhances the efficiency of drug release. The interaction of polymer and drug
molecules was carried out by multiscale simulation influencing MN drug distribution.
The study was carried out with sulforhodamine B (SRB) as a model drug, along with
Hyaluronic acid (HA) and polyvinyl alcohol (PVA) for fabricating MNs. Dissolvable
MNs were produced to study controlled drug distribution in those MN patches. These
observations were studied using an optical microscope under an objective lens by viewing
the side and top angle of the MN array. The analysis of SRB in both MN patches was
studied and observations made were as follows; limited drug distribution in PVA, as drug
molecules, are seen concentrated at the tip, and mild concentration was seen in the middle
portion, with no drug molecules at the base of the needle. Conversely, Hyaluronic acid
showed poor drug diffusion control ability. Here, SRB distributes largely into the needle
body and bottom plate; it has a poor concentration at the needle tip; owing to the high
water solubility of HA with a high compatibility drug molecule, Hyaluronic acid faced a
significant challenge in achieving controlled control drug distribution [207].

6. Mechanical Properties of MNs

Mechanical strength is an important aspect for MNs to perform their function. Me-
chanical property is often determined by compression strength [208]. The compression
strength of MN’s assesses the mechanical property of MNs. The measurement of the robust
nature of MNs is their integrity for skin penetration. Here, metal-coated MN is assessed
by Yang SJ., et al. for compression strength. The MNs skin penetration was performed
using porcine skin. The texture analyzer was used with a trigger force of 100 N and 12 mm
working distance (from the probe to the skin) for the MNs skin patch (MNP) testing. The
probe holding this patch descended at 100 mm/min speed until it reached 10 mm from
the target, slowing down towards 10 mm/min speed with 2 mm from the surface. As it
approached the skin surface, the needle points penetrated 700 um. When full penetration
of the MNis patch with porcine skin took place, the detachment of the MNs patch from
porcine skin and the images were reviewed.

The calculation of compressive strength was made when the MNs patch was pene-
trated to a length of 50% into porcine skin. There was a slight MNs patch stress change
by a 43% compression rate. An optical microscope represented MNs patch deformation.
Flat PVP- hydrogel has a compression strength of 268 kPa, while PVP-MNP has 284 kPa
of compression strength; PVP-MNP’s higher compression strength is due to the larger
force applied per unit of arrangement. The compressive strength of Ag coated PVP MNs
278 kPa, and Au coated PVP MNs 276 kPa are slightly less than PVP-MNP due to polymeric
chain degradation with polymeric chain heat created during the process of degradation.
These Ag and Au coated PVP MNs have higher strength than flat PVP hydrogel. The
MNPs have perfectly penetrated the porcine skin, seldom broke or deformed. Furthermore,
complete skin penetration occurred at the surface without breaking at contact. The slight
reduction in length < 1% when penetrated to 700 pm was observed before (~701-703 um)
and after (~692-695 pm) MNs length skin penetration. The shape was retained well (slight
deformation). Results represented effectiveness in drug delivery as PVP-based MNPs are
prepared by radiation and have MNs of sufficient strength and flexibility required for
insertion through the stratum corneum and to reach the dermis [200].

7. In Vitro and In Vivo Evaluations of MNs
7.1. In Vitro Studies

In vitro studies for an assessment of the MNs include penetration and permeability
studies. The skin distribution technique evaluates the uniformity and depth of penetration
by MNs. The patch is placed on the hairless skin of a Rat or Pig and immediately removed.
The skin site is dyed with a cotton swab soaked with India ink. This skin is then stored at
—20 °C on dry ice for three days up to processing. The skin is cut in a section of uniform
size (6 mm, with a cryotome instrument). The number of stained pathways in each section
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is counted. The percentage of MNs to have penetrated the skin can be plotted as a function
of depth, and the depth at which 50% of the MNs penetrated can be extrapolated [209].
Permeability studies of MNs can help to predict how MNs can help improve drug delivery.
In vitro methods for a permeation study are usually carried out by diffusion cell apparatus
and rat skin. Kocchar et al. [210] conducted an in vitro permeation study of Bovine Serum
Albumin (BSA) MNs on abdominal rat skin with the help of a water-jacketed horizontal
diffusion cell. Overnight hydrated skin in 0.005% phosphate-buffered saline was placed
as stretched on 10 layers of Kim wipes to absorb and provide mechanical support like
tissue [211]. MNs, having different concentrations, were applied to a taken rat skin as a
sample, and MNs without any BSA was used as a blank. BSA solution in propylene glycol
(PG) was used as a standard to compare the release of BSA by passive diffusion and MNs.
The MNs were fixed on the skin with the help of scotch tape. This skin was placed in the
middle of the two compartments. About 4.5 mL of receptor solution was placed in the
receptor compartment and stirred continuously at 250 rpm. Then, 1 mL of receptor solution
was withdrawn at each sampling point. The removed release samples were centrifuged at
10,000 rpm for 5 min. UV A215-A225 method164 calculated the permeation of BSA through
the skin. Another study checked Doxorubicin MNs” permeation on the mouse skin spread
on a glass slide. The MNs were removed, and a confocal scanning microscope observed
the skin to check the penetration of drugs into the skin [212]. In the case of dip-coated
MN:s, the content of coated material (Lidocaine) was determined by HPLC. The coating of
MNs was desorbed into a diluent, and the resulting solution was injected into HPLC, and
freebase Lidocaine was used as the standard for the quantification [213]. The study carried
out by Kumar et al. [214] used MNss for piercing the skin and permeation of nanoparticles
through the skin. The dorsal skin on BALB/c mice was made free of fatty layers. MNs
roller was then perpendicularly rolled in four lines for five times, twenty times each. The
applying pressure was constantly monitored and kept between 350-400 g. This treated
skin was clamped between the donor and receiver compartment of the Franz-diffusion cell.
The donor compartment was filled with the pCMV--coated nanoparticles in water. The
receiver compartment was filled with 5 mL of PBS (pH 7.4). The temperature of the setup
was maintained at 37 °C with a continuous circulation of water. At several time intervals,
150 pL of solution from the receiver compartment was removed and replaced by the same
volume of PBS. The diffused plasmid into the receiver compartment was evaluated using
a microplate reader and compared. Permeation through intact skin was also carried out
simultaneously.

7.2. In Vivo Studies

The visualization of MNs patches and drug uptake is carried out by an in vivo imag-
ing system (IVIS). It observes the subject animal at a predetermined time interval [215].
Insulin delivery in the induced diabetic Sprague Dawley rats with the help of MNs was con-
ducted [216]. A pneumatically driven insertion device was used for inserting the MNs into
the lower back skin of the rat. The MNs were removed with the help of forceps. Around the
pierced skin of the rat, a chamber was fixed, which was later filled with Humulin-R insulin
(100 u/mL). It was kept for 4 h, and blood glucose measurements were made every 30 min
using a human insulin-specific radioimmunoassay. The same protocol was carried out for
negative control without MNs insertion in the skin. The positive control, subcutaneous
administration of Humulin-R insulin 50 pL diluted with PBS was conducted. The visual-
ization of MNs patch and drug uptake was carried by an in vivo imaging system (IVIS).
It observed the subject animal at a predetermined time interval [212]. Figure 14 showed
MN:s for the delivery of insulin. Here, they found that the insulin that was applied to rats’
skin without a microneedle roller was not found to be significantly different (p > 0.05) than
the time controlled group, approving in-efficiency of passive insulin absorption through
the transdermal route. The subcutaneous administration of insulin rapidly decreased the
blood glucose level at 1 h, to around 18%. For the 500 micron group, the glucose level was
18% at 3 h, significantly different from the negative control rats (p < 0.05). In comparison to
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the positive control after 3 h, the changes in blood glucose levels persuaded through the
microneedle roller are higher (p < 0.05), but there was no significant difference 3 h (initial
3 h). This specifies that microneedle rollers might increase the skin permeability in long-
term delivery, which is suitable for the delivery of repeated amounts of pharmacologically
active insulin.

8. Applications of MNs

The MNs were first introduced for drug delivery applications, and the major objective
was the enhanced permeation in the skin using solid and hollow MNs compared to con-
ventional hypodermic needles. The MNs were filled with drug solutions or formulations,
or they were coated for improved intradermal drug delivery. Nowadays, MNs are the
leading novel technology for several fields of drug delivery, such as intradermal, ocular and
intracellular drug delivery. However, the transdermal route is still the leading application
area for MNs, especially vaccine-based delivery.

8.1. Intradermal Drug Delivery through MNs Formulations

Drug delivery to the skin is challenging as it may be a local application or systemic
delivery as a result of the stratum corneum’s highly tough and barrier properties. However,
the human stratum corneum thickness is (10-15 um), and it still prohibits the drugs at
therapeutic levels [217]. The Food and Drug Administration approves more than 20 drugs
for transdermal patches applications with a molecular weight of less than 400 Da and a
higher logP [218]. Due to the challenging barrier of the skin, and despite its few micron
sizes, novel MNs formulations were developed to pass the stratum corneum and load the
drug into the dermal skin without generating any pain or bleeding in the human host [219].
MNs increased the number of drugs administered through the dermis, considering low
molecular weight, biomolecules, vaccines or proteins and other materials [220].

8.2. Small Molecules (Low Molecular Weight Drugs)

The small molecule or low molecular weight drugs have higher skin diffusion coeffi-
cients than the larger molecule or biomolecule, which could easily penetrate the skin. This
is so that the small molecule is quickly delivered into the skin using MNs.

Rojekar et al. have formulated dissolving MNs containing the etravirine and etravirine
nanosuspension for long-acting drug delivery and improved HIV infection therapy. They have
demonstrated the robust nature of MNs, with significant drug deposition of 12.84 + 1.33%
ex vivo, in neonatal porcine skin for 6 h. The in vivo pharmacokinetic studies demonstrated
improved parameters; Cmax exhibited by DMNs containing ETR powder and ETR NS was
158 &+ 10 ng/mL and 177 £ 30 ng/mL, respectively. It was also revealed that the improved
t1/2, Tmax, and mean residence time (MRT) compared to intravenous ETR solutions indicated
the long-acting nature of etravirine delivery using DMNs [220].

Lin Zhu et al. have developed estriol-loaded EMNs to effectively treat radiation-
induced injury. For the development of EMNSs, biocompatible polymer polyvinyl pyrroli-
done K90 was used. The drug is dissolved in methanol and mixed with polymer gel to cast
into a mold to obtain the conical-shaped EMNs. The developed EMNs are robust and easily
penetrate 200 um into mouse skin. Most interestingly, these EMNs dissolve very quickly
in 5 min, which could help immediately permeate the drug into the skin. The mouse
model of the ionizing radiation-induced injury was developed by the source of 6.5 Gy
radiation of 60 Co y ray. Furthermore, EMNs enhanced the peripheral blood leukocytes
count in irradiated mice, which protected the bone marrow hematopoietic system and 80%
increased the survival rate of the irradiated mice [221].

Alyaa et al. have investigated and developed dissolving MNs using biocompatible
and biodegradable polymers, poly(vinylpyrrolidone) (PVP) and hyaluronic acid (HA)
to intradermally deliver the Amphotericin-B (AMP-B) to treat the fungal infection. It
was found that both polymers used in development reduced the AMP-B cytotoxicity,
compared to the drug-free solution. Moreover, it was found that AMP-B-loaded dissolving
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MN’s showed significant antifungal activity compared to plain drugs. Furthermore, MNs
maintain the activity of drugs [222].

Ismaiel A. Tekko et al., have for the first time, developed the MNs array patches
(MAP) with the higher Cabotegravir or micronized sodium salt loading of (=3 mg/0.5
cm?). The MAP was robust with the skin penetration potential. The tips were dissolved
in 30 min, giving immediate deposition of the drug in the skin. Moreover, the in vivo
dermatokinetic study in Sprague Dawley rats of both forms of drug-loaded MAP deposited
into the skin, forming the depot. Both drug forms are released slowly, maintaining the
therapeutic concentrations in the blood for one month for a single application [223].

Alejandro J. Paredes et al. have developed tenofovir alafenamide (TAF) loaded dis-
solving and implantable MAPs to systematically deliver or release the drug. The developed
MN’s are mechanically strong enough and could pierce the excised neonatal full-thickness
porcine skin and deposit the drug as a depot form. The release study performed using
dialysis methods demonstrated the relatively fast drug release in both the formulations.
The in vivo studies in rats showed rapid metabolization of the TAF into tenofovir, along
with quick elimination of the metabolite from the blood plasma [224].

Maeliosa Crudden et al. have developed Rilpivirine nanosuspension-loaded, dissolv-
ing MN array patches (MAPs) for the long-acting delivery in HIV for improved therapy
and patient compliance. MAPs were mechanically strong enough to pierce the skin and
load the drug as depot formulation for a prolonged effect. In vivo pharmacokinetic studies
demonstrated that the mean plasma concentration in rats is 431 ng/mL at seven days,
which is about ten-fold larger than the trough concentration found after a single dose
administered in the previous clinical studies [225].

Mingshan Li et al. developed a novel strategy for co-formulating the dexamethasone
and pro-drug dexamethasone sodium phosphate in the DMNs. That could have led to
the immediate effect to achieve long-term drug delivery. The 3D printing technique was
used the first time to fabricate the baseplate of the MN. The 3D printed base plate is robust,
providing excellent support to the drug encapsulated or loaded tips. These novel trilayer-
based MNs have shown the effective drug delivery of dexamethasone, which could be the
novel promising drug option for oral and injectable drug delivery [226].

8.3. Large Molecules (Biotherapeutics)

Protein and peptides are very unstable and degraded after oral administration. Trans-
dermal drug delivery could avoid this issue; however, delivering all kinds of molecules is
difficult due to challenging skin barriers [227]. Using MNs, protein and peptide delivery
could be an excellent alternative to the traditional transdermal patches. MNs have excellent
mechanical properties as they penetrate the dermis and resolve the problem of penetration
and permeation associated with conventional drug delivery. It also has good thermostable
properties, which could help in protein and peptide drug delivery [228].

Desmopressin is a synthetic form of vasopressin, the potent peptide hormone used to
replace the low vasopressin levels in the therapy. This is used to treat diabetes insipidus,
which causes bedwetting in children and hemophilia A. The MNs formulation is a novel ap-
proach to deliver the desmopressin, which showed an effective and safe delivery compared
to the other conventional routes [14].

Liu et al. have formulated GAP-26, a gap-junction blocker containing polyethylene
glycol diacrylate MNs to deliver peptides by swelling effect. The developed MNs formula-
tion has improved the permeation of peptides, which leads to improved inhibition of the
keloid fibroblasts and the collagen I expression [14,229]. Cyclosporin A is a high molecular
weight, a hydrophobic molecule with a cyclic peptide used to treat several skin and dermal
diseases. Cyclosporine A loaded dissolving MNs was developed with 600 um in length,
and 250 um wide was prepared by a molding process. This fabricated MNs formulation
delivered 10% w/w of Cyclosporin A in the porcine skin for 60 min. Approximately 65% of
MNs were dissolved with a 34 &+ 6.5 ug drug delivery [14,230].
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Insulin is the hormone for modulating blood glucose levels with a 51-amino-acid
peptide. However, the exceptionally high pain triggered by frequent subcutaneous injec-
tions could adversely affect the patient’s compliance [228,231]. Despite this, transdermal
delivery of insulin is an eye-catching delivery method. With SC injections, MN-loaded
insulin delivery would benefit diabetic patients through self-administration and low pain.
The solid MNss fabricated by diverse materials, such as polymer, silicon and metal, have
effectively decreased the blood glucose level by improving the insulin permeability by skin
pre-treatment [232].

Zhou et al. demonstrated the applicability of the stainless steel MNs with different
needle lengths, which were used to evaluate the delivery efficacy of insulin in diabetic
rats. The results demonstrated that the skin permeability increased significantly with a
rapidly decreasing glucose level within 1 h of application. It is also seen that solid MNs
associated with the iontophoresis could effectively improve the intradermal delivery of the
insulin [233]. McAllister et al. demonstrated that hollow MNs can deliver the microliter
solution to the skin; however, larger pressure could trigger a faster decrease in blood
glucose levels. The hollow MNs-based intradermal insulin delivery resulted in faster
insulin onset, driven by the passive diffusion, electricity or pressure [232]. Li et al. have
optimized and developed MNss to study the effect of insulin delivery on blood levels in mice.
It was found that blood glucose level was decreased to 29% of the initial level at 5 h, which
could confirm the improved insulin permeability using MN-based drug delivery [14,109].

Ye and co-workers have studied MNs association with pancreatic (3-cell capsules,
which could sense the glucose level in the blood and secrete insulin as per the requirements.
It was found that the patch was not effective enough. MNs matrix-loaded synthetic glucose
signal amplifiers were developed. These MNs include «- amylase, glucoamylase, and
glucose oxidase; this indicates insulin secretion from the 3-cells capsules [14,234]. The
clinical study of the parathyroid hormone (I-34) coated MNs demonstrated two times
shorter t; /; and three times shorter Tmax than the conventional injectable therapy [235].
These studies demonstrated the MN'’s potential capability in hormonal drug delivery,
suggesting MNs formulations’ effectivity and efficiency. These could also be altered for
sustained effect by using appropriate polymers. Furthermore, iontophoresis united with
MNs could also be discovered to deliver numerous hormones [14,236]. Figures 15 and 16
showed MNs for delivery of insulin.

Figure 15. MNss for insulin delivery [237] (Reprinted with permission from Ref. [237]. Copyright
2013 Elsevier).
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(b) Schematic of the GRV-containing MN-array patch (smart insulin patch) for in vivo insulin delivery
triggered by a hyperglycemic state to release more insulin [238]. (Adapted from Ref. [238]).

8.4. Other Biomolecules

The DNA and RNA are short oligonucleotides, basically smaller units than proteins.
Delivery of the oligonucleotide is difficult due to their properties, so numerous techniques
were employed to deliver these agents. The delivery of the 20-merphosphorothioated
oligodeoxynucleotide was conducted using the MNs formulations approach. The solid
MNss, made from stainless steel, were used to deliver these oligonucleotides via the poke
with the patch approach. It was found that more drugs were delivered using this approach
compared to intact skin [14,239].

8.5. Vaccine

A vaccine is a complex biological preparation or formulation. It successfully offers
active acquired immunity to a specific disease. Vaccines consist of the killed or weakened
form of disease triggering microorganisms, toxins or one of its surface proteins [109].
Vaccines could stimulate the body’s immune system and protect the host system against
future infections or diseases [240]. The MN-based intradermal vaccine drug delivery was
an excellent and effective option. The MNs have delivered the DNA-based vaccine and
have obtained immune responses that were much better than regular injections [241]. An
attempt to develop an MNs patch to administer the influenza vaccine was made [242].
A lower dose is required when the drug is administered using hollow MNs compared
to when using an intramuscular injection. Anthrax and rabies vaccine delivery using
hollow MNs have been studied [3]. Ogai et al. have developed hollow MNs by using
biodegradable PLGA to improve the delivery and efficiency of the vaccine by intradermal
route. It was demonstrated that the drug or vaccine delivery in the upper dermis could
provide improved immunity. Furthermore, it was found that the antibody titers were
significantly higher than conventional delivery [230,243]. Figure 17 showed Dissolving
MNss loaded with vaccines and hydrophobic adjuvants for improved cancer therapy.
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Figure 17. Dissolving MNs loaded with vaccines and hydrophobic adjuvants for improved cancer
therapy [244]. (Adapted with permission from Ref. [244]. Copyright 2018 American Chemical Society).

8.6. Diagnosis

The painless withdrawal of the biological fluids from the body is the major advantage
of MNs over conventional blood collection techniques. Various biomarkers present in
interstitial fluid beneath the skin can be useful for diagnosing various diseases like diabetes,
cancer, arthritis, etc., and helpful, timely medical intervention. Multiple research studies
demonstrated the usefulness of MNs for disease diagnosis [245]. Chang et al. revealed the
application of MNs in the extraction of interstitial fluid to analyze metabolites. The MNs
patch consisting of methacrylate hyaluronic acid efficiently extracted skin interstitial fluid.
The extracted fluid can be further used for diagnostic purposes [246]. Jin and coworkers
reported the usefulness of MNs in Tuberculosis (TB) skin tests (Mantoux test). The MNs
efficiently deliver the purified protein derivative (PPD) in TB skin tests. The precise and
controlled delivery in deep skin is advantageous for using MNs [247]. El-Laboudi et al.
stated the effective use of MNs array in monitoring glucose, which could be useful in
diagnosing diabetes and associated disorders [248]. Pires et al. described the use of MNs in
pediatrics. Vital vaccination like tetanus, diphtheria, and pertussis is carried out within a
year from the child’s birth. The use of MNs can help overcome the discomfort and phobia
associated with conventional needles and results in efficient child vaccination.

Along with vaccination, the MNs can be used to diagnose various skin diseases in pedi-
atrics like psoriasis and other inflammatory conditions [249]. One of the prime applications
of MNs is in diagnosing various carcinogenic conditions. Multiple anticancer vaccines and
drugs are delivered through MNs using nanocarriers. The delivery of these cancer diagnostic
agents through MNs shows improved biodistribution and efficient diagnosis [250].

8.7. Biosensing

MN:s provide significant efficiency in the biosensing of various biomarkers and metabo-
lites. Collection of biofluid is more convenient with MNs than with conventional hypo-
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dermic needles. Recent advancements in MNs are resulting in improved biosensing [251].
Strambini et al. demonstrated MN-based biosensors to detect glycemia in interstitial
fluid [252]. Electrochemical biosensors are emerging advancements in MNs technology
used for biosensing. Innovation geometrical configurations of MNs provide an advantage
in biosensing [253]. After their research, Zho et al. reported that the MNs fabricated
from silk, polyols, and glucose oxidase could be used for glucose biosensing by electro-
chemical biosensing technology [254]. Bollela and coworkers reported the development
of second-generation MN-based biosensors to detect lactate. The gold MNs were func-
tionalized with nano carbons, through which the electron transfer of lactate oxidase took
place, resulting in efficient sensing of lactate [255]. Polymer-based MNss are also frequently
used for biosensing. Multiple researchers across the globe have reported the usefulness of
polymeric needle-based MNs in biosensing of various endogenous substances [256]. Calio
et al. demonstrated the use of MNs fabricated from poly (ethylene glycol) diacrylate in
biosensing applications. The prepared polymeric MNs were used to fabricate the electrodes
used for biosensing of glucose and lactic acid [257]. Various carbon-based MNs are also
used in biosensing. Jin et al. demonstrated the usefulness of hybrid MNs consisting of
reduced graphene oxide and platinum nanoparticles for the biosensing of hydrogen per-
oxide. The in vivo study on pig skin and living mice proved the biosensing efficiency of
prepared hybrid MNs [258]. Figure 18 shows commercially available MNs devices.

Figure 18. Commercially available MNs devices (A) Microstructured Transdermal Syst (B) BD
Microinfuser® (C) MicrofluxrTM (D) MTS RollerTM (E) Vaaleritas h-patchTM (F) MicrotransTM
(G) MicronJet® (H) Intanza® (I) DebioJectTM [259]. (Reprinted with permission from Ref. [259].
Copyright 2019 Elsevier).
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8.8. Cancer Therapy

MNs technology creates a new horizon in cancer therapy through efficient drug de-
livery of anticancer vaccines and drugs. Various chemotherapeutic agents, genes and
proteins can be efficiently delivered through MN-based devices [260]. Hao et al. estab-
lished the usefulness of MNs technology in the treatment of epidermoid cancer therapy.
The researchers developed the near-infrared responsive PEGylated gold nanorod and
Doxorubicin-containing dissolvable Hyaluronic Acid MNs for the localized efficient ther-
apy of epidermoid cancer, and it showed efficient antitumor activity [261]. Gadag and
coworkers also demonstrated the usefulness of MNs in breast cancer therapy. Resveratrol
is one of the efficient anticancer agents used to treat breast cancer but is limited by low
bioavailability. To overcome this limitation, researchers developed the nanostructured
lipid carriers of Resveratrol and delivered them through MNs arrays. The drug delivery
through MNs improved permeation and bioavailability at the tumor site [262]. Hao et al.
demonstrated the application of MNss in skin cancer therapy. The researchers fabricated the
near-infrared responsive 5-indocyanine green and fluorouracil containing monomethoxy-
poly (ethylene glycol)-polycaprolactone nanoparticles delivered through dissolvable MNs
efficient therapy of human epidermoid cancer and melanoma [93]. Moreira et al. demon-
strated the efficient delivery of doxorubicin and AuMSS nanorods through polyvinyl
alcohol/chitosan layer-by-layer MNs, resulting in efficient cancer chemo-photothermal
therapy [104]. Lan and coworkers also provided MN'’s significant applications in delivery
proteins in cancer immunotherapy. They fabricated an MNs patch containing Ph respon-
sive tumor-targeted lipid nanoparticles loaded with PD-1 and cisplatin, resulting from
precise drug delivery and efficient immunotherapy [99]. Figure 19 showed Biodegradable
Hyaluronic acid MNs (HAMN) containing antibodies for the treatment of skin cancers.

surfactant

PD1 blockade

Figure 19. Biodegradable Hyaluronic acid MNs (HAMN) containing antibodies for the treatment
of skin cancers. (a) Schematic of the aPD1 delivered by an MN patch loaded with physiologically
self-dissociated NPs. (b) The blockade of PD-1 by aPD1 to activate the immune system to destroy
skin cancer cells. [263]. (Reprinted with permission from Ref. [263]. Copyright 2016 American
Chemical Society).
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8.9. Ocular Drug Delivery

Bypassing the ocular barrier with minimum invasion is the advantage of MNs over
intravitreal injection. Several studies demonstrated the application of MNs in ocular drug
delivery. Patel et al. demonstrated the successful delivery of micro and nanoparticle
suspension in the suprachoroidal space of pig, rabbit and human eye (ex vivo) using hollow
MNs. Optimizing dimension and process parameters concluded that efficient drug delivery
could be achieved with a needle length of 800-1000 pm and pressure of 250-300 kPa [264].
Through their research, Jiang et al. also endorsed the application of MNs technology in
ocular drug delivery. Using the coated solid MNss, the intrascleral and intracorneal delivery
of drugs, protein, and DNA was assessed. The successful delivery of drugs in the ocular
system with minimum invasion was observed [265].

9. Toxicity Study Methods

The toxicity of MNs is checked by examining the materials used in their fabrication,
such as silicon and stainless steel, and polymers, i.e., poly-methyl methacrylate, poly-
lactic acid, etc., cause the toxicity of MNs. Sometimes the presence of materials such as
photoinitiators can result in the toxic effects of MNs [227].

9.1. In Vitro Method

In vitro methods for toxicity assessment of MNs are carried out using cell line assays.
Commonly used cell lines are human adult low calcium high temperature (HaCaT) ker-
atinocytes and human embryonic kidney (HEK293) [210]. Piu et al. have carried out the
cytotoxicity assay by cell viability for cellulose acetate MNs. NIH-3T3 fibroblasts cells were
used for the study. The porous patches made up of polymers cellulose acetate, polysulfone,
and polyethersulfone were sterilized with alcohol and soaked with PBS in triplicate to
remove the alcohol. Uv irradiation was conducted for 2 h. The fibroblast cells were seeded
into 48-well plates, with a cell density of 1 x 10* per well. The incubation media used was
90% of DMEM and 10% of fetal bovine serum. The sterilized MN patches were put into
the wells, and this was kept for incubation for 24 h. Untreated cells were used as control.
For analysis, 100 pL of culture media from each well was transferred to a 96-well plate,
and the absorbance was checked with a microplate reader at 450 nm [266]. In another
study on PEGDA MNs, Human vein endothelial cells (HUVECs) are used. The HUVECs
are cultured in 96-well plates with a seeding density of 1 x 10* for 12 h. The MNs patch
of 0.5 cm? was soaked in 1 mL DMEM media for 24 h and this was used as a soaking
solution. Next, 200 pL of soaking solution was poured to each well and incubated for 24
h. Supernatant was replaced by 200 MTT uL agent. Then, 200 uL of DMSO was added to
each plate and gently shaken for 15 min. The absorbance was checked at 570 and 630 nm
and relative cell viability was calculated [267].

9.2. In Vivo Method

Biocompatibility of MNs by in vivo methods is usually assessed by acute dermal
toxicity study. An MNs patch is placed on to the shaved skin of rats and observed visually
to see whether the inflammation has occurred or not [268]. The material used in the
fabrication of MNs is also checked for biocompatibility study with the help of a cell lines
study. The cell lines used are the human dermal fibroblasts, HaCaT, and HEK293.

10. Regulatory Aspects

For genuine MNs goods, there are currently no agreed regulatory requirements. Pre-
cise quality requirements in the framework of Good Manufacturing Practice need to be
developed for MNs to be made on an industrial scale. Currently, standardized testing and
equipment utilized to validate MNs mechanical characteristics and insertion capacity are
missing, making it hard to compare MNs and necessitating the adoption of standardized
tests and equipment to evaluate product quality and adequate least requirements. There
is the need to perfect the implementation of a pharmaceutical quality system with good
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manufacturing practice and quality risk management for well-designed MNs to commer-
cialization. A stringent rule and regulation should be applied to meet all drug product
requirements before being released for human use. The complex regulatory specifications
and time requirements will impact the cost of the end finished product [269,270]. The
Food and Drug Administration (FDA or Agency) published a draught guideline titled
“Regulatory considerations for micro-needling devices: draught guidance for industry
and FDA staff” on 15 September 2017. In the current circumstances, this guideline has
not been finalized or applied. However, the guidance is very informative and provides
sufficient knowledge, but more test data is needed to investigate the clinical applications of
MNs. As a result, data on safety is important. Short-term and long-term safety data should
be collected more precisely and effectively to enable the use of MNs devices in today’s
environment [44]. Table 3 shows the marketed product for MNs for different applications.

Table 3. Marketed product for MNs.

Product Name Company Approved for Condition Description Reference
. Influenza Virus Vaccine Micro-injection system for
Fluzone Sanofi Pasteur Inc. (USFDA) intradermal delivery of vaccine (271]
Split virion, Inactivated Mlcro—m].ectlon sy.stem ofa
Influenza vaccine (EMA) prefilled syringe, having a 1.5 mm
Intanza Sanofi Pasteur Europe . . needle length. The needle shielding [272]
(Discontinued due to . . .
. system is provided, which covers
commercial issues)
the needle after use.
It has a 0.13 mm needle length. It
C-8 (Cosmetic type) Cosmetic use. enhances the penetration of [273]
topical agents
. . It has a 0.2 mm. needle length. The
C—SHEsilgz—el))earmg Cosmetic Use length is below the pain threshold, [273]
so painless delivery
It is used for collagen induction
CIT_S (Collagen The Dermaroller Series Medical type and skin remodeling therapy. It has [273]
Induction Therapy) ;
by Anastassakis K a 0.5 mm needle length.
Creating deeper Needle length of 1.5 mm, its deep
MEF-8 microchannels on the penetration is targeted for [273]
epidermis destroying bundles of scar collagen
The needles have 1.5 mm in length
and 4 circular arrays. Its use is
MS-4 Facial acne scars preferred where better precision [273]
and penetration in deep location
is required.
11. Patents

MN:s are a new approach to administered medications via the stratum corneum [144].
MNs are well-known for their efficiency, and they have been widely employed in the
delivery of insulin, biological macromolecules, and vaccinations. Nevertheless, their
minimal invasiveness, stability concerns, and non-compliance are a source of concern,
necessitating highly competent medical practitioners to administer them [274]. MNs have
shown their potential in this context since they can administer medications with ease,
painlessly, and safely without specialized storage conditions. Here, some patents are
briefed, which summarize its scope. Table 4 shows recent patents on MNs for different
applications.
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Table 4. Recent patents on MNs.

Aim

Description

Preparation of MNs template;

Preparation of MNs, using a

prepared template and MNs
preparation method.

An MNs template includes a substrate
on which a minimum of one MNs
shape is projected to which at least one
diamond layer is formed on the MNs
surface.

To provide a new patch with
excellent flexibility to skin,
which carries an MNs array
patch.

MNs provide excellent skin punctures
and also stay on the skin;
Provides variation in puncture property
depending on the elasticity of the skin.

An applicator, method for
application of MNs device to
the skin

Applying the MNs device on the skin
delivers active ingredients for treatment
using applicators and methods.

Description of micro
projection array for MNs
application

Applicator and method for applying
MN:s for treatment.

To provide one or more
biodegradable MNs capable
of drug administration to
the skin.

The invented device is embodied in
MN:s form for skin applications.
At least one biodegradable MNss is
projected from the cap with the lower
surface abutted.

MN projection is formed by a
polymeric blend of preserved stem
cell factors.

A composite MNs array
overlays the film (consists of
a plurality of nano-sized
structures fabricated thereon)
with MNs.

MNss array and MNs assembly and film
consist of a plurality of nano-sized
structures fabricated for drug delivery
applications.

A method that delivers a
therapeutic agent, provided
with an MNs array, also
includes a plurality of MNs,
including conductive coating
disposal.

Conductive coating derived controlled
therapeutic agent release by using MNs
array implant in and across the dura
mater to CNS of the subject.

A skin treatment includes
MN:s application on the skin
and penetration to the
stratum corneum.

Polymeric MNs and their methods as a
skin treatment device

To provide a drug-holding
MN:s array, where the drug is
applied and held on the area

of the tip of the MNs, for

holding the dose capacity
and prevention of drug

spillage during insertion.

Technique for drug holding into MNs
by step formation on MNs for
quantitative dose administration

A sensor (biosensor) device
comprises a polysubstrate
substance structured to
form MNs.

A device with electrodes, related
devices, apparatus and fabrication
methods, and devices use

Patent No. Title of Patent
US 10,898,703 B2 MNs templgte and MNs
prepared using the same.
Adhesion membrane and
US 2021/0008360 A1 MNs patch
US 2021/0030975 Al Application for applying an
MNis device to the skin
US 10,946,180 B2 Applicators for MNs
US 10,973,757 B2 Biodegradable MNs device
Composite MNs array
US2021/0046299A1 including nanostructures
thereon
Conductive polymer MNs
US 2021/0106520 Al arrays for electronically
controlled drug release
US 10,987, 503 B2 Dlsso}vable MNs for
skin treatment
Drug holding MNs array and
US 10,994,111 B2 manufacturing
method thereof
US 2021/0106259 Al The electrically functional
polymer MN array
US8708966B2 MNis devices and methods of

manufacture and use thereof

A method for delivering the
active agent across a
biological barrier

Devices with MNs are available for
transporting compounds across tissue
barriers and serving as
microflameholders
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12. Conclusions

This review article extensively describes the type of microneedle, fabrication material,
detailed casting methods and techniques, and its applications. Microneedles have been
fabricated using different materials, like silicon, metals, polymers, and ceramics, by several
fabrication methods, i.e., lithography, wet and dry etching, laser cutting and micro molding.
The practical use of microneedles has been acknowledged and gained widespread attention.
Optimization of sharpness, length, insertion force and velocity, and other parameters have
allowed reliable microneedle insertion into the skin. Nowadays, MNs are the leading
novel technology for several fields of drug delivery, such as intradermal, ocular and
intracellular drug delivery. However, the transdermal route is still the leading application
area for MNs, especially vaccine-based delivery. MNs technology creates a new horizon in
cancer therapy through efficient drug delivery of anticancer vaccines and drugs. Various
chemotherapeutic agents, genes and proteins can be efficiently delivered through MN-
based devices. Patients and clinical workers are highly inclined to prefer microneedle-based
delivery over hypodermic injections according to surveys. Human subjects report little
or no pain associated with most microneedle designs. After microneedle treatment, the
skin often shows mild, transient erythema, but there is currently no evidence of increased
infection risk at the treatment site. Big pharmaceutical giants are currently working on the
developments and commercialization of microneedle-based drug delivery systems; this
technology is rated in the top 10 recent technologies. Patients, healthcare providers and
companies have established interest in the technology. Microneedles are poised to make an
expanded impact on clinical medicine over the coming years.

13. Future Scope

Microneedles are being studied worldwide as a drug delivery system for various
ailments, including treatment of all diseases and vaccination. The development of sophis-
ticated delivery systems like MNs could boost the efficiency of drug administration and
lower the total dose concentration to minimize side effects. Some characteristics, such as the
needle dissolution rate, can affect bioavailability. As a result, changing the needle geometry
and size could assist us in achieving a more profound transdermal drug release. Novel
MNss production technologies have resulted from much research in this field. MNs devices
improve patient compliance by avoiding site-specific infections caused by conventional
needles. However, the discovery of innovative micro-fabrication processes and stability
medicines for MNs devices remains a challenge. Some of the primary reasons driving the
market expansion include the increased prevalence of chronic hyperpigmentation and skin
infections worldwide. Another factor driving the market over the forecast period is the
low cost of microneedle devices compared to plastic surgery. MNs are also anticipated
to be a revolutionary tool in the Cosmetic Industry. Furthermore, changing lifestyles are
predicted to increase skin infections, and the availability of at-home micro-needling devices
is expected to drive market expansion. Lack of experience, lack of public consciousness,
and treatment side effects are some of the limitations on market growth.
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Abstract: Microneedles are a patient-friendly technique for delivering drugs to the site of action in
place of traditional oral and injectable administration. Silk fibroin represents an interesting polymeric
biomaterial because of its mechanical properties, thermal stability, biocompatibility and possibility of
control via genetic engineering. This review focuses on the critical research progress of silk fibroin
microneedles since their inception, analyzes in detail the structure and properties of silk fibroin, the
types of silk fibroin microneedles, drug delivery applications and clinical trials, and summarizes
the future development trend in this field. It also proposes the future research direction of silk
fibroin microneedles, including increasing drug loading doses and enriching drug loading types as
well as exploring silk fibroin microneedles with stimulation-responsive drug release functions. The
safety and effectiveness of silk fibroin microneedles should be further verified in clinical trials at
different stages.

Keywords: silk fibroin microneedles; transdermal delivery; intelligently responsive; clinical transformation

1. Introduction

Skin is the first line of defense against infection and injury to protect the human body
from harmful environments [1,2]; it plays a pivotal role in maintaining essential functions of
host physiology. According to rough estimates, skin covers an area of about 1.5-2.0 m? in the
human body [3], accounting for nearly one-fifth of the total weight of people, making it the
largest organ in the human body. Skin comprises the epidermis, dermis and subcutaneous
tissue [4]. As the outermost layer of skin, the epidermis is generally 100240 pum [3,5].
Local and systemic drug administration with the skin as the primary organ can be found
in the oldest surviving medical records [6], now known as transdermal drug delivery. As
early as 3000 BC, descriptions of ancient Babylon note ointments and perfumes containing
plant and mineral extracts to treat diseases [6]. The key to transdermal drug delivery is to
understand the skin’s structure, function and composition, which is also a crucial point in
the design of transdermal drug delivery-related drugs and the form of administration [7].

Drug penetration through the skin can be divided into three main types: intercellular,
intracellular and follicular [8]. Small molecule drugs are transported to the continuous sub-
cutaneous tissue through the intercellular pathway. The polar/non-polar solute assigned by
the appropriate O/W coefficient can diffuse the drug into water and keratinocytes via intra-
cellular pathways [5,9,10] but with reduced bioavailability. The most primitive transdermal
drug delivery is a patch, in which the required drug is used as a paste, wrapped with
bandages or gauze, and then applied to the affected area for local treatment [11]. The drugs
suitable for this type have small molecular weight and low availability [12,13], which leads
to the large number of drugs needed for treatment and the possibility of excessive waste.
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To improve drug availability and permeability, different methods are used to improve skin
permeability. Commonly used methods include chemical substances, iontophoresis, ultra-
sound, etc. [14,15]. However, these methods commonly cause irreversible physiological
damage to human tissues, and repeated use in the same place may cause skin ulceration;
thus, they are not suitable for long-term use. The latest and most used methods include
new chemical enhancers, electroporation, thermal ablation, microcrystalline rejuvenation
and microneedles. These technologies enable macromolecular drugs and biological drugs
to better penetrate the cuticle to the dermis, improve the efficiency of transdermal delivery,
and enhance drug availability. However, the use of additional chemical reagents as well
as lasers and heat will cause certain damage to the skin and can cause discomfort for
patients [16].

Microneedles are a new transdermal method obtained by combining a transdermal
patch with a hypodermic needle [17]. The length of the microneedle can be controlled to
easily puncture the cuticle of the skin without touching the dermis and subcutaneous tissues
with pain nerves, and the drug can be released without pain [18], thus achieving high
drug availability. In addition, microneedles can be easily removed and provide better drug
slow-release function, further reducing patients” dependence on drugs [19-21]. At the same
time, microneedles, as drug carriers, are extremely helpful for releasing macromolecular
medications [22,23].

The synthetic polymer material used as microneedles’ substrate has the problems of
a complex preparation process and poor biocompatibility [24]. Collagen, hyaluronic acid,
polysaccharide, silk fibroin and other natural polymer materials have good biosafety and
are a source of environmental protection. However, due to the mechanical properties, the
application of collagen, hyaluronic acid and polysaccharide in microneedles is limited. Silk
fibroin has highly elastic mechanical properties [25], a significant raw material source, and many
unique advantages, such as good biological stability of enzymes [26,27], antioxidant activity
stability [28,29], and biological stability in biomolecular drugs [30] and vaccines [31,32]. Silk
fibroin is often prepared into films, hydrogels, nanoparticles and microneedles, which can be
used in various fields such as medical cosmetology, tissue engineering and drug delivery. In
particular, the preparation of microneedles plays a pivotal role in drug delivery [18,33-35]. This
review focuses on the latest research progress of silk fibroin in the field of microneedles,
analyzes in detail the structure and properties of silk fibroins, the types of silk fibroin
microneedles, drug delivery applications and the clinical transformation of silk fibroin
microneedles, and summarizes the current research focus and future development trend in
this field.

2. Structure and Properties of Silk Fibroin
2.1. Structure of Silk Fibroin

Silk is composed of silk sericin and silk fibroin [36]. Silk sericin is a kind of globulin
with the characteristics of anti-oxidation, bacteriostasis and biocompatibility. Silk sericin
can effectively reduce free radicals and reduce sun and air pollutants. Based on the above
features, silk sericin is mainly used in medical cosmetology and other fields [37,38]. Silk
fibroin is a kind of fibrous protein containing 18 types of amino acids, primarily glycine
(Gly), alanine (Ala) and serine (Ser), accounting for more than 80% of the total content [39].

Silk fibroin protein is composed of three proteins, including a heavy chain (H chain),
a light chain (L chain) and p25 glycoprotein, whose molecular weights are 390 kDa, 26 kDa
and 28 kDa, respectively. In the silk fibroin secreted by the mature silkworm, the H and L
chains are covalently connected by a pair of disulfide bonds [40]. An aggregate of six H-L
chains and a p25 glycoprotein are assembled by hydrophobic action to form a basic unit,
that is, H chain:L chain:p25 glycoprotein = 6:6:1 [41,42]. From the composition perspective,
the H chain of silk fibroin is a highly ordered polymer formed by 11 hydrophilic regions
through 12 hydrophobic regions [43] (Figure 1). Studies have found that the core part
of the H chain is a 3-folded structure formed by the orderly arrangement of the highly
repeated sequence GAGAGX (X is mainly tyrosine or serine), which plays a significant role
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in the crystallization process of silk fibroin and is primarily distributed in the crystallization
region [44,45]. In the amorphous region, there are essentially amorphous amino acids, such
as tryptophan (Trp), phenylalanine (Phe) and tyrosine (Tyr), which have large side chain
groups [46].

N-terminus Hydrophobic repetitive domain C-terminus

\ /
V\,\/\/\J\/{ N

R —— Hydrophilic non-repetitive domain

T GAAS tetrapeptide

“GAGAGS hexapeptide
G-A/S/T dipeptides

Figure 1. Diagram of H chain of silk fibroin. Image used with permission of [47].

The secondary structure of proteins is mainly composed of the random coil, x-helix,
[-sheet and B-turning [48,49]. Among them, the (3-sheet includes the parallel 3-sheet and
antiparallel 3-sheet. The latter structure is more stable in energy and produces shorter
hydrogen bonds [50]. The random coil is unstable and will be transformed into the 3-sheet
under specific external forces, such as temperature, humidity, pH change and others. The
(3-sheet can generate physical crosslinking points under intermolecular force and hydrogen
bonding, thus improving the mechanical properties of silk fibroin materials [25]. Amino
acid repeating polypeptide fragments (GAGAGS) with minor or no side groups in the
silk fibroin molecular chain are arranged in regular order to form hydrophobic 3-sheet,
which creates the possibility for further accumulation of hydrophobic (3-sheet into silk 11
crystals [51,52]. Silk fibroin mainly contains two molecular conformations, Silk I and Silk II,
among which Silk I is a 3-turning conformation of II, and Silk II is an antiparallel 3-sheet
layered structure, which is stable and insoluble in water and most solvents, including
strong acids and weak bases [53]. Silk I is easily transformed into Silk II under the influence
of different solution conditions and temperatures, which some scientists have considered.
Still, our recent study found that porous materials with the structure of Silk I show good
long-term stability, thermal stability and chemical stability [54,55].

2.2. Biocompatibility of Silk Fibroin

One of the oldest natural polymers, silk has been successfully used for surgical sutures.
Silk fibroin was purified by degumming. It was found that it was highly biocompatible
and degraded slowly in vivo [56]. Since most of the amino acid residues in silk fibroin
are non-polar, and the polar amino acid residues are in the crystallization region, the silk
fibroin can be modified by chemical modification, and the modified silk fibroin has good
blood compatibility [57].

Compared with other types of polymers, such as collagen and polylactic acid, silk fibroin-
derived materials have better biocompatibility due to the 3-sheet structure. Meinel [58]
verified that the inflammatory response in vivo caused by silk fibroin film was equal to or
smaller than that observed on collagen film and far smaller than that of polylactic acid film.
TiO, microspheres decorated with silk fibroin in situ showed enhanced biocompatibility
compared with TiO, microspheres [59].
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2.3. The Advantages and Disadvantages of Silk Fibroin for Drug Release

In recent years, more and more researchers have found that silk fibroin has better
characteristics for drug delivery than other biological materials, such as good biological
stability of enzymes [26,27], antioxidant activity stability [28,29], biological stability in
biomacromolecular drugs [30] and application in vaccines [31,32]. These unique advan-
tages gradually improve the application prospect and irreplaceability of silk fibroin. Silk
fibroin is often prepared into films, hydrogels, nanoparticles, microneedles and other forms
according to its uses, which can be used in various fields such as medical cosmetology,
tissue engineering, drug delivery and others.

The most common method of loading drugs with silk fibroin protein is to dissolve
or blend the medicine directly into silk fibroin solution. This method is commonly used
to prepare films [60] and hydrogels [61,62]. However, it is necessary to ensure that the
structure and activity of the drug will not be affected during the manufacturing process.
In addition, drugs can also be adsorbed or covalently crosslinked to the prepared silk
fibroin matrix. Peroxidase can be covalently coupled to the silk fibroin scaffold using
water-soluble carbodiimide [63]. Of course, whether a drug can be covalently crosslinked
with silk fibroin or form a conjugate depends on the physical and chemical properties of
the drug, and the use of this method is subject to certain restrictions [64]. Loading drugs
into nanoparticles and microspheres is also a viable option. This enables targeted drug
delivery and controlled drug release. Drug-loaded microspheres or nanoparticles can be
blended with silk fibroin or coated on the surface of the silk matrix. However, the safety of
nanoparticles is controversial, and they also face the challenges of low drug loading and
wide size distribution.

Silk fibroin has a unique structure and can be adjusted to form different carrier forms.
Among them, the secondary structure of silk fibroin protein has other characteristics and
can be changed by external stimuli. The loading, release kinetics and stability of drugs can
be processed by reversing the preparation and post-treatment methods of materials [65].
The loading efficiency and release curve of heparin-loaded silk fibroin nanofilm is controlled
by the p-fold content after treatment with simple solvents (glycerol and methanol). The
nanofilm can be used as a carrier to achieve continuous release of epirubicin [66]. The anion
side group is increased by diazo coupling to modify the tyrosine side chain in silk fibroin,
and the drug loading quantity is improved [67].

As an excellent biomaterial, silk fibroin has been prepared in many forms under mild
processing conditions, including microspheres, films, hydrogels, liposomes, microneedles
and microcapsules. However, these standard production techniques usually produce
particles with a large distribution due to the irregular forces involved, resulting in low
bioactivity of loaded enzymes, cells and growth factors [68]. At the same time, the degum-
ming process not only reduces the mechanical strength of silk but also affects the structure,
size, surface potential and drug release efficiency of microspheres in the process of silk
fibroin purification due to the difference in molecular weight [69]. In addition, untreated
silk fibroin microneedles are prone to fracture during insertion, and their rapid dissolution
may lead to the sudden release of drugs, causing hypoglycemia and other side effects [70].

3. Types of Silk Fibroin Microneedles

According to the microneedle substrate and drug delivery mechanism, microneedles
can be roughly divided into five different types [71] (Figure 2): (1) Solid microneedles
can puncture the skin to improve drug transport rate and penetration rate, but their
poke-patch delivery mode is inefficient, and it is difficult to control drug dosage [72,73];
(2) Drugs can be coated on microneedles on the surface of the needle tip. This coat-poke
method often fails to meet the dose requirements and the dose is not easy to control [74-77];
(3) Hollow microneedles inject liquid drug preparation through internal holes. This poke-
flow method overcomes the dose limitation, and the drug delivery velocity and dose can be
controlled through free diffusion, external pressure or electronic control of external pressure.
However, the structure of hollow microneedles is relatively complex. There are problems
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such as blockage, drug leakage, structural fragility and poor insertion [78-80]. (4) Dissolving
microneedles are made of soluble polymers and encapsulated drugs. The disadvantages of
hollow microneedles, such as high cost and a low dose of coating microneedles, are elimi-
nated here. However, the method of poke-dissolve also has its disadvantages, including
low mechanical strength and deposit of needle tip material in the cortex after dissolu-
tion [81-83]; (5) Swelling microneedles, also known as hydrogel microneedles, are a kind of
microneedle that absorbs water and swells to form hydrogel after penetrating the skin, thus
completing drug release. The drug release rate of the microneedles can be comparable to
that of dissolved microneedles by regulating the change speed and degree of swelling. The
tip material of this microneedle will not dissolve and deposit in the cortex, which solves the
potential biocompatibility problem of dissolving microneedles and provides the possibility
for the realization of a microneedle intelligent drug delivery system.
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Figure 2. Schematic diagram of drug delivery method based on microneedles (MN): (a) solid MN;
(b) coated MN; (c) hollow MN; (d) dissolving MN; (e) swelling MN. The step-by-step process for
each delivery method is numbered from 1 to 3. It shows representative microscopic images of MN
types and examples of deliverable substances, such as insulin, vaccines, DNA and RNA. Image used
with permission of [72].

3.1. Dissolving Silk Fibroin Microneedles

Dissolving microneedles are used as a peridermal drug delivery system for drug and
vaccine delivery [82], which not only avoids the shortcomings of conventional drug deliv-
ery methods but also uses biocompatible and biodegradable materials. This overcomes
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the problem of microneedles breaking in vivo. Recently, silk fibroin, as a natural biolog-
ical material, has been used to manufacture dissolving microneedles due to its excellent
biocompatibility and good mechanical properties [25,84].

The preparation method of dissolving silk fibroin microneedles is mainly mold casting,
which is a method to prepare microneedles by mold casting and demolding [85]. As shown
in the figure below, Cao et al. [86] described this method. First, the silk fibroin solution was
mixed with the drug in a certain ratio, and then the mixed solution was evenly smeared
on the polydimethylsiloxane (PDMS) microneedle mold. Finally, the PDMS mold filled
with silk fibroin protein solution was sent to a constant temperature and humidity room
for drying, and the microneedles could be detached after drying completely. Because the
mold casting method is prepared at room temperature, the preparation conditions are mild,
the cost is low, the shape is easy to control; thus, it is widely used in the preparation of
soluble silk fibroin microneedles (Figure 3).

' B Deswcatlon \ \; \ | \
Demold —~

SF+Pro MU MNs

Figure 3. Preparation of microneedles by template pouring. Image used with permission of [86].

Although dissolving microneedles prepared with pure silk fibroin protein have many
advantages, they are not accessible for piercing the skin in clinical application. In the
actual operation process, there are different requirements for the tip and base of soluble
microneedles. The end of the needle needs to be able to penetrate the cuticle, which requires
sufficient strength, and the needle holder needs to be able to act as a platform to apply force.
Silk fibroin is mechanically strong enough to be used as a needle tip. However, silk fibroin
as a base is easily broken [82]. To solve this problem, Lau et al. [82] prepared a composite
dissolving microneedle by using silk fibroin as the tip and polyvinyl alcohol (PVA) as the
base. The process is shown in Figure 4a. Comparing the skin insertion conditions of pure
silk fibroin microneedles and composite dissolved microneedles, the results showed that
the composite microneedles could pierce the skin more effectively than pure silk fibroin
microneedles because the PVA flexible base provided enough skin attachment and stress
dispersion. In addition, Lin et al. [87] also proposed a method of preparing double-layer silk
fibroin microneedles. They enhanced the mechanical strength of silk fibroin microneedles
through glutaryl alcohol crosslinking and water vapor annealing. They then coated the
enhanced microneedles with a mixture of silk fibroin and drug to obtain double-layer silk
fibroin microneedles (Figure 4b). This method also facilitates skin piercing.

In addition to the mold casting method, Shin et al. [88] used riboflavin as a pho-
toinitiator to prepare silk fibroin microneedles using digital light processing 3D printing
technology. The mechanical properties of this method are good. A single needle can
withstand the compression force of over 1000 mN and can successfully pierce pig skin.
However, compared with the mold pouring method (Figure 5b), the microneedles prepared
by 3D printing (Figure 5a) have poorer morphology and are limited by materials.
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Figure 4. (a) Schematic diagram of composite dissolved microneedles: drug-loaded silk fibroin
protein is used as the tip of the outermost layer, drug-free silk fibroin protein as the second layer, and
PVA as the base; (b) Schematic diagram of the production of double-layer silk fibroin microneedles:
the silk fibroin solution containing glutaraldehyde is poured into the PDMS mold, and after drying,
steam annealing treatment takes place, and the silk fibroin solution is soaked in medicine on the
surface of the dry microneedles. Image used with permission of [82,87].

Figure 5. Morphologies of microneedles prepared by different methods: (a) 3D printing; (b) Form-
work pouring method. Image used with permission of [30,88].
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3.2. Swelling Silk Fibroin Microneedles

The drug release mechanism of swelling microneedles is as follows: when body fluid
(the main component is water) penetrates the polymer skeleton, the molecular chains of
polymer materials will stretch and expand [89,90]. By reducing the entanglement degree
between polymers, the mesh size will be larger than the kinetic size of the drug, thus
promoting drug release [91,92]. Its advantage is that the drug release rate can be adjusted
by controlling the swelling degree of microneedles [30,35]. When harmful drug reactions or
excessive drug release occurs, the microneedles can be controlled by timely removal [93].

Microneedles can be divided into two categories according to the solution: one is where
the solution of the tip and the base is the same. Yin et al. [18] mixed small molecules with
regenerated silk fibroin solution at different mass ratios, centrifuged repeatedly to ensure
that the tip was filled entirely, and continued to add liquid and obtained uniform swelling
of silk fibroin microneedles after air drying. Under the optimal ratio, the swelling degree
of microneedles reached 650% (Figure 6a). Wang et al. [17] prepared silk fibroin swelling
microneedles by adding proline to silk fibroin solution. The swelling tip was observed
by an electron microscope. With the increase in proline dosage, the swelling degree
decreased from 200% to 80%, and the solubility of the tip was less than 3%, which is an
ideal release microneedle with swelling without dissolution. With this preparation method,
microneedles with uniform drug distribution can be obtained. When the solution enters
the microneedles, the overall structure will swell and the mesh size will become larger.
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Figure 6. (a) The tip and the base are the same solution; (b,c) Different solution between tip and
base; (d) Different microneedles in different positions; (e) Negative mold for hot-drawn material;
(f) Aluminum needle master plates prepared by high-speed micro-milling; (g) Wax plate drilling for
template preparation. Image used with permission of [18,32,33,94-97].

The other category is when the solution of the needle tip and the substrate are not
the exact solutions, including but not limited to pure silk fibroin solution, functional silk
fibroin solution and other polymer solutions. As shown in Figure 6b, Chen et al. [94,98]
used the pre-gel of silk fibroin protein to form a tip with a semi-interpenetrating structure,
with pure silk fibroin solution as the base. The internal phase presents the hydration phase,
while the external phase presents the dehydration phase. The microneedles show channels
under a hydration state under external stimulation. DeMuth and Boopathy et al. [32,99]
used silk fibroin as the tip and polyacrylic acid as the base, as shown in Figure 6¢. The
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drug was stored in the needle tip and annealed with methanol. The needle tip fell off in the
body, and body fluids controlled the swelling and slow release. The slow swelling of the
silk fibroin part from the tip and the complete release within a few days characterizes this
preparation method. Moreover, silk fibroin has good biocompatibility and will not cause
adverse reactions in the body.

In the above discussion, all PDMS molds are used, but there are differences in the
solution configuration. Next, different molds and methods are discussed. One uses inkjet
technology to precisely design various microneedles at other locations. As shown in
Figure 6d, Wang et al. [33] filled the central 4 x 4 array with a drug solution, and the
peripheral 4 x 2 displayed a functional silk fibroin solution. The peripheral microneedles
would release quickly within a few minutes, while the inner peripheral drug solution
would release slowly. The other method is hot drawing or using an inverted mold to make
the master plate, pouring PDMS for a negative mold. Lee et al. [95] used a spatial discrete
thermal stretching system to manufacture a microneedle template of poly (lactic acid-
glycolic acid) copolymer with various geometric shapes and an inverted mold using PDMS
(Figure 6e). The swelling fibroin microneedles prepared by this method can effectively
pierce the skin and control drug release. In addition, high-speed micro-milling ([96],
Figure 6f) and drilling on the wax plate ([97], Figure 6g) can also be used to prepare the
positive mode of microneedles.

3.3. Intelligently Responsive Silk Fibroin Microneedles

Stimulation-responsive materials are generally considered intelligent; although they
cannot perform advanced complex functions, they are the cornerstone of building advanced
complex, intelligent systems [100]. Stimulus-responsive materials can change their size
under specific stimulus conditions, which makes them widely used in drug delivery, disease
diagnosis and substance detection [101,102]. Figure 7 shows the physical changes (such
as expansion/contraction, assembly /dissociation, sol/gel, etc.), chemical changes (such
as degradation, crosslinking, etc.) or a combination of the two after stimulation of the
stimulation-responsive materials. These basic modules build the cornerstone of stimulus-
responsive materials, and drugs can be integrated into the materials to respond to stimuli
and test the intelligent delivery of drugs [103].
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Dissolved microneedles and swelling microneedles can only release drugs sponta-
neously according to the established design procedures, which cannot meet the complex
requirements of the human internal environment. Based on this, some researchers began
to develop silk fibroin microneedles with the intelligent response for drug-controlled re-
lease. Compared with traditional drug delivery systems, smart drug delivery systems
have more advantages: (1) the blood drug concentration is relatively stable; (2) drug
efficacy is improved and drug dosage is reduced; (3) responsive delivery; (4) the num-
ber of drugs used is reduced [104,105]. Intelligent drug delivery refers to the responsive
delivery of drugs to organisms by drug-carrying innovative response materials based
on changes in physiological stimuli (pH value, temperature, enzymes and different bi-
ological molecules, etc.) or external stimuli (electric field, current, magnetic field, light
and external mechanical force, etc.) [106,107]. The release mechanism based on physio-
logical stimuli in organisms is primarily passive, which can respond to changes in the
microenvironment in organisms to achieve intelligent drug delivery. Chen [94] reported
a semi-interpenetrating network of hydrogel microneedles prepared from silk fibroin and
phenylboric acid/acrylamide for glucose-responsive insulin delivery. 4-(2-acrylamide
ethyl aminoformyl)-3-fluorophenylboric acid /N-isopropylacrylamide with a molar ratio of
7.5/92.5 was selected to synthesize phenylboric acid to ensure the highest glucose sensitiv-
ity. Hydrogels containing borate and silk fibroin with network structure were prepared
by polymerization and catalysis of ammonium persulfate/tetramethylethylenediamine.
A two-layer strategy was adopted to manufacture an intelligent microneedle composed of
a semi-interpenetrating hydrogel containing silk fibroin and a needle body composed of
silk fibroin, thus showing different swelling degrees under different glucose concentrations
and achieving responsive insulin delivery. Due to the complexity of the physiological
environment in vivo, it is often difficult to accurately control the release rate of such pas-
sive drug release, so active and targeted drug release mechanisms should be adopted to
improve the overall therapeutic effect. Gao et al. [35] reported an intelligent origami silk
fibroin microneedle dressing with innovative drug release, biochemical sensing, epidermal
sensing, and wound healing monitoring capabilities. The microneedles were prepared
by mixing silica colloidal solution with SF solution. After demolding, the microneedles
were immersed in hydrofluoric acid to obtain the filament microneedles with inverse opal
photonic crystal (IO PC) structure. The drug-laden N-isopropylacrylamide was poured into
a microneedle with many pores and an IO PC structure. The volume phase transformation
temperature of N-isopropylacrylamide is 37 °C, and when the temperature exceeds 37 °C,
the microneedles produce volume shrinkage, so as to achieve drug release. Wang et al. [33]
reported designing, manufacturing and applying a hetero-fibroin microneedle (SMN) patch
to bypass the blood-brain barrier and deliver multiple drugs directly to the tumor site.
SMN can induce rapid drug delivery by remote infrared triggering.

The above intelligent response of silk fibroin microneedles based on physiological or
external stimuli has dramatically expanded the application of silk fibroin. However, the
stimulation-responsive elements of these smart microneedles are not derived from the silk
fibroin substrate; additional responsive features are added. Although introducing these
stimulus-responsive elements brings more prosperous functions to the microneedles, it
is also accompanied by many disadvantages, such as complex processing, low intelligent
responsiveness and poor biological security.

Dissolving microneedles are made from a soluble polymer and encapsulated drugs.
The method of poke-dissolve has some disadvantages, including poor mechanical proper-
ties and depositing of the needle in the cortex. At the same time, dissolving microneedles
are not suitable for applications that require frequent dosing, such as insulin, which is
the value of non-injectable dosing. In addition, microneedle dissolution allows the needle
material to enter the dermis, which requires strict sterility throughout the process, resulting
in higher costs for microneedle use, which negates its usefulness. Due to the rapid release
of drugs, the dissolving microneedles have an effect similar to that of injection, which
can cause a sudden rise in blood drug concentration in the body within a short period of
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time, which often leads to certain sequelae (such as hypoglycemia). For drugs with a short
half-life, dissolving microneedles have difficulty maintaining effective blood concentra-
tion in vivo for a long period, which affects the therapeutic effect. Swelling microneedles,
also known as hydrogel microneedles, are a kind of microneedle that absorbs water and
swells to form a hydrogel after penetrating the skin, thus completing drug release. The
microneedles can control the drug release rate by regulating the change speed and degree
of swelling. The tip part of the microneedle will not be deposited in the cortex, which
solves the potential biosafety hazard of dissolving microneedles, and also provides the
possibility for the realization of microneedle intelligent drug delivery systems. The above
two types of microneedles can only release drugs spontaneously according to established
design procedures and cannot meet the complex needs of the human internal environment.
Based on the basic platform of swelling microneedles, a microenvironment can be formed
inside the swelling microneedles. Stimulation-responsive materials such as microgels
and micelles in the microenvironment will undergo responsive intelligent changes under
the stimulation of various external or internal physiological signals, especially structural
changes (such as contraction, expansion and dissociation) or unique response pathways to
control drug release.

4. Silk Fibroin Microneedles for Drug Delivery

The molecular weight is the most significant difference between biomacromolecule
drugs and traditional small-molecule drugs [108,109]. In general, small molecule drugs
refer to compounds with molecular weights less than 1000 Da, and most small molecule
drugs have molecular weights less than 500 Da. However, biologic drugs are mostly
proteins with huge molecular weights, usually more than 5000 Da, and complex structures.

4.1. Transdermal Delivery of Small Molecule Drugs

Temozolomide (TMZ), with a relative molecular mass of 194.15, is one of the drugs
used to treat glioblastoma. It can be converted into the active product 5-(3-methyl-1-
triazeno)imidazole-4-carboxamide, which promotes tumor cell apoptosis through the
mismatched repair of methylation add-ons. Regarding the administration of TMZ, some
researchers also adopted the method of percutaneous administration. Zhao et al. [110]
loaded TMZ and paclitaxel with polyethylene glycol dimethacrylate (PEG-DMA) hydrogel
to inhibit the growth of postoperative glioma. PEG-DMA gel is non-degradable and
requires secondary surgical removal. By combining TMZ with other drugs, Wang et al. [33]
prepared a microneedle patch using silk fibroin as material. The biosafety of silk fibroin
prevents secondary clearance after surgery. Lee et al. [111] proposed a highly flexible
microneedle device for vascular drug delivery. It comprises a highly porous silk fibroin
membrane and silk fibroin tip. The microneedle device successfully wrapped around
the outer surface of blood vessels and delivered the anti-proliferative drug Sirolimus to
the injured vascular tissue. Melatonin is mostly an amine hormone used to regulate the
sleep quality of people with insomnia. Currently, patients are often given oral medication,
but the half-life of melatonin is very short, so it is difficult to maintain sufficient drug
concentration in the body [112]. Qi et al. [34] used small molecular additives to change the
silk fibroin protein’s crystalline structure and control melatonin’s release rate. In vitro drug
release results showed that effective drug concentrations were quickly obtained during
early administration. Melatonin is released continuously to maintain a stable concentration
of the drug. The use of microneedles to deliver small molecule drugs not only supports the
long-term stability of blood drug concentration in vivo but also avoids the liver first-pass
effect caused by oral administration and improves the bioavailability of drugs.

4.2. Transdermal Delivery of Macromolecule Drugs

In terms of molecular weight, compared with traditional oral, subcutaneous injection
and transdermal patches, microneedles can significantly improve the delivery of drugs
with high-fat solubility, small effective dose and strong pharmacological effect, so as to
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achieve transdermal absorption of water-soluble drugs and biomacromolecules, especially
for antigens or biomacromolecules [113,114]. The transdermal delivery of macromolecule
drugs by silk fibroin microneedles is briefly described for the example of taking insulin for
the treatment of diabetes.

Insulin, a protein drug with a simple spatial structure, comprises two peptide chains
connected by disulfide bonds [115]. As a biological peptide, Insulin has poor stability and
needs to be kept between 2-8 °C during distribution and storage [116].

The microneedles used for transdermal insulin delivery mainly include hollow mi-
croneedles [117,118], swelling microneedles [119] and dissolving microneedles [120,121].
The preparation process of hollow microneedles is complex and expensive [122], and the
pinhole is easily blocked, thus affecting drug delivery [123]. In recent years, dissolving
microneedles have attracted more and more attention due to their apparent advantages,
such as simple preparation, high drug loading and one-step application, and they have
been widely used for insulin delivery in studies. Silk fibroin has recently been used to
manufacture dissolved microneedles due to its better mechanical properties, toughness
and biocompatibility. Liu et al. [82] reported a multi-layer conical microneedle patch pre-
pared from insulin-loaded pure silk fibroin solution as the outer layer and drug-free silk
fibroin solution as the inner layer. The multi-layer microneedles showed good penetrat-
ing performance and hypoglycemic ability. However, untreated microneedles prepared
with pure silk fibroin are prone to break and dissolve rapidly, which can lead to a burst
of insulin release and hypoglycemia. Zhu et al. [30] reported a composite silk fibroin
microneedle patch to solve this problem. The microneedle patch was prepared at 25 °C
using a two-step microforming method. Unmixed silk fibroin was used for the dissolved
tip, and the swelling backing was prepared using silk fibroin with proline modification.
After the microneedle patch penetrates the skin, the tip is quickly dissolved by body flu-
ids, and insulin is released. At the same time, body fluids contact the backing through
microchannels formed by the tip of the needle, causing it to expand and subsequently
release insulin continuously. Drug administration results in diabetic rats showed that
blood glucose reached the lowest level within 3 h and recovered to the initial level 6 h
later. The structure showed obvious hypoglycemic effects and could meet the need of rapid
hypoglycemic reduction after meals. At the same time, continuous insulin release can be
achieved without the risk of hypoglycemia. Insulin has good stability in this solid substrate,
maintaining more than 90% of its biological activity after 30 days at room temperature. As
a protein, silk fibroin can be hydrolyzed under the action of enzymes and thus eliminated
from the body [124]. Cao et al. [86] selected silk fibroin modified by proline to prepare a
swelling microneedle, whose microneedle structure was mainly Silk I crystalline structure.
The drug loading of the microneedle patch is 20 IU/0.5 cm?, which can provide insulin
sustained release for 12 h and control the blood glucose of diabetic rats to maintain normal
levels, avoiding frequent administration.

4.3. Silk Fibroin Microneedles for Transdermal Administration of Vaccines

Vaccine administration by subcutaneous (SC) or intramuscular (IM) injection is the
most commonly prescribed route for inoculation [125-127]. Vaccine activity and efficacy
require strict requirements for vaccine distribution and transportation, which is also a sig-
nificant challenge for developing countries [125,128]. Compared with IM/SC injection,
transdermal vaccination with microneedles, as an emerging technology, could reduce the
required amount of vaccines and further improve immunogenicity with the potential of
lowering the cost of vaccination, expanding a promising administration route [129,130]. At
the same time, commonly used vaccines are composed of antigens or antibodies, and their
molecular weight is too large for transdermal delivery through traditional methods [131].
An interesting approach to dealing with this obstacle is the use of microneedles [125]. The
acceptance of patients is improved, and the antigen/antibody activity can be stable in the
dry environment, thus saving the cost of transportation and distribution.
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Jordan et al. [128] evaluated the ability of microneedles prepared from silk fibroin
to deliver vaccines against influenza, Shigella and Clostridium difficile infection. The
microneedle carrier uses silk fibroin protein and has high biocompatibility. The stability
and mechanical strength of the vaccine are also guaranteed. By inoculating the mice with
separate antigens, it was found that a large amount of Shigella-protective invasion plasmid
antigen (Ipa) was found in the mice, and no redness and swelling appeared on the skin
where the microneedles were applied. The experiment proved that the microneedles had
good biological safety and that the internal vaccine could be released smoothly. Archana
et al. [32] focused on the study of stabilized recombinant HIV-1 envelope glycoprotein
antibody variants. After the vaccine was mixed with silk solution, it was evenly poured
into the PDMS mold and dried. Polyacrylic acid was used as microneedle base material.
When applied to the skin, the polyacrylic acid backing will dissolve rapidly, and the silk
fibroin tip containing the vaccine will be implanted into the epidermis/epithelium. The
crystallinity of the silk fibroin will significantly improve the release rate of the vaccine.
Blood epidermis/dermis was collected and analyzed 7, 14, and 21 days after the skin was
punctured. Tip sequences containing labeled trimer were observed in the epidermis, and
the total antigen signal decreased steadily within 14 days, which was longer lasting and
more effective than the injection form. Peter et al. [99] also designed an implantable silk
fibroin hydrogel composite microneedle with polyacrylic acid as the backing to obtain
mixed microneedles, successfully achieving sustained skin vaccine release at a low level
within 1-2 weeks. The implantable microneedle platform has the ability to optimize vaccine
release dynamics, resulting in a more than 10-fold increase in antigen-specific T-cell and
humoral immune responses compared to traditional parenteral needle immunization.

5. Clinical Transformation of Microneedles and Silk Fibroin Materials
5.1. Commercial Application of Silk Fibroin Medical Apparatus

Silk is a natural protein polymer that has been approved by the US Food and Drug
Administration (FDA) for medical use. From a conversion perspective, to our knowledge,
only a few silk fibroin-based medical products have received regulatory approval for
clinical use worldwide to date (Table 1), including SERI scaffold with SILK VOIVE injectable
implant (Sofregen Medical Inc., Framingham, MA, USA) and Silk Protein Wound Dressing
(Suzhou Soho Biomaterial Science and Technology Co., Ltd., Suzhou, China). In 1995,
AST-1 Silk Fibroin Wound Protective Dressing developed by Soochow University obtained
a registration certificate, and clinical application began in 1996. On the basis of AST-1
Silk Fibroin Wound Protective Dressing, the product was adjusted according to clinical
conditions, and Silk Protein Wound Dressing was launched and put on the market in
2012. Silk Protein Wound Dressing is indicated for second-degree burn wound healing.
Detailed clinical data on Silk Protein Wound Dressing has not yet been published. In
2019, Zhejiang Xingyue Biotechnology Co., Ltd. (Yongkang, China) developed a silk
fibroin regeneration and repair membrane. The full-layer skin defect experiment using
New Zealand rabbits showed that the silk fibroin membrane could significantly reduce
the wound healing time and improve the wound healing quality, which was superior to
the control products on the market. In a 71-patient randomized controlled clinical trial
(NCTO01993030), the silk fibroin membrane significantly accelerated wound healing and
reduced the incidence of adverse reactions compared with marketed controls. The SERI
surgical scaffold was commercialized in 2013 for soft tissue support and repair. The current
SERI is suitable for abdominal wall reconstruction and investigational plastic surgery
applications, including total body molding, humeroplasty, abdominoplasty, mastexy, and
breast reconstruction [132-134]. Some clinical reports indicate that SERI may cause side
effects such as infection and poor stent integration in the later stage, requiring surgical
removal. Silk Voice, developed by Sofregen, is the only approved natural silk protein
injection. Silk Voice was approved in 2018 for the treatment of vocal cord mediation and
vocal cord insufficiency.
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Table 1. Commercially available silk fibroin products.

NP R Announced Registration
Official Title Type Company Application Date Certificate Number
Soochow It is used to prevent bacterial infection
AST-1 Silk Fibroin Sinele-laver University of the wound. It presents no irritation to
Wound Protective ge-ay (Suzhou Institute the skin, can promote the growth of 1995 Su1995-95264098
. dressing .
Dressing of Silk wound cells, and has good
Technology) permeable steam.
It is used for clinical second-degree
Suzhou Soho R -
. . Biomaterial wound healing; is sultabl? for mild and
Silk Protelr} Wound Double-.layer Science and severe acne, skin allergies and laser 2012 Su2012-2640182
Dressing dressing photon treatment of early postoperative
Technology Co., . o
Ltd pigmentation; and reduces the
' formation of fatigue marks.
It is used for clinical second-degree
wound healing; is suitable for mild and
SILK VOICE® Injectable SOFREGEN severe acne, skin allergies and laser 2012 )
Injectable Implant implant MEDICAL Inc. photon treatment of early postoperative
pigmentation; and reduces the
formation of fatigue marks.
It covers the skin wound, blocks the
external bacteria, and prevents the
Zheiian granulation tissue from growing into
Silk fibroin Sinele-laver Xi:] aug the dressing. At the same time, the
membrane gle-ay . 5Y water in the wound blood and exudate 2020 SFDA2020-3140593
dressi dressing Biotechnology is disch fl .
ressing is discharged as water vapor to provide
Co., Ltd. . .
a healing environment for the wound,
and the blood cells and other visible
components left behind form a scab.
A temporary brace used for soft tissue
support and repair to strengthen defects
Sl g SOMEGN  SlevelieeompesTi |
Scaffold MEDICAL Inc.

plastic and reconstructive surgery, as
well as soft tissue reconstruction in
general.

5.2. Clinical Application of Silk Fibroin Medical Apparatus

Over the past 20 years, there has been a resurgence of interest in silk for biomedical
use, which has led to many clinical trials. Table 2 shows the clinical trials of silk fibroin
medical devices. Nowadays, silk fibroin is widely used in wound repair dressings and
orthopedic repair materials. The primary application forms are dressing, film, stents, etc.

Silk fibroin materials show excellent application prospects in skin wound healing
due to their hemostatic properties, low inflammatory potential, air permeability and anti-
bacterial ability. Silk Protein Wound Dressing is a silk fibroin sponge-silicone double-layer
scaffold for skin wound healing and has received regulatory approval worldwide for
clinical use. However, this silk fibroin-based medical product is not widely used in clinical
trials today. Zhang et al. [135] compared the wound healing ability of Silk Protein Wound
Dressing in a preclinical animal model and then conducted a randomized, single-blind
phase I clinical trial. The silk fibroin film was dried for 100 min at 65 °C and RH90%. It is
a waterproof film with a thickness of 64.9 um. In a rabbit model of full-layer wound healing,
wounds treated with silk fibroin film showed better epidermal remodeling and granulation
tissue than those treated with Silk Protein Wound Dressing. The clinical trial enrolled
71 patients (36 randomly assigned to the membrane group and 35 randomly assigned to the
Silk Protein Wound Dressing group). The wound healing rate of patients in the silk fibroin
film group was significantly faster than that in the Silk Protein Wound Dressing group, and
100% wound healing was achieved in the silk fibroin film group by day 14 after injury. As
the wound heals, the silk fibroin film spontaneously detaches from the regenerated skin
area. The exact mechanism of the improved clinical performance in the silk fibroin film
group compared to the Silk Protein Wound Dressing group is unclear.
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This study demonstrated the ability to manufacture silk fibroin membranes as wound
dressings for successful skin repair and regeneration under good manufacturing practices.
The potential for relatively simple modifications to silk membranes for additional func-
tions, such as binding pores or the introduction of bioactive molecules [136], makes silk

membranes particularly attractive as wound dressings.

Table 2. Clinical trials of silk fibroin medical devices.

. . . o Primary Start Date .
Official Title Type Condition Purpose Status /Completion Date Trial ID
A Multi-Center Open Study to
Evaluate the SeriACL™ Device for ACL Reconstruction 2007.6/
Primary Anterior Cruciate (SeriACL™ Device) Phase 1 Treatment Unknown 2008.10 NCT00490594
Ligament Repair
Randomized, Active-controlled,
Single-blind, Parallel Two-group HQ® Matri
Trial of HQ® Matrix Medical Wound . X A 2013.8/ NCT01993030
Dressing and Sidaiyi® Wound Me(]:l:;;::s\ﬁflound Not Applicable Treatment Completed 2015.6 CQZ1800141
Dressing for the Treatment of Donor &
Site Wounds
Efficacy and Safety of Wound
Dressing Containing Silk Fibroin AL e
. ; . - Silk fibroin with
with Bioactive Coating Layer Versus - . 2014.3/
Medicated Paraffin Gauze Dressing bllc;aztrl\cfler ecsseilﬁng Phase 1/2 Treatment Completed 20155 NCT02091076
in the Treatment of Split-thickness Y 8
Skin Graft Donor Sites
Terminated
A Prospective Open-Label Study to (Safety devices
Evaluate the Safety of the Meniscal FibroFix™ explanted. 12 m 20154/
Repair Scaffold, FibroFix™ . Not Applicable Treatment post-explant ’ NCT02205645
: ) Meniscus scaffold 2017.10
Meniscus, in the Treatment of safety f/u as
Meniscal Defects agreed with UK
MHRA)
Multi-center, Randomized,
Active-controlled, Single-blind,
Parallel Two-group Trial of HQ® ® .
Matrix Soft Tissue Mesh and H%ssl\f:ﬁ:si()ﬂ Not Applicable Treatment Unknown 2016 1220(155}7ir/nate d) NCT02487628
ULTRAPRO® Partially Absorbable ’
Lightweight Mesh for the Treatment
of Inguinal Hernia
Comparison of Microbial Adherence 2016.1/
to Various Sutures in Patients Silk suture Not Applicable Treatment Unknown . NCT02653924
. 2017.1 (estimated)
Undergoing Oral Surgery
A Pilot Feasibility Randomized
Controlled Trial to Assess the
Clinical and Cost Effectiveness of
Dialkylcarbamoylchloride
N DACC-Coated
(DACC)-Coated Postoperative N - . i 2017.1/
Dressings Versus Standard Care in Pos]tD rOpei;atlve Not Applicable Treatment Recruiting 2025.1 (estimated) NCT02992951
the Prevention of Surgical Site essimg
Infection in Clean or
Clean-contaminated Vascular and
Cardiothoracic Surgery
. . - Experimental
gﬂk S'caffold Surgl'cal Incision silk/adhesive Phase 1 Assessment Recruiting 2022'.8 / NCT05508945
ressing Interventional Study prototype 2023.5 (estimated)
Safety and efficacy of absorbable silk . CQZ1900597
fibroin film for alveolar ridge Al;is;rr:;bflﬁrilk Phase 3/4 Assessment Completed - ChiCTR-IOR-
preservation after extraction 17025031

5.3. Clinical Application of Microneedle Devices

This paper searched and sorted the clinical applications of silk fibroin medical devices
and microneedle devices of other materials [137]. We listed completed and ongoing clinical
trials based on information provided at www.clinicaltrials.gov. In clinical trials, researchers
mainly verified the clinical safety and efficacy of microneedles for drug delivery systems,
as shown in Table 3. These clinical data indicate that microneedles for drug delivery are
effective quickly and with less insertion pain. This mainly includes dissolving microneedles,
hollow microneedles, coated microneedles and microdetectors used for administering
vaccines, macromolecular drugs and monitoring human physiological conditions.
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Table 3. Clinical research progress in microneedle devices.

AP— Primary Start Date .
Official Title Type Phase Purpose Status /Completion Date Trial ID
Insulin Delivery Using 2009.2/
Microneedles in Type 1 Diabetes Hollow Phase 2/3 Treatment Completed 20141 NCT00837512
Clinical Assessment of a Novel .
Microprobe Array Continuous Mlcroizt;b;flucose Phase 1/2/3/4 Diagnostic Completed Zgéfglé / NCT01908530
Glucose Monitor for Type 1 Diabetes !
A Phase I Study of the Safety,
Reactogenicity, Acceptability and
Immunogenicity of Inactivated Dissolving . 2015.5/
Influenza Vaccine Delivered by microneedle Phase 1 Prevention Completed 2019.7 NCT02438423
Microneedle Patch or by
Hypodermic Needle
Microneedle Sensing of Beta-lactam Device 2019.2/
Antibiotic Concentrations in Human Biosensors Phase 1 Feasibilit Completed 2020'12 NCT03847610
Interstitial Fluid y ’
A clinical trial of dose-response
using a microneedle array Dissolving . 2019.7/ .
containing Japanese encephalitis microneedle Phase 1/2 Prevention Completed 2020.2 JRCTs011190004
vaccine in healthy adult individuals
A Phase I/1I, Double-blind,
Randomized, Active-controlled, Age
De-escalation Trial to Assess the
safety and Immunogenicity of a Dissolving o, 2021.5/
Measles Rubella Vaccine (MRV) microneedle Phase 1/2 Assessment Recruiting 2022.6 (estimated) NCT04394689

Microneedle Patch (MRV-MNP) in

Adults, MRV-primed Toddlers, and
MRV-naive Infants

6. Future Development Trends

This article reviewed the characteristics of silk fibroin and the preparation meth-
ods of different microneedle types. More importantly, the development of silk fibroin
microneedles for drug delivery is introduced in detail.

Currently, most of the drugs on the market are small-molecule drugs prepared by
chemical synthesis. However, the number of new drugs such as proteins, peptides and
antibodies is on the rise. The market is estimated to exceed US $217 billion, accounting for
10% of the pharmaceutical market [138]. These biomacromolecules differ from chemically
synthesized small molecules and have a relatively large molecular size and conformational
flexibility. Peptides and proteins are considered multi-domain biopolymers, consisting
of residues with rich cation, polarity and hydrophobicity differences [139]. Unlike many
materials, silk fibroin is inherently stable to changes in temperature and humidity. The
unique block copolymerization structure enables it to assemble into a nanometer crystalline
domain. As a result, silk fibroin has better characteristics in drug delivery than other
biological materials, such as good biological stability of enzymes, antioxidant activity,
and biological stability for biomolecular drugs and vaccines. These unique advantages
gradually improve the application prospect and position of silk fibroin [27,140-142]. There-
fore, silk fibroin is an excellent candidate material for preparing microneedles. Silk fibroin
microneedles have developed from soluble microneedles and swelling microneedles to
intelligent responsive microneedles, which can effectively carry small molecule drugs,
large molecule drugs and vaccines. Silk fibroin microneedles have achieved the same or
even more powerful effects as needle injection in terms of form and function. Despite
these encouraging results, more efforts are needed to accelerate the entry of silk fibroin
microneedles into the medical market.

The first issue is safety. Although the biosafety of silk fibroin has widely been recog-
nized, basic studies remain necessary, including those involving cytotoxicity, acute/chronic
systemic toxicity, hemolysis testing, stimulation testing, implantation testing, implant
testing, intradermal reaction testing, biodegradation testing, carcinogenic testing, etc. The
safety of silk fibroin microneedles still needs further thorough verification in different
animal or preclinical models.
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The second is the drug-carrying dose and type. Although some active biological
enzymes (horseradish peroxidase, glucose oxidase [143]) and some vaccines (influenza
vaccine, HIV vaccine, adenovirus vaccine [144] and others) have been successfully used,
it is still worth studying how to increase the carrying dose, which will provide effective
dose support for the transformation from experimental animals to human beings. At
the same time, about 40% of research drugs are hydrophobic, among which there are
many macromolecular drugs. Further study is required to improve the carrying dose and
conform to the water-soluble environmental processing of silk fibroin microneedles. Of
course, this must be carried out according to the specific drug. Another possible solution is
to extend the current microneedle manufacturing method. The existing template method
has shortcomings in the large-scale preparation of microneedles and the delivery of large
doses of drugs. The extended microneedle manufacturing method is expected to solve
this problem.

The third is intelligence. Traditional microneedle drug delivery can only sponta-
neously slow-release drugs according to pre-set procedures. With the development of
personalized medicine, the traditional way cannot meet the needs of the complex environ-
ment in the human body. The silk fibroin microneedles with stimulatory response function
are expected to play a significant role in the drug-controlled release. This can help improve
the effectiveness of treatment and reduce the risk of inappropriate drug use. Intelligent re-
sponsive silk fibroin microneedles can be realized in two ways: one is to chemically modify
the microneedle substrate to obtain stimulation-responsive silk fibroin material; the other
is to add stimulation-responsive elements (such as stimulation-responsive nanoparticles,
microspheres, vesicles or supramolecular aggregates) to pure silk fibroin protein. This will
help the silk fibroin microneedles achieve intelligent responsiveness.

The current regulatory approval process based on the microneedle patch is not ideal,
mainly due to the advanced technology. For future market applications, standardized
regulation of sterilization methods, durability, safety and disposal of microneedles after use
is also required. The ultimate sterilization of microneedle patches can save most of the cost
compared to aseptic manufacturing. Several microneedle-based sterilizations have been
studied. According to the requirements of the European Pharmacopoeia, the sterilization
of microneedle patches is based on steam sterilization, dry heat sterilization and ionizing
radiation. According to the different properties of microneedle substrates, the sterilization
process has different effects. Wet and dry heat sterilization can damage the morphology
and penetration ability of silk fibroin microneedles, but gamma irradiation sterilization
seems to be the only viable option. After gamma ray sterilization, the activity and release
of drugs contained in microneedles did not change significantly [145,146].

In addition, there is insufficient data on the side effects of microneedles (e.g., skin
irritation, microneedle substrate deposition), and more research is needed to select poly-
mers that minimize skin irritation. Silk fibroin protein has incomparable advantages in
biosecurity. However, it is still necessary to determine the specific amount of silk fibroin
remaining in the skin after removal of microneedles and the removal of residues in the later
stage. Deposition of the substrate may not be an important problem in the case of a single
microneedle administration but may be significant if the microneedles are used frequently
over a long period of time.

7. Conclusions

This review focuses on the critical research progress of silk fibroin microneedles
since inception, analyzes in detail the structure and properties of silk fibroin, types of silk
fibroin microneedles, drug delivery application and clinical transformation progress, and
summarizes the future development trend in this field. It also proposes future research
directions for silk fibroin microneedles in increasing drug loading dose and enriching drug
loading types as well as exploring silk fibroin microneedles with stimulation-responsive
drug release functions. The safety and effectiveness of silk fibroin microneedles should be
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adequately verified in clinical trials at different stages. What we have achieved determines
where we stand, and what we will do in the future determines how far we can proceed.
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Abstract: Microneedles (MNs) have been widely used in biomedical applications for drug delivery
and biomarker detection purposes. Furthermore, MNs can also be used as a stand-alone tool to be
combined with microfluidic devices. For that purpose, lab- or organ-on-a-chip are being developed.
This systematic review aims to summarize the most recent progress in these emerging systems, to
identify their advantages and limitations, and discuss promising potential applications of MNs in
microfluidics. Therefore, three databases were used to search papers of interest, and their selection
was made following the guidelines for systematic reviews proposed by PRISMA. In the selected
studies, the MNs type, fabrication strategy, materials, and function/application were evaluated. The
literature reviewed showed that although the use of MNs for lab-on-a-chip has been more explored
than for organ-on-a-chip, some recent studies have explored this applicability with great potential
for the monitoring of organ models. Overall, it is shown that the presence of MNs in advanced
microfluidic devices can simplify drug delivery and microinjection, as well as fluid extraction for
biomarker detection by using integrated biosensors, which is a promising tool to precisely monitor,
in real-time, different kinds of biomarkers in lab- and organ-on-a-chip platforms.

Keywords: microfluidic; microneedles; organ-on-a-chip; lab-on-a-chip; drug screening; biomarkers
detection

1. Introduction

Microfluidic technology is present in lab-on-a-chip and organ-on-a-chip platforms. In
order to enable high-throughput screening and automation, lab-on-a-chip (LoC) devices—
also known as multitasking devices—combine many (bio)chemical laboratory operations in
a single integrated chip that ranges in size from a few millimeters to a few square centime-
ters [1]. The most alluring benefits of these platforms are their capacity to autonomously
and efficiently execute a number of lab processes on a single chip with minimal external
inputs [2], as well as with low reagent consumption and high-throughput analysis [3]. To
offer an in-situ and quick result for an immediate diagnosis and treatment, point-of-care
testing (POCT) is required. For modern POCT diagnostic systems, sample-to-answer for-
mat, high sensitivity, and a short analysis time are the most crucial qualities. Since LoC
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can miniaturize and combine the majority of the functional modules used in central labs
into a tiny chip, LoC technologies have been regarded as one of the potential options that
can satisfy the needs of POCT [4]. For example, Samper et al., 2019, describe a 3D printed
chip to create a microfluidic biosensing portable system, where the data is transmitted via
Bluetooth [5]. Another example is the study of Zhang et al., 2020, which demonstrated the
integration of a smartphone detection into a microfluidic device (acoustofluidic platform)
for hemoglobin measurement. To detect the fluorescent signal, the researchers created a
quantum dot-based fluorescence test for hemoglobin and paired it with an integrated UV
irradiation source and a commercial smartphone [6].

Organ-on-a-chip (OoC) platforms replicate tissue and miniaturized organs, while
preserving tissue/organ-level function and homeostasis [7]. They are found on microfluidic
devices with perfused chambers that range from micrometers to millimeters in size, and are
fed by continuous media flow [8]. As a result of the continuous flow of cellular media, shear
flow conditions and nutrient/gas exchanges, OoC can be mimicked as in vivo, extending the
cell culture’s lifetime compared to static in vitro cultures [9]. Therefore, OoC can reproduce
important features of the complexity of organs and biosystems [10]. Several studies in the
literature use OoC to examine specific target organs, including the liver [11], heart [12],
brain [13], and kidneys [14], among others. The aim of many of the OoC is to facilitate
drug toxicity detection in healthy and diseased organ models. Because OoC can include
patient primary human cells or stem-cell-derived cells, the OoC system has the potential
to be designed as a model platform capable of predicting optimized and personalized
drug treatments [15]. However, important hurdles must be overcome to create a valid and
robust preclinical organ model. For that, appropriate organ scaling, tissue vascularization,
recapitulation of the immunological response, repeatability, organ monitoring, oxygenation,
pH, shear rate, cell viability, and cell density, are some of the parameters that need to be
considered when designing an OoC [16]. Among all these features, monitoring the OoC
platforms is a huge step to guarantee reproducibility and appropriate chemical, physical,
and cell analysis. Therefore, OoC and LoC can be combined, especially regarding the
integration of micro (bio)sensors of LoC into OoC, bringing advanced microfluidic devices
into a new era.

Microneedles (MNs), which are based on the concept of miniaturized needles, are
increasingly used in biomedical technology. These have the ability to assess biological infor-
mation with minimal invasion, and are frequently used as a strategy to deliver drugs [17],
biomolecules such as proteins [18], RNA, or DNA [19] into cells with temporal and spatial
precision [20,21]. The dimensions of MNs may vary depending on the application. The most
common dimensions found in the literature have height ranges between 150 to 1500 um, with
a base width of 50 to 250 um and a tip diameter of 1 to 25 um [22]. In terms of shape, needle
tips come in a variety of shapes, including triangular, cylindrical, and pentagonal [23]. The
design and size of MINs have been identified as the primary characteristics to be modified
for optimal performance of an MNs system. To maximize efficiency, the length of the MN
can be customized to achieve the desired depth of penetration. The shape, the number of
needles in an array, the height, the aspect ratio (the ratio of the base to the height of the
needle), the material, and the thickness of the backing block (if needed), are all criteria that
define MN design. In addition, the volume that can be collected and loaded by the array is
determined by these criteria. The volume, in turn, contributes to determining the type of MN
that best suits the desired application [24]. Based on applications, MNs can be categorized into
various types. MNs systems have mostly been developed for biomolecular/drug delivery and
microinjection [25-32]. The design of the MNs device is crucial for the efficient performance of
the system, and different materials can be used in MNs fabrication [33]. The two fundamental
designs that are employed to construct MNs are in-plane and out-of-plane (Figure 1A). In
contrast to out-of-plane MN arrays, which rise vertically from the base, in-plane MN arrays
are parallel to the top fabrication surface [34]. Typically, due to the numerous microstruc-
tures and variety of strategies for the delivery of drugs, MNs are divided into two main
categories: traditional needles (solid, coated, or hollow), and emerged needles (dissolving,
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hydrogel-forming) [35]. In terms of materials, MNs can be divided into degradable and
non-degradable materials, such as metal, silicon, ceramic and carbon for non-degradable
and natural polymers for degradable ones [36,37]. Figure 1B represents the two main
categories with the approaches of the six most used MNs. A more comprehensive review
of these MNss structural strategies can be found elsewhere [38].

A
(i (ii)
‘ \E %%
B
Traditional MN Emerging MN
Solid Coated Hollow Dissolving Hydrogel-forming Porous

...........................................................................................................................................................
H

Figure 1. Schematic representation of MNSs. (A) (i) out-of-plane and (ii) in-plane construction. (B) Tradi-
tional and emerging MNs structuring approaches according to drug delivery application.

Concerning the fabrication methods, several have been described in the literature, but
the most commonly used are micro-molding, microfabrication technologies (e.g., lithogra-
phy, laser, etching), additive manufacturing (i.e., 3D printing), and layer-by-layer assem-
bly [39]. Briefly, microfabrication can also be divided into three main processes: deposition,
patterning, and etching. Deposition includes film formation by physical vapor deposition or
chemical vapor deposition. The patterning technique shapes the desired geometry on a film,
substrate, or wafer. Lithography is a common technique used for patterning, which consists in
transferring the mask into a coated photosensitive film using light to develop the exposed pho-
toresist. Although lithography allows the production of smaller feature sizes, it is considered a
more complex process that requires high-tech infrastructures and equipment [40]. Etching is
a technique that involves removing the unprotected sections of the substrate with a strong
caustic chemical to create a microneedle design of interest. A wet or dry etching technique can
be used, but the use of chemicals are required, which can contaminate the samples [41]. Laser
ablation and laser cutting are also reported to be used to fabricate metal and polymeric MNs.
Laser ablation removes material from a solid surface by irradiating it with a laser beam [42].
Laser cutting uses an infra-red laser to cut metallic sheets in the shape of MNs [43]. Both
techniques are simple, quick and precise, with no contaminations, but require higher power
consumption. Micro-molding is used to fabricate various polymeric MNs using cutting tools
to sculpt the mold. Afterwards, the polymeric material that comprises the MN is poured
into the micro-mold in a liquid or semi-liquid state and then solidified to achieve the desired
shape. It is a simple, low-cost, versatile process with high-resolution [44,45]. More recently,
3D printing has also emerged as a process to produce MNs with the potential to simplify
the fabrication of multilayer and materials in a few steps [46].

Overall, the microfabrication techniques to produce MNs and microfluidic devices are
identical. Hence, it is expected that microfluidic devices and MNs can be easily combined
using those fabrication techniques and in this way to create, in a synergetic way, an
advanced microfluidic device for drug screening and/or organ models monitoring [47,48].
Based on this expectation, the present systematic review aims to provide a broad vision on
the state-of-the-art of MNs combined with lab and/or organ-on-a-chip, especially focusing
on the MNs type, fabrication strategy, materials, and function/applications.
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2. Materials and Methods

This work was conducted taking into account the research guidelines for systematic
reviews proposed by PRISMA [49,50].

2.1. Data Sources and Search Strategy

The search was performed using three different databases: ScienceDirect, PubMed
and Scopus, until the 1st of December 2022. The search string used was (“organoids” OR
“organ-on-a-chip” OR “organ on a chip”) AND (“microneedle (s)”) AND (“lab-on-a-chip”
OR “microfluidics” OR lab on a chip”) AND (“microneedle (s)”).

2.2. Validity Assessment

Review articles, conference papers, short communications, and non-English written
articles were removed from the search results, either manually or using the filters from
the database. After the elimination of duplicates, the articles were selected based on the
relevance of their title in the context of this review. Further screening was performed to
evaluate which paper presented the defined inclusion or exclusion criteria presented below.
To avoid biases, the two first authors screened and selected the research papers separately
and then compared the classifications. Disagreements or doubts regarding the classification
were solved by a third author.

2.3. Inclusion and Exclusion Criteira

The studies included in this review followed the criteria:

Published since 2000;

Use of microfluidic platforms or organs-on-a-chip in combination with MNs;

Use of microfluidic platforms or lab-on-a-chip in combination with MNs;

MNs for media/ISF collection;

MN:s for cell injection;

MN:s for biomarkers detection.

MN:s for biofluid extraction, microneedle sensors, and analyte-capturing MNs, or
combinations thereof.

The study did not present the excluded criteria.

3. Results
3.1. Data Collection Results

As previously mentioned, the authors followed the PRISMA-recommended guidance
to conduct systematic reviews. Based on the title, 91 potentially relevant articles were
identified from the three databases selected. In total, 80 studies were included after
removing duplicates. After the evaluation of abstracts, 24 articles were dismissed due to a
lack of data and different study strategies; thus, 56 full papers were analyzed. In the end, a
total of 35 full-text articles were selected. Figure 2 shows the PRISMA flow chart for the
selection process of studies incorporated in this systematic review.

Additionally, a metadata analysis was carried out using the Scopus database with
the searched keywords “MNs + microfluidic” and “MNs + organ-on-a-chip” and “MNs +
lab-on-a-chip” between 2000 (the year of the first work reported in the literature) and 2022,
which shows a total sum in this period of 82 papers (67 articles and 15 reviews) (Figure 3).

Among the included studies, 30% corresponded to studies that have addressed the
integration of MNs into microfluidic devices. The number of publications tended to increase
over the past 20 years, where the majority of the publications were original research articles.
This reflects researchers’ increased interest in combining MNs with lab/organ-on-a-chip.
Among the most published areas were Engineering, Material Sciences, and Physics and
Astronomy, representing a total of 63.4%.

Based on the selected articles from the defined criteria, 36 works were included in
this systematic revision, which had as main topic MNs applied in advanced microfluidic
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devices (i.e., lab/organ-on-a-chip), and subdivided into two main applications: (1) devices
for extraction and biomarker detection, and (2) devices for drug delivery and microinjection,
as follows in the sub-chapter.

Additional records
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other sources (n=4)

|

’ Records after duplicates ‘

Records identified
through database
searching (n=91)

| [ dermifcatin |
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Figure 2. PRISMA flow diagram displaying the procedure of study selection.
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Figure 3. Metadata analysis of the keywords “MNs + microfluidic” and “MNs + organ-on-a-chip”
and “MNs + Lab-on-a-chip” between 2000 and 2022. (A) Number of publications per combined years.

(B) Documents by subject area.

3.2. MNs Applied in Advanced Microfluidic Devices

An increased research effort has been focused on the use of MNs for direct or indirect
sensing. This new trend has germinated naturally from former efforts of the use of MNs for
OoC and LoC devices. Asis possible to observe in Table 1, the majority of the applications of
MNs in the microfluidic field are LoC approaches (approximately 89% of papers analyzed).
Generally, an MN array is connected to a reservoir to serve as an interstitial fluid (ISF)
absorption device or connected with a reservoir to serve as drug storage to release drugs.

Hollow MNs are regarded as the best choice for extract/release systems, since they
provide the exact amount of drug needed at the desired location in a faster and controlled
way. Therefore, hollow MNs are the most common type of MN employed in microfluidic
devices, mostly made of silicon, but metals and glass are also used (Table 1). Such devices
act as a conduit to access dermal biofluids for on-chip analysis in microfluidic chambers [51].
However, besides hollow MNSs, the application of porous and solid MNs in microfluidic
devices are also established (Table 1).

To identify the presence of a particular target analyte, microneedle-based biofluid
extraction products are mainly combined with downstream analytical techniques [52]. For
example, Wang et al., 2021 explored an MN patch for fast in vivo sampling and on-needle
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quantification of target protein biomarkers [53]. Microneedle-based in vivo sensors have been
used in diagnostic systems functioning as electrodes, particularly for glucose testing [54].
To overcome the gap between extracting ISF and further analysis, some authors proposed
solutions that incorporate the biosensor on the patch of porous MNs [55]. For example,
Kusama et al., 2021, proposed a porous MNs patch combined with anodes and cathodes
for efficient drug delivery (penetration) and analysis (extraction) [56].

Ultimately, MNss systems can provide results and detect different biomarkers in real-
time, which can be used to monitor in vivo tissues, or in vitro organoids and cell cultures.
The main advantage of MNss is that they can be repeatedly used to collect cellular contents
without causing cell lysis. They may also promote a decrease in lateral diffusion [57].

Overall, studies show that MNs are mainly used in microfluidic applications for
biomarker detection [58-68], cargo delivery [69-73], and cell microinjection [74,75]. Table 1
shows the types of MNs, materials, applications and hydrodynamic forces used in mi-
crofluidic devices. The works reviewed show that MNs are designed in two configurations,
in-plane and out-of-plane (as shown in Figure 1A). An in-plane MN configuration enables
the manipulation of the length and shape of MNs and the time required to produce it. It
simplifies the integration into an embedded microfluidic network resulting in a device with
fewer layers and steps process. Parameters, such as mechanical rigidity, can be easily tai-
lored by varying the subtract thickness or width of MNs [76-78]. As a result, these MNs are
often longer than out-of-plane MNs [79]. Out-of-plane MNs can also enhance the efficiency
of drug delivery/fluid extraction by increasing the MN array density. However, achieving
a higher length is more difficult because of the risk of clogging and collapsing [58,80,81].

Another interesting aspect in the design and application of MNs in microfluidic
devices is the type of hydrodynamic force mechanism employed, which can be passive,
such as capillary force, or active, such as by using micropumps. For instance, the detection
of analytes in fluids may be facilitated by the use of capillary action in a microneedle-assisted
biosensing [82]. In this case, capillary forces can propel the fluid to/from the reservoir and
then to a biosensor platform. However, in some cases a micropump can be requested to
supply specified volumes at higher flow rates, which in turn adds more complexity to the
system [83]. Nevertheless, in many designs, capillary forces are enough and allow the liquid
to flow through the MNs on its own, simplifying the manufacture and use of the device [84].
When natural hydrodynamic forces, such as capillary, are not enough, other components such
as pumps, valves, and bubble traps must be combined in order to achieve the system. This, as
already mentioned, can be challenging from a fabrication and integration standpoint [59]. In
some revised works, planar micropumps were used because of their advantage in being
simple to integrate and having the ability to change the flow operation (extraction/injection)
by just flipping the valve direction. For LoC devices with in-plane MNs, this approach is
further explored [60,70], although leaks between the inlet and outlet can occur.

Regarding fabrication strategies and materials, typically porous MNs are fabricated
using a PDMS mold followed by a leaching method to remove the porogenic casted mate-
rials [61,62], or by using a microfabrication process to directly obtain the MNs’ structure,
followed by leaching [64]. The majority of solid MNs are built of metallic components or
silicon, or a combination of both [65,73,85]. In the studied papers, the solid MNs were pro-
duced through micromachining processes, including the use of SU-8 photoresist. On the
other hand, coated MNs are in general solid MNs that suffer a process of coating. For ex-
ample, Trzebinski et al., 2012, developed a microfluidic device with enzyme-coated MNs
by immersing the MNs in a solution with the desired enzyme [67]. Kang et al., 2021 used a
silicon-coated MN with Cr/Au by deposition [71]. In contrast, different types of lithogra-
phy are commonly used in the case of hollow MNs [63,86,87]. Deep reactive ion etching
(DRIE) and sacrificial layer sharpening are two other techniques that have been extensively
researched in MNs and used in the investigated microfluidic devices [70,74-78,81]. New
fabrication processes, such as 3D printing, are starting to be developed as well. A com-
prehensive review concerning this fabrication methodology for the design of MN for
biomedical application can be found elsewhere [88].
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3.2.1. Devices for Extraction and Biomarker Detection

The use of microfluidic components combined with MNs for glucose measurement has
received the greatest attention [67,91]. As is possible to observe in Table 1, and as mentioned
above, hollow MNs are the most developed for fluid extraction that serve for biomarker
detection. In general, such devices act as a conduit to access dermal biofluids for on-chip
analysis. Historically, the first LoC devices were designed with hollow MNs [58,81]. For
instance, Mukerjee et al., 2004 integrated a hollow MN array with microchannels to measure
glucose levels in situ. The fabrication process was a combination of DRIE and isotropic etching
to produce out-of-plane hollow MNs integrated with microchannels and reservoirs. The chip
was designed to draw fluid from the MN tip to microchannels by capillary forces. To achieve it,
the surface tension was optimized by studied geometry, contact angle and an MN cross-section,
and it was concluded that the best silicon MN profile for extracting fluid was the “snake
fang”. The device was able to successfully pierce the skin and extract fluid, and glucose was
measured by calorimetry with the fluid in the reservoir (Figure 4A) [81]. However, the study
reported that an inflammatory response was observed. Another extraction system was
described by Lee et al., 2012, in which the system integrated an ultrahigh-aspect-ratio (UHA)
microneedle with a novel elastic self-recovery actuator. This device successfully extracted
and transported blood from a rabbit [90]. In addition, biosensors started to be combined
into the microfluidic system/device with microneedles. As described by Zimmermann
et al., 2003, a disposable minimally invasive self-calibrating sensor for continuous glucose
monitoring was developed, consisting of hollow out-of-plane MNs to sample ISF from the
epidermis that was placed in a shallow flow channel. Capillary action and evaporation drove
the ISF through the MNs into the integrated glucose sensor. However, it was a prototype
test, and the authors suggested that more investment was needed for the fluid to reach the
biosensor. In addition, it was reported that the passing fluid gradually washed away the
immobilized enzyme [58].

As a possible solution, Najmi et al., 2022, developed and simulated a nonenzymatic
glucose detection device by integrating a microfluidic system and a semi-permeable mem-
brane located at the MN base to separate the dialysis fluid from the waste fluid. In this
case, an amperometric sensor was used [60]. However, some leakage was observed from
outlet-to-inlet (Figure 4B).

Mansor et al., 2017, created a device for the detection of cells in suspension. The microflu-
idic chip consists of two MNs integrated at both sides of the channel to detect impedance
measurements of passing cells through the applied electric field. The MNs can be reused,
but each PDMS microchip can only be used for one cycle. Due to the low fabrication cost
and more than one functionality (solution detection and cell concentration detection), this
device was described as suitable for various applications, such as cancer cell detection and
water contamination [85] (Figure 4C).

Miller et al., 2014, developed an ion-sensitive microfluidic chip with hollow MNs, one
approach that provides an attractive platform for an on-body sensing system for monitoring
potassium, which can be easily expanded to other relevant physiological markers for the next
generation of point-of-care diagnostic devices. This work was the first ion-selective-electrode
MN sensor integrated into a microfluidic device [63] (Figure 4D). A multi-diagnostic system
including a PDMS touch-switch, a paper multisensory, and a hollow MN was described by
Li et al. 2015 (Figure 4E). The cholesterol and glucose levels in rabbit blood were measured
using this device [66]. The main benefit of this method is that it only requires one finger
press to activate. With just one finger, enough pressure is applied to the PDMS touch-switch
to enable the MN entry into the blood vessel. The deformable chamber returns to its former
shape after the finger is released, creating a negative pressure that allows blood to be
extracted through the hollow MN and into the sensor-chamber [66]. Sarabi et al., 2021,
described an MN array integrated with a microchip for body fluid samples powered by
finger press, and the process of fluid flow and its transport across the device was modeled
and simulated with a finite model [92].
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Figure 4. Schematic compilation of MN microfluidic devices for extraction and biomarker detection
(A) Design of MN array. Reprinted from [81]. Copyright © 2023, with permission from Elsevier.
(B) Integrated device for regular glucose measurement. Reprinted from [60]. Copyright © 2023,
with permission from Elsevier. (C) 3D schematic diagram of design structure. Reprinted from [85].
Copyright © 2023, with permission from MDPI. (D) CorelDraw rendering of a cross-section of the K*
ion-sensitive electrode microfluidic chip. Reprinted from [63]. Copyright © 2023, with permission from
John Wiley and Sons, Ltd. (E) Schematic representation of the one-touch-activated blood multi-diagnostic
system. Reprinted from [66]. Copyright © 2023, with permission from Royal Society of Chemistry.
(F) Schematic of the proposed minimally invasive blood glucose monitoring system integrating an array
of porous MNs in a microfluidic chip. Reprinted from [61]. Copyright © 2023, with permission from
Springer. (G) Modified and improved system of 4F. Reprinted from [62] Copyright © 2023, with
permission from Springer. (H) Schematic of an array of horizontal microneedle biosensors in the
channel. Reprinted from [65]. Copyright © 2023, with permission from Elsevier.

Although hollow MNss are further explored, some devices incorporate other types of
MNs, such as porous MNs. The fundamental benefit of porous MNs is that biodegradable
polymers can be used, since their porous structure does not require the micromachining pro-
cedures used for hollow structures. Takeuchi et al., 2019, (Figure 4F) developed a microfluidic
system with a hydrodynamically designed interface between a porous PDMS MN array and
microchannels to enable a direct analysis of liquids extracted by the porous MN array [61].
A porous MN array connected to a microfluidic chip was inserted into agarose gel for
evaluation of the collected fluid. This strategy demonstrated a lower flow rate than in the
microchip itself, which can be due to the porous MN array increasing the hydraulic resis-
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tance of the fluidic connection from the gel to the assay chamber. More recently, a similar
system was improved by an additional interface to mechanically and fluidically connect
the MN array to microfluidic channels, and tested to show the potential of incorporating
MNs in a microfluidic device (Figure 4G) [62]. In another study, Yi et al., 2021, developed
a device with porous MNs for the extraction and detection of skin ISF. In this work, a
combination of porous MNs with aptamer immobilization was developed, which created
an innovative device [64]. In some devices, the detecting method is incorporated in the MN
itself, as described by Esfandyarpour et al., 2013, where a solid MN biosensor (with four
layers) was developed with the ability to directly measure biomolecular binding as a function
of time. This strategy is described as useful for measuring reaction kinetic constants for vari-
ous biomolecular species [65]. The MNs’ position in this platform differs from the standard
presenting horizontal MNs. The vertical construction is described to have the advantage of
increasing the transducer sensitivity due to the smaller sensing area, whereas the horizontal
form is preferable owing to the simplicity of production (Figure 4H). However, the use of
MN s integrated in microfluidic devices can have some limitations for the extraction and
detection of biomarkers. Typically, by using these MN-integrated microfluidic systems, a
limited volume of sample is collected by unit of time, which can cause a limited detection
of biomarkers. This can be particularly challenging for applications that require analysis
of biomarkers that are presented in low concentrations, and thus, need more volume to
achieve the limit of detection (LOD) in the biosensing unit. Additionally, the accuracy to
detect biomarkers in these devices, strongly depends on the specificity and sensitivity of the
detection method used. An example is the employment of electrochemical sensors, where their
sensitivity can decrease over time due to passing fluid that can wash away the immobilized
recognition molecule (antibody/aptamer), or by cleaning steps between readings. Therefore,
these limitations are important parameters that should to be taken into account for this
application.

3.2.2. Devices for Drug Delivery and Microinjection

Microfluidic devices integrated with MNs can be used for drug delivery due to the pre-
cise control of drugs released by means of microfluidic components, such as micropumps.
This strategy enhances continuous-on-chip drug delivery. Zhan et al., 2004, describe a
delivery system with in-plane MNs with a microchannel and an outlet. This design allows
for the decoupling of the mechanical and fluidic performance of the device (Figure 5A) [70].
For example, by using thicker substrates and/or larger shanks, needle shank stiffness can
be easily raised without compromising flow rate or inlet pressure. Similarly, by employing
larger substrates and more deeply etched channels, the flow rate can be enhanced without
increasing inlet pressure or lowering stiffness. Based on this design, but with a different
method of fabrication, Lee et al., 2015 proposed and demonstrated a MEMS MNs system
for deep brain drug infusion [72].

The first flexible microneedle patch incorporating microfluidic components for on-chip
loading and delivery control was produced by Xiang et al., 2015 [73]. The ease of use and
cost-effectiveness of the proposed microneedle-fluidic system allow it to be a suitable and
promising disposable medical device. Additionally, the device was used in the first in vivo
experiment where the local inflammatory phenomena were treated by delivering diclofenac
solution transdermally into tissues.

In another study, Kang et al., 2021, fabricated a flexible array base microfluidic neural
interface to add a chemical delivery capability to three-dimensional electrode arrays com-
prising a collection of MNss (a silicon MN coated with Cr/Au) positioned perpendicular
to the array base [71]. In this device, the fluid flows along the surfaces of MNs from the
base, resulting in fluid delivery directly to the brain surface, but indirectly to the electrodes
(Figure 5B). Thus, combining drug/chemical delivery with sensing.
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Figure 5. Schematic compilation of MN microfluidic devices for drug delivery and microinjection.
(A) Schematic of an integrated micropump/microneedle device. The top shows a closeup of a pla-
nar free floating directional microvalve. Reprinted from [70]. Copyright © 2023, with permission
from Springer. (B) The flexible penetrating microelectrode array is integrated with the microfluidic
interconnection cable (LFIC). Reprinted from [71]. Copyright © 2023, with permission from Nature.
(C) Assembled microinjection device. Reprinted from [74]. Copyright © 2023, with permission from
Royal Society of Chemistry. (D) Silicon microneedle structure showing the solvent injection and sam-
ple aspiration during microneedle extraction. Reprinted from [87]. Copyright © 2023, with permission
from American Institute of Physics. (E) A photomicrograph shows the microneedle array perfusing a
brain slice. The microfluidic perfusion system integrates microneedle arrays in a packaged system for
fluid containment. Reprinted from [89]. Copyright © 2023, with permission from Springer. (F) Schematic
illustration of the proposed 2D in-plane microneedle chip. Reprinted from [77]. Copyright © 2023,

with permission from Springer.

The first microfluidics-based microinjection system was suggested by Adamo et al.,
2008, in which single cells were propelled by fluid streams and subsequently injected via
MN’s with the aid of flexible valve actuation (Figure 5C) [74]. In another strategy, this time
based on nanoneedles, Huang et al., 2019 used a microfluidic chip and a nanoneedle array
to disrupt the cell membrane, enhancing the passive transfusion of biomolecules to the
cytoplasm [93]. Using microinjection-microfluidic systems allows transferring of bioactive
agents to many cells in parallel, efficiently transfecting, and works in cell lines difficult
to transfect. Zabihihesari et al., 2020, demonstrated the first microfluidic platform that
enables immobilization and localized microinjection of a larva due to an integration of a
microneedle in the device [75].

As described above, the incorporation of MNs is more developed for LoC devices than for
OoC devices. Among the OoC examples is the work of Hokkanen et al., 2015, which developed
an automatic microfluidic sample system for tissue analysis. In this work, a microscope and
robot were used for positioning the MNs and samples for real-time biopsies (Figure 5D).
The blunt-tip silicon MN chips were used to measure indicative cancer biomarkers from the
tissues. This system is reported as able to be used to extract lipids from small biopsies [87].
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In another OoC study, Choi et al., 2007, described a microfluidic perfusion system
that integrates microneedle arrays in a packaged system for fluid containment. The hollow
MNs were made with a thin body, a sharp tapered tip, and a microfluidic port along the
tower’s side to deliver medium to the inside of the target area (Figure 5E) [89]. The 3D
perfusion design provides convective mass transport to the tissue interior for experiments
on large tissue preparations over extended time periods.

In-plane MN with an open capillary was another strategy developed for LoC. Jung
et al., 2015, fabricated in-plane MNs with side openings with a microchannel inside the MN
that connected to a reservoir (Figure 5F) [77]. The fabricated microdevice was described to
be applied for minimally invasive drug delivery or sample extraction.

Opverall, these papers show the vast potential and versatility of applications for MN in
microfluidic devices. However, in general, these devices are made using time-consuming
fabrication processes that involve numerous steps and additional sealing layers to enhance
the total thickness of the structures. The width of microchannels is frequently constrained
by small openings created for successful sealing, making it difficult to reliably seal long
microchannels. To overcome this fabrication constraint, Trautmann et al., 2019 described a
POCT system combining femtosecond laser-generated microfluidic channels and direct
laser-written MN arrays that simplify the fabrication process in only a few processing
steps. This is an advantage over multiple processing methods [86]. With this method, hollow
MN:s of various designs were created, and a flow test using rhodamine B was performed to
validate the microchip. Nevertheless, there are some other limitations that must be considered
when designing MN-integrated microfluidic platforms for drug delivery and microinjection.
For instance, the limited volume of drug that may be administered or injected by unit of
time must be considered. This can be especially difficult for applications requiring high
therapeutic dosages. In addition, many drug treatments require specific formulations and
combinations of formulations, which can pose a challenge for researchers and pharma-
ceutical companies to adapt to MN administration. This includes using an MN-system
applying soluble MNs with specific kinetic drug release. Additionally, for this application,
the selected material that will act as MNs must be adequate to not react with the drug
formulation. As an example, PDMS is known to capture hydrophilic molecules, which can
decrease the release of available drug [94]. Considering the application of MN to be used
in OoC or to act as drug delivery in a biological matrix, a challenge that may develop is
the MN breaking and clogging during the insertion/extraction of MNs into the biological
tissue, which can compromise the functionality of the device. Therefore, the selection and
specificity of the material chosen to act as MNs and to be integrated within the microfluidic
device is one of the most important parameters in the fabrication of such platforms.

4. Conclusions

Microfluidic devices with MNs are a relatively novel and appealing method of fluid
transport that offers numerous benefits and applications. Because of the multiple possi-
ble applications in the field of biomedicine, the attention to these devices has increased
significantly in recent years, as shown by the increasing number of published of lab/organ-
on-a-chip systems with MNs. These combined structures are compatible with the current
biotech requirements for both operation and assessment, including automated liquid man-
agement, plate shuttling, biomarker detection and delivery features. Some of the described
LoC devices were tested pre-clinically, which shows the end-use applicability of them.
However, systems integration and manufacturing MNs present substantial challenges (e.g.,
clogging effect, biocompatibility, fluid leakage, numerous fabrication steps and high costs).
This inherent complexity can negatively influence the manufacture of such devices” depend-
ability and repeatability. One of the challenges in the integration of MNs with microfluidic
devices is ensuring that the MNs are precisely aligned with the fluidic channels. This is
necessary to guarantee that the fluid flows smoothly through the device and the MNs
are able to perform their intended function. Another challenge is ensuring that the MNs’
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material corresponds to the practical demands of the application that the device is being
developed for, as previously outlined in this work.

Overall, the integration of MNs with microfluidic devices is a complex process that
requires careful consideration of a number of factors, including design of the MNs, man-
ufacturing techniques, possible functionalization of MN surfaces, and combination or
integration with (bio)sensing and actuation systems. As researchers continue to develop
new techniques to fabricate MNs-integrated microfluidic devices, the potential application
for these devices is expected to expand. As a result, simple fabrication methods and new
materials are being explored.

Among MNs, hollow MNs are the ones most employed in microfluidic devices, due to
their capability to collect and release higher amounts of fluid. Regarding the MN material,
different types of materials from metallic to non-metallic were described in the literature
reviewed, which are highly dependent on their application. For instance, MNs designed to
penetrate the skin or tissue must be fabricated with materials that provide enough strength
and biocompatibility.

Among the microfluidic type of devices, LoC systems with MNs are being explored for
extraction, biomarker detection, microinjection, and drug delivery, which can be combined
for two or more of these applications in the same device. On the other hand, MN-fluidic sys-
tems for OoC/ cell-culture monitoring are in the early stages of development. Nevertheless,
its potentiality for cell/tissue monitoring is high, as MN structures can measure protein
levels directly inside a living cell, without lyse and at real-time. For that, a thin MN can
be inserted into a living cell, or in a cluster of cells (tissue), to assess its microenvironment
and homeostasis. This can be used for a variety of purposes, including protein expression
monitoring, homeostasis assessment, precise drug delivery, and DNA or RNA therapy.
Similarly with LoC, one of the most significant advantages of OoC is the versatility of
these devices for multiple applications, which has a wide scope for further development.
However, the intricate structure of microfluidic devices, as well as challenges in integrating
with other devices and fabrication requirements, all contribute to an untapped potential
for MNs in the biomedical field. Nevertheless, work is being conducted to overcome this
challenge, as shown by a recent published Patent WO /2022 /180595, which presents a
multiorgan-on-a-chip containing an MN-(bio)sensing platform for the validation and study
of nanomaterials, drugs, or mixtures thereof, intended to be used in biomedical and/or
pharmaceutic applications [95].

In addition, several researchers are focusing their efforts on developing simpler and
low-cost fabrication methodologies to create powerful MN-microfluidic devices, where
the integration of the different components, such as biosensing modules, are more easily
achieved. One of the newest approaches is the development of microfluidic devices and
biosensors using bioprinting technology, which can fabricate in a few steps. This technol-
ogy, although promising, is also in its first stages. Therefore, there is plenty of room for
the MN-microfluidic technology to progress, from material science and microfluidics to
tissue engineering. Furthermore, a wide range of applications can be explored, not only
biomedical, but also in the sea and in space.
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Abstract: Interest in transdermal delivery methods for stimulating hair regrowth has been increasing
recently. The microneedle approach can break the barrier of the stratum corneum through puncture
ability and improve drug delivery efficiency. Herein, we report a dissolvable microneedle device
for the co-delivery of rapamycin and epigallocatechin gallate nanoparticles that can significantly
promote hair regeneration. Compared with the mice without any treatment, our strategy can facilitate
hair growth within 7 days. Higher hair shaft growth rate and hair follicle density with inconspicuous
inflammation were exhibited in C57BL/6 mice, elucidating its potential for clinical application.

Keywords: hair regrowth; microneedles; nanoparticles; rapamycin

1. Introduction

Hair loss, a common and distressing symptom, has become a condition that plagues
billions of people worldwide [1,2]. Currently, topical minoxidil [3], oral finasteride [4],
and hair follicle transplantation [5] are common clinical treatments but still face challenges
such as uncontrolled adverse effects, high cost, poor compliance of patients, and time
commitment [6,7]. Although other pharmacological treatments, such as valproic acid [8],
Rub58841 [9], etc., as well as phytochemicals from botanicals [10], were demonstrated to
promote hair growth, most drug formulations are prepared for topical administration [11].
However, because of the protective barrier of the stratum corneum, the percutaneous
absorption of drugs is hindered, resulting in low percutaneous permeability and poor
treatment compliance [12,13]. Therefore, effective treatments are urgently needed.

Transdermal delivery systems are required for successful therapeutic application
beyond conventional venous injections and oral or topical administration [14-17]. Mi-
croneedles (MNs) with three-dimensional microstructures with microscale lengths (usually
less than 1000 um) are a potential direction, which can overcome the complex and dynamic
barriers of the stratum corneum, control the delivery dose, and improve the efficiency and
accuracy of drugs [16,18]. In recent years, microneedle drug delivery systems therapy for
alopecia disease has received extensive attention and fueled the hair loss therapy research
field [19-22]. However, individual differences have led to an ever-increasing need for
precise hair growth.

In this study, a dissolvable microneedle device to deliver nanoparticles (NPs) was
designed (Figure 1). Polyvinylpyrrolidone (PVP), with good biocompatibility, mechanical
properties, and water-soluble properties, served as a microneedle structure [23]. When
the microneedle penetrated into the skin, it dissolved rapidly and released nanoparticles,
enabling controlled and sustained release of drug nanoparticles into the skin. Rapamycin
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(RAPA) and epigallocatechin gallate (EGCG) were selected as target drugs. Rapamycin, an
autophagy-activating small molecule, can induce the transition of the hair cycle from the
telogen to anagen phase, thereby promoting hair regrowth [24,25]. The nanoparticles were
formed by polylactic—glycolic acid copolymer (PLGA) with encapsulation of rapamycin
(RAPA-PLGA NPs), which helps to improve the sustained-release effect and prolong the
incubation period of rapamycin [26]. In addition, EGCG has antioxidation and anagen
activation effects [27]. Keratin (KE) is the main component of hair [28]. Crosslinking keratin
with EGCG to form nanoparticles (EGCG-KE NPs) can not only provide nutrition for hair
but also benefit the proliferation of hair follicle cells. From a series of in vitro and in vivo
experiments, we demonstrated that the RAPA-PLGA and EGCG-KE NP-loaded MN device
(DMN) can promote hair regeneration within as few as 7 days.
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Figure 1. Schematic of the microneedle device for hair regrowth. (A) Our DMN (PVP-based mi-
croneedle loaded with RAPA-PLGA and EGCG-KE NPs) penetrate the skin. (B) The microneedles
dissolve rapidly and release nanoparticles and drug transport into the hair follicle niche. (C) Drugs
can activate the healthy hair cycle, accelerate the transition of hair follicles from telogen to anagen,
and promote hair regrowth.

2. Materials and Methods
2.1. Materials and Animals

Poly(lactic-co-glycolic acid) (PLGA, 50/50), rapamycin (RAPA, 98%), Keratin(KE)
solution (5 mg/mL, Aladdin, Shanghai, China), epigallocatechin gallate (EGCG, 95%,
Aladdin, Shanghai), polyvinyl pyrrolidone (PVP, Mw 400,000), acetone, dithiothreitol (DTT),
polyethylene-polypropylene glycol (F68), polydimethylsiloxane (PDMS, Dow Corning
Sylgard 184), formaldehyde, C57BL/6 mice (6 weeks old, Guangdong Medical Laboratory
Animal Center). All mouse experiments were approved by the Animal Care Committee of
Tsinghua University.

2.2. Preparation of Nanoparticles

RAPA-PLGA NPs: 10 mg of PLGA and 1 mg of rapamycin were dissolved in 1 mL of
acetone solution. PLGA solution was added dropwise to 10 mL of 0.1% F68 solution with
stirring at room temperature overnight. After centrifugation at 10,000 r/min for 20 min,
the collected nanoparticles were dispersed in pure water and stored at 4 °C.

EGCG-KE NPs: 10 mL of keratin solution (1 mg/mL) was reduced by 20 ug of
DTT for 4 h, and then 40 mL of EGCG solution (5 mg/mL) was added. Then, 100 puL
of 37% formaldehyde solution was added dropwise into the mixture with stirring at
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room temperature for 12 h. After centrifugation at 10,000 r/min for 20 min, the collected
nanoparticles were dispersed in pure water and stored at 4 °C.

2.3. Fabrication of DMN

A 10 x 10 array microneedle (a round base diameter of 320 um, a height of 680 pm
in each microneedle, 600 pm of tip-tip spacing) anode model was prepared by Suzhou
Machinery (China). Then, the PDMS cathode mold was prepared by the template method.
PVP solution (1 g/mL) mixed with the drug (RAPA-PLGA NPs and/or EGCG-KE NPs)
was added to the PDMS microneedle mold and then vacuumed for 2 min. The excess PVP
solution was removed using a spin coater. Then, 13% PVA /sucrose solution was added as
the MN substrate. The whole model was placed in a desiccator for 2 days until completely
dry. The microneedle patch was peeled off from the PDMS model and stored in a desiccator.

An example of how to prepare a MN patch with 1 ug of RAPA is shown. Next,
1 g of PVP was mixed with 1 mL of RAPA-PLGA NPs solution (containing 1 mg RAPA
encapsulated in NPs). Then, the microneedle wells (2 uL./MN patch) were filled with PVP
solution (0.5 mg/mL RAPA) by vacuum. The excess PVP solution was removed by a spin
coater to ensure wells contained only drugs. Thus, the microneedle wells contained 1 ug
(2 uL x 0.5 mg/mL) of RAPA. Different dosage amounts of model drugs in MN were
controlled in the same way:.

2.4. Characterizations of NPs and DMN

Ultraviolet spectroscopy (UV): the aqueous solution of the samples (nanoparticles, KE,
rapamycin, EGCG) was measured by an ultraviolet spectrophotometer in the wavelength
range of 200-400 nm.

Dynamic light scattering (DLS): the nanoparticles were ultrasonically dispersed in
pure water, and their size and zeta potential were obtained using a Malvern Mastersizer
3000 analyzer.

Scanning electron microscopy (SEM): the lyophilized nanoparticle powder or MN
was placed in a silicon wafer. The surface of the sample was sprayed with gold, and the
morphology of the nanoparticles was observed under a scanning electron microscope
(G kV).

Mechanical strength test: the microneedle was pressed by the top sensor at a speed
of 0.1 mm/min until destroyed, and the force-displacement data were recorded by an
electromechanical universal testing machine.

In vitro drug release study: a vertical Franz diffusion was used for the PLGA nanopar-
ticle release study. The upper diffusion pool was added to the nanoparticle dispersion, and
the lower pool was filled with 0.1% F68 PBS solution (pH = 7.4). A filter membrane (0.2 um)
was located between the diffusion pool and the supply pool. The Franz diffusion cell was
stirred at 37 °C. One milliliter of solution from the supply pool at the setting time was used
to detect the concentration of rapamycin by UV.

2.5. Animals Experiments

Rapamycin MN: following anesthesia by 1.25% tribromoethanol, dorsal skin hair
(an area of approximately 2 cm x 2 cm) was shaved using an electric hair clipper and hair
removal cream. Six-week-old C57BL/6 mice with MN administration were treated on the
first and seventh day. The microneedle was pressed into the dorsal skin with the thumb for
30 s, followed by fixation with medical tape paste and the microneedle base was peeled
off after 2 h. In rapamycin MN groups, dosage from low to high (0.001 pg, 0.01 pg, 0.1 pg,
1 pg, 10 pg rapamycin/MN patch) was applied to the treatment area. In the topical dosing
groups, 30 pL of rapamycin lecithin gel (low dose to high dose: 0.2 uM, 2 uM, 20 pM) was
applied to the treatment area (2 cm x 2 cm) every other day. The shaved untreated mice
served as controls.

DMN: following anesthesia by 1.25% tribromoethanol, the dorsal skin hair (an area of
approximately 2 cm x 2 cm) was shaved by using an electric hair clipper and hair removal
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cream. Six-week-old C57BL/6 mice with MN administration were treated on the first and
seventh day. The microneedle was pressed into the dorsal skin with the thumb for 30 s,
followed by fixation with medical tape paste, and the microneedle base was then peeled off
after 2 h. In the topical dosing group, 30 pL of rapamycin lecithin gel (2 pM) or 20 uL of 2%
EGCG ethanol solution was applied on the treatment area (2 cm x 2 cm) every other day.
The shaved untreated mice served as controls.

2.6. Histology and Immunofluorescent

At the time point, mice were sacrificed, and skin samples were collected from the back.
Samples were fixed with 4% paraformaldehyde solution for 24 h and then dehydrated and
embedded in wax using an automatic tissue dehydrator. After sectioning, the samples were
subjected to hematoxylin and eosin (H&E) staining. H&E staining images were collected
by optical microscopy.

For immunofluorescence, the sample slices were immersed in 0.01 M Tris-EDTA solu-
tion for antigen retrieval and then blocked in 5% goat serum. The samples were incubated
with primary antibody-targeting (CD3, CD68; 1:100; Bioscience) working solution for 12 h
at 4 °C, and then washed with PBS three times. For secondary antibody incubation, the sections
were stained with FITC- and rhodamine-conjugated secondary antibodies, and counterstained
with DAPI. The fluorescent images were collected by fluorescence microscopy.

2.7. Western Blotting

Skin tissue samples from the shaved dorsal area were lysed with lysis buffer for
protein extraction. Next, equal amounts of protein were separated on SDS-PAGE gels
by electrophoresis (100 V, 120 min) and transferred to nitrocellulose membranes (300 mA,
40 min). The protein membrane was rinsed and blocked with BSA solution at room
temperature for 60 min. Next, the membrane was incubated with primary antibodies
(B-catenin, LC3, P62, AKT, p-AKT) at 4 °C overnight and then incubated with HRP-labeled
secondary antibody for 1 h at room temperature.

2.8. Statistical Analysis

All experiments were independently repeated at least 3 times (1 > 3). The results are
presented as the mean =+ standard deviation. Data analysis was processed by SPSS and
GraphPad software. A probability value (p < 0.05) by t-test was considered significant
(*p <0.05,** p <0.01, ** p < 0.001).

3. Results and Discussion
3.1. Characterization of MNs and Nanoparticles

The microneedles were prepared using a two-step template method (Figure 2A).
First, PVP-based microneedles were prepared, and then PVA/sucrose was covered as
a flexible substrate. The finished microneedle patch was a 10 x 10 microneedle array
onalcm X 1cm base. Scanning electron microscopy (Figure 2B,C) and laser confocal
microscopy (Figure 2D) showed that the DMN was smooth and uniform, maintaining
a good conical shape and sharp needle tip. The base diameter of each microneedle was
320 um, and the height was 680 um. Since the epidermal layer of skin is the main barrier
for transdermal drug delivery, studies discovered that a force of at least 0.1 N/needle
is required to penetrate the skin [29]. According to the mechanical strength test, the
force—displacement curve of the microneedle showed linear continuity, indicating that the
PVP microneedles have good mechanical properties and are not easy to destroy during the
compression process (Figure 2E). When half of the needle length (300 pm) was compressed,
the mechanical strength of a single microneedle was 300 mN. This demonstrated that the
microneedle can satisfy the mechanical conditions for penetrating the skin.
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Figure 2. Characterization of MNs. (A) Preparation scheme of a drug NP-loaded MN. (B) SEM
images of MNs. Scale bar: 300 um. (C) SEM images of MNs. Scale bar: 100 um. (D) Laser confocal
microscopy image of MNs. Scale bar: 300 um. (E) Mechanical strength of MNs and photograph
after compression.

In this study, EGCG and RAPA were used as drugs to activate hair follicle regeneration.
Rapamycin nanoparticles were prepared using the emulsification and volatilization method
(oil-in-water O/W method) to form microemulsions dispersed in water, which is a common
synthetic method for biodegradable polymer nanoparticles. Hydrophobic rapamycin was
encapsulated in the PLGA polymer. In contrast, EGCG nanoparticles were formed by chem-
ical cross-linking with keratin, and the formation mechanism was the polycondensation
reaction of methyl of KE and the thiol groups (-SH) of EGCG [30]. To characterize the
physicochemical properties of the nanoparticles, scanning electron microscopy showed
that both NPs were spherical, with good dispersibility and good singleness (Figure 3A,B).
DSL illustrated that the average diameters of PLGA nanoparticles (Figure 3E) and EGCG
nanoparticles (Figure 3F) were 150 nm and 100 nm, respectively. Notably, the UV absorp-
tion peaks of rapamycin and EGCG were 280 nm and 275 nm, respectively. The synthesized
nanoparticles (Figure 3C,D) also had the same absorption peak, indicating that the optical
properties of the drugs were not affected during the nanoparticle formation process. In
addition, the loading capacity is an important index to evaluate the quality of nanoparticles.
The loading capacities of RAPA and EGCG NPs were 82% and 76%, respectively. The
in vitro drug release curve (37 °C, pH = 7.4) demonstrated the sustained-release effect of
PLGA NPs, with a slow release of 70% RAPA in 13 days (Figure 3G).
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Figure 3. Characterization of NPs. SEM image of PLGA-RAPA NPs (A) and EGCG-KE NPs (B). Scale
bar: 200 nm. UV-vis of PLGA-RAPA NPs (C) and EGCG-KE NPs (D). Particle size distribution with
a photograph of PLGA-RAPA NPs (E) and EGCG-KE NPs (F) in water. (G) In vitro release test of
RAPA-PLGA NPs (n = 3, mean + SD).

3.2. Transcutaneous Permeation Analyses

To evaluate the transcutaneous permeation and biocompatibility of microneedles, a
series of in vitro and in vivo experiments was performed. When the microneedle pierced
the mouse dorsal skin for 30 s followed by 5 min of waiting, H&E staining demonstrated
that the microneedle created a microchannel, confirming the transdermal function of the
microneedles (Figure 4A). The deepest penetration depth could reach around 480 um. The
average insertion depth of MN was around 400~450 pm because of skin natural elasticity.
Since the skin thickness on mice was 300~700 pum through the hair cycle, the depth of pore
formation made it easy and acceptable for drugs to deliver into hair follicles [31]. At the
same time, the MN base could be peeled off the skin after 2 h, leaving the microneedles
dissolved in the skin. To verify the solubility of the microneedles, Figure 3B illustrates that
the dissolution degree of PVP microneedles pierced into porcine cadaver skin was higher
with a longer residence time. The microneedles were completely dissolved in 60 s, proving
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the high solubility of PVP microneedles. In clinical safety experiments, after microneedles
were pierced into mice, microneedle patterns appeared in the dorsal skin and the treated
skin recovered within 60 min (Figure 4C). To further verify the cause of inflammation, we
evaluated the biosafety of the DMN group, the PVP microneedle group, and the control
group by immunofluorescence staining. CD68 is a marker for macrophages, and CD3 is a
marker for T cells. Figure 3D illustrates that CD68 and CD3 were not significantly expressed
in all groups and indicated no inflammatory reaction, proving the biocompatibility of DMN.

A B 5 10 185 30s 60s

D DMN MN Control

H&E

CD68

Figure 4. In vitro and in vivo administration of MNs. (A) H&E staining image of the mouse dorsal
skin after MN penetration. Scale bar: 100 um. (B) Photographs of porcine cadaver skin and SEM
images of MNs after penetration at different time points. Scale bar: 100 pm. (C) Photographs of mice
after penetration and at 60 min postinsertion with removal of MNs. (D) H&E and immunofluores-
cence staining of treated mouse skin at day 10. CD3 (marker of lymphocyte infiltration) is shown
in red, CD68 (marker of macrophages) is shown in green, and cell nuclei (DAPI) are shown in blue.
Scale bar: 50 um.

3.3. Hair Regrowth Evaluation

C57BL/6] mice with obvious hair cycling are known to enter a prolonged telogen
phase by six weeks of age [32]. Thus, hair-shaved mice were commonly used as animal
models for hair regrowth evaluation to induce the transformation of the hair cycle. In our
study, rapamycin dosage can affect the process of hair regeneration. Therefore, we first
determined the dosage of rapamycin nanoparticles loaded in microneedles. Forty-two-day
C57BL/6 mice were divided into nine groups (mice number: 1 = 5/group): five microneedle
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administration groups from low dose to high dose, three topical administration groups
with different dosages, and a control group without any treatment. Figure 5A shows
representative images of mice during the treatments, and Figure 5B illustrates the hair loss
therapy in each group. Hair regrowth was observed on day 10 after shaving when the
dosage of rapamycin was 0.01 pug~1 pg/DMN. The longest hair shaft length was obtained
in mice treated with 0.1 pg of rapamycin (Figure 5C). In contrast, the control group without
treatment showed almost no hair growth. Western blotting (Figure 5D) confirmed that
rapamycin could induce autophagy. 3-Catenin is a marker of hair follicle cycle activation,
while p62 and LC3 are autophagy marker proteins that regulate hair follicle morphogenesis.
Figure 5D demonstrates that the protein expression levels of 3-catenin, p62 and LC3 with
low-dose rapamycin were much higher, which further illustrated that low-dose rapamycin
can effectively promote hair regeneration.
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Figure 5. Invivo hair regrowth study by treatments with different dosages of rapamycin.
(A) Schematic illustration of the hair loss treatments. (B) Physical and H&E staining images (scale
bar: 100 um) of mice treated with RAPA-PLGA NP-loaded MNs and topical RAPA. The untreated
mice served as a control. (C) Hair shaft analysis chart of new hair grown on treated mouse dorsal
skin (n = 3, mean + SD). (D) Western blotting assay of the expression level of proteins related to hair
follicle growth activation ((3-Catenin) and autophagy (p62 and LC3). A probability value (p < 0.05) by
t-test was considered significant (** p < 0.01, *** p < 0.001).

Compared with topical administration, a reduced dosage of drugs is used via the MN
delivery strategy. Our DMN patch was loaded with 0.1 pg of rapamycin and 4 pg of EGCG.
To evaluate the therapeutic effect, mice were divided into six groups, and photographs of
hair growth states at each time point are shown in Figure 6A. A faster hair growth rate was
observed in the rapamycin administration groups (H1, H2, H4), while a higher hair follicle
density was shown in the EGCG administration groups (H1, H3, H5) (Figure 6B,C). H&E
staining of longitudinal and transverse sections of mouse skin was conducted to reveal hair
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regeneration behavior (Figure 6E). In general, compared with other groups, DMN for the
codelivery of RAPA and EGCG generated the best therapeutic effect on hair regeneration.
Hair in the DMN region was significantly the longest and densest. Western blotting further
indicated higher expression levels of 3-catenin (hair follicle regulatory protein) and p-AKT
(a marker of hair follicle cells for proliferation and anti-aging) via DMN dorsal skin to
activate hair follicles to enter a new hair cycle (Figure 6D).
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Figure 6. In vivo study of DMN for hair regrowth. (A) Physical images of mice treated with RAPA-
PLGA and EGCG-KE NP-loaded MNs (H1), RAPA-PLGA-loaded MNs (H2), EGCG-KE NP-loaded
MNs (H3), topical RAPA (H4), and topical EGCG (H5). Untreated mice (HO) served as a control.
(B) Hair shaft analysis chart of new hair grown on treated mouse dorsal skin as a function of treatment
time and day 15 (1 = 3, mean =+ SD). (C) Hair follicle density analysis chart of new hair grown on
treated dorsal skin at day 15 (1 = 3, mean % SD). (D) Western blotting assay of the expression level of
proteins related to hair follicle growth activation (3-Catenin, p-AKT). (E) H&E staining images of
longitudinal sections (top) and transverse sections (bottom) of mouse dorsal skin (scale bar: 100 um).
A probability value (p < 0.05) by t-test was considered significant (* p < 0.05, *** p < 0.001).

4. Conclusions

In summary, a dissolvable PVP-based microneedle patch was prepared for the code-
livery of RAPA and EGCG nanoparticles. Microneedles were constructed with high me-
chanical properties to break the barrier of the stratum corneum via punctuation and then
dissolve rapidly, transporting RAPA and EGCG nanoparticles to the hair follicle niche.
In vivo experiments demonstrated that the DMN can significantly improve hair regrowth
with biocompatibility. Our findings indicate that it is expected to be utilized as a potential
candidate to address hair loss in a minimally invasive manner.
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Abstract: The aims of this study were to investigate the skin regeneration potential of bioactive
placenta (deer placenta (DP), goat placenta (GP), and porcine placenta (PP)) and fabricate bioactive
extract-loaded dissolving microneedles (DMNSs) as a dermal delivery approach. The placentas were
water-extracted, and the active compounds were evaluated. Bioactivity studies were performed in
dermal fibroblasts and keratinocytes. DMNs were fabricated to deliver the potent bioactive placenta
extract into the skin. All placental extracts expressed high amounts of protein, growth factors (EGFE,
FGF, IGF-1 and TGF-f1), and amino acids. These extracts were not toxic to the skin cells, while
the proliferation of fibroblast cells significantly increased in a time-dependent manner. GP extract
that exhibited the maximum proliferation, migration, and regeneration effect on fibroblast cells was
loaded into DMN patch. The suitable physical properties of DMNs led to increased skin permeation
and deposition of bioactive macromolecules. Moreover, GP extract-loaded DMNs showed minimal
invasiveness to the skin and were safe for application to human skin. In conclusion, placental extracts
act as potent bioactive compounds for skin cells, and the highest bioactive potential of GP-loaded
DMNs might be a novel approach to regenerate the skin.

Keywords: deer placenta; goat placenta; porcine placenta; bioactive extract; skin regeneration;

dissolving microneedles

1. Introduction

The placenta is an organ containing many active molecules, such as hormones, pro-
teins, lipids, nucleic acids, glycosaminoglycans, amino acids, vitamins, and minerals, which
are required for life sustenance and proliferation of the fetus [1]. Placental therapy has
been used to stimulate the recovery of disease and tissue regeneration since the early 1900s,
in which various clinical applications have exhibited a range of remarkable therapeutic
attributes encompassing antioxidant, antimicrobial, anti-inflammation, pain reliever, hair
growth stimulation, health improvement, cellular proliferation, tissue regeneration, and
wound healing properties [2]. In many countries (e.g., Japan, Korea, and China), porcine
placenta (PP) extract containing water-soluble active compounds have been used as a
non-prescription drug for analeptic medicine, healthy foods, and cosmetics [3]. Previous
studies have shown that peptides from goat placenta (GP) extract and human placenta
have numerous bioactivities, such as antioxidant and anti-inflammatory activities [4-6].
Deer placenta (DP) also contains some bioactive compounds, such as glycoproteins and
alpha-fetoprotein [7]. However, no comparative scientific data of DP, GP, and PP on skin
regeneration have yet been reported.
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For the healing and repair mechanisms in the skin, growth factors consist of a large
group of secreted proteins that are important in regulating and stimulating the growth,
proliferation, migration, and differentiation of cells [8]. Placental extracts are rich in
growth factors, such as insulin-like growth factor-1 (IGF-1), epidermal growth factor
(EGF), fibroblast growth factor (FGF), transforming growth factor-31 (TGF-f31), vascular
endothelial growth factor, granulocyte-colony stimulating factor, granulocyte-macrophage
colony stimulating factor, hepatocyte growth factor, and platelet-derived growth factor,
referring to physiological effects ranging from immunomodulation, anti-inflammation,
wound healing, cellular proliferation, and regeneration [2]. Many exogenous growth factors
have been reported as a potential regenerative medicine to replace or repair damaged
cells, tissues, and organs [9]. Amino acids are also found in the placentas, including
alanine, aspartic acid, arginine, histidine, leucine, lysine, phenylalanine, proline, tyrosine,
tryptophan, and valine, which stimulate fibroblast and collagen production and decrease
skin pigmentation [2].

The rejuvenating and revitalizing effect of the placenta on the skin have been ap-
plied either via mesotherapy or topically along with cosmeceutical aesthetic procedure.
Mesotherapy, generally known as “biorejuvenation” or “biorevitalization”, is a technique
used to regenerate the skin by using transdermal injection of a multivitamin solution and
natural plant extracts to repair the signs of skin aging [10]. However, hypodermic injection
is painful, generates dangerous medical wastes, and poses the risk of disease transmission
by needle reuse. Self-administered transdermal systems show the improvement of patient
compliance and are generally inexpensive [11]. Microneedles can be used to overcome
the limitations of conventional approaches. The micron-sized needles arranged on a small
patch can deliver hydrophilic macromolecular compounds bypassing the layer of stratum
corneum and entering into the skin. This technique provides a fast onset of action, the best
patient compliance, self-administration, and improvement of permeability and efficacy.
Additionally, dissolving microneedles (DMNSs) are fabricated with biodegradable polymers
to encapsulate many drugs into the polymer. After inserting these microneedles into the
skin, efficient drug delivery without skin irritation has been reported [12]. Therefore,
DMN s should be used to deliver bioactive macromolecules into the skin.

The aims of this study were to investigate the skin regeneration potential of bioactive
placentals and fabricate a bioactive extract loaded into DMNs as a dermal delivery device.
DP, GP, and PP were water-extracted by probe sonication, and the protein, growth factor,
and amino acid contents were evaluated. Bioactivity studies were performed for skin cells,
such as human dermal fibroblasts (NHFs) and human immortalized keratinocytes (HaCaTs),
evaluating the cytotoxicity, cell proliferation and migration, and skin regeneration after
UVB-induced skin damage. Subsequently, DMNs were fabricated to deliver bioactive
placental extract into the skin. The in vitro skin permeation was determined using Franz-
type diffusion cells. Confocal laser scanning microscopy (CLSM) visualized the deposition
of macromolecular proteins in the skin. Skin histology was observed after applying the
formulation. Moreover, in vivo study was also performed with human volunteers.

2. Materials and Methods
2.1. Materials

Fresh DP, GP, and PP were gifts from Image Focus Holding Co., Ltd., Bangkok, Thai-
land, and Payayen Dairy Co., Ltd., Nakhon Ratchasima, Thailand, and CCF Energy Supple-
ment Co., Ltd., Ratchaburi, Thailand, respectively. NHFs and HaCaT cells were obtained
from the American-Type Culture Collection (ATCC), Rockville, MD, USA. Dulbecco’s modi-
fied Eagle’s medium (DMEM), fetal bovine serum (FBS), trypsin—ethylenediaminetetraacetic
acid (EDTA), L-glutamine (Glutamax™), nonessential amino acids, and penicillin-strepto-
mycin were purchased from Gibco BRL, Rockville, MD, USA. The 3-(4,5-dimethyl-2-thiazolyl)-
2,5-diphenyl-2H-tetrazolium bromide (MTT) and polydimethylacrylamide (PDMA) were
purchased from Sigma, Aldrich, St. Louis, MO, USA. Hyaluronic acid was obtained from
the P.C. drug center, Bangkok, Thailand. All other chemical agents were of analytical grade.
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2.2. Extraction of DP, GP and PP

Fresh DP, GP, and PP were stored in tight containers for freezer storage (—20 °C)
before processing. These materials were placed at room temperature for thawing of frozen
materials. The extraction method was performed by the sonication method [13]. Then,
DP, GP, or PP was mashed with phosphate-buffered saline (PBS), pH 7.4 (1:1), and then
weighed 1 g to soak with 20 mL of distilled water. A probe sonicator (Vibra-Cell™, High-
Intensity Ultrasonic Processor VCX500, Sonics & Materials, Inc., Newtown, CT, USA) with a
frequency of 20 kHz at 20% amplitude was applied for 30 min in an ice bath. Centrifugation
was performed at 4000 rpm for 15 min to collect the supernatants. Freeze-drying process
was done at —49 °C for 3 days using a freeze dryer (FreeZone 2.5, Labconco, UK) to obtain
the dry powder. After that, the extracts were weighed and determined the percentage of
yield as Equation (1).

Weight of extract y
Weight of fresh placenta used

%Yield = 100 1)

2.3. Determination of Protein, Growth Factors and Amino Acids

The soluble protein compositions were determined by SDS-polyacrylamide gel elec-
trophoresis (SDS-PAGE) on a 12% gel. The soluble proteins were dissolved in sterile water
(100 mg/mL). The samples were mixed with 2-mercaptoethanol (1:4) to reduce the disulfide
bonds and irreversibly denature the proteins. These samples were run at 100 mV for 2 h,
and then the gel was stained with a silver staining kit (ProteoSilver™ Silver Stain Kit,
Sigma-Aldrich, St. Louis, MO, USA) according to the manufacturer’s protocol.

The total protein content was measured using a bicinchoninic acid (BCA) protein assay
kit (Novagen®, EMD Millipore Corp., Taunton, MA, USA) using bovine serum protein
(BSA) as a standard. Growth factors, such as EGF, FGF, IGF-1, and TGF-1, were analyzed
by the enzyme-linked immunosorbent assay (ELISA kits; Abcam, Cambridge, MA, USA)
following the manufacturer’s protocol. The amino acid content was determined by an
amino acid analyzer (Hitachi L8900, Hitachi High Technologies Corporation, Tokyo, Japan).

2.4. Cytotoxicity Study of Skin Cells

NHF and HaCaT cells were cultured in DMEM supplemented with 10% FBS, 1% penic-
illin-streptomycin, 1% Glutamax®, and 1% nonessential amino acids and incubated under
a humidified atmosphere (5% CO,, 95% air, 37 °C) until they reached 70-80% confluence.
NHFs (10* cells/well) or HaCaTs (5 x 102 cells/well) were seeded into 96-well plates and
incubated until cell confluence was achieved. Each extract was diluted to obtain various
concentrations (0-5000 ug/mL). After removing the cell medium from the cell plates and
washing with PBS, pH 7.4, each concentration of diluted extract was added and incubated
for 24h. The cell viability was measured by the MTT assay [14], in which the diluted
extracts were removed, and the cells were washed with PBS, pH 7.4. Medium containing
MTT (0.5mg/mL) was added to the plate and incubated for 3 h. Subsequently, the medium
was removed, and 100 uL. of DMSO was added to each well to dissolve the formazan
crystals that had formed in living cells. Subsequently, the absorbance was analyzed by a
microplate reader (VICTOR Nivo™ Multimode Plate Reader, PerkinElmer, Pontyclun, UK)
at 550 nm. The percentage of cell viability was calculated using Equation (2).

Absorbance of treated cells

% Cell viability =
% Cell viability Absorbance of untreated cells

x 100 @)

2.5. Determination of Cell Proliferation and Migration

NHFs (5 x 10° cells/well) were seeded into a 96-well plate and incubated overnight.
Each extract was diluted to obtain various concentrations (0-2000 pg/mL). The old medium
was removed, followed by washing with PBS, pH 7.4, and each concentration was added
to the cells for 24-72 h. Cell proliferation was determined by the MTT assay, after which
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the percent cell proliferation was calculated using the same equation as the percent cell
viability [14].

For cell migration, an in vitro scratch assay was used to evaluate skin cells [15]. NHF
cells (2 x 10° cells/well) were cultured in 6-well plates and incubated until 70-80% cell
confluency. Marking lines were performed as a straight line using a 200-uL pipette tip, and
then the medium was removed. The extracts (1000 and 2000 png/mL) were added to NHF
cells. The negative control was serum-free DMEM (DMEM supplemented with 1% peni-
cillin/streptomycin), and the positive control was EGF standard solution (200 pg/mL).
Images were acquired using an inverted microscope (Nikon® T-DH, Nikon, Tokyo, Japan)
after 0, 24, and 48 h of incubation time. The gap of marked lines in the cell plate was measured.

2.6. Measurement of Skin Regeneration after UVB-Induced Skin Damage

NHEF cells at 8 x 10% cells/mL were seeded into a 96-well plate and incubated at 37 °C
and 5% CO,/95% humidity. After washing the cells with PBS, pH 7.4, 100 uL of PBS was
added. Subsequently, the plate was immediately exposed to UVB rays for 20 min, and then
the PBS was removed. Various concentrations of the placental extracts (GP, DP, or PP) were
used to treat the cells for 24 h. The percent cell viability was measured by the MTT assay
and calculated as Equation (2).

2.7. Fabrication and Characterization of DMNs Loading Placenta Extract

Hyaluronic acid (10% w/w) and PDMA (0.5% w/w) were used as the main biodegrad-
able polymers for the fabrication of DMNSs. Placenta extract or bovine serum albumin-
fluorescein isothiocyanate conjugate (BSA-FITC) was mixed with aqueous blends con-
taining biodegradable polymers. All DMNs were fabricated using the micro-molding
technique [16]. The formulation was weighted onto laser-engineered silicone micromold
templates. The tips of the needle cavities were filled by centrifugation of the microneedle
molds at 4000 rpm and 25 °C for 20 min. Microneedle arrays were dried at room tempera-
ture for 48 h and then removed from the molds to evaluate the physical properties in terms
of appearance, mechanical strength, protein content in DMN patch, and dissolution time.

The physical appearance of microneedles was imaged under a Dino-Lite Edge/5MP
digital microscope, AM7915 series (Dino-Lite, Hsinchu, Taiwan), in which the height, width,
and interspace of microneedle arrays were measured using dino-capture 2.0 software. For
mechanical strength, a texture analyzer (TA. XT plus, Stable Micro Systems, Godalming,
UK) with the probe (P/25P) in compression mode was performed at 4.0-20.0 N for 30 s.
The percent height change was calculated from Equation (3).

Height before tested—Height after tested

%Height ch, =
/oHeight change Height before tested

x 100 3)

For protein content, DMN patch loading placenta extract was dissolved in PBS pH 7.4
and analyzed protein content as described above. To evaluate the dissolution time of the
DMNs in the full thickness of neonatal porcine skin, the skin was stretched on dustless
tissue paper and saturated with PBS. DMN patch was pressed into skin with a strength of
10 N of dumble for 2 min. Next, the MNs applied to porcine skin were incubated at 37 °C
for different time periods. After withdrawing DMN patch from the skin, the decreased
height of DMNs was determined using a Dino-Lite digital microscope.

2.8. In Vitro Skin Permeation Study

Abdominal porcine skins were collected from intrapartum stillborn animals from a
local farm in Sisaket Province, Thailand. The subcutaneous layer was carefully removed
with medical scissors. The skin was 600-700 um-thick and was kept at —20 °C and thawed
in PBS, pH 7.4, at 25 °C before use.

Generally, endogenous proteins and peptides in the skin can interfere with the deter-
mined amount of exogenous proteins and growth factors” permeation into the skin. In this
study, BSA-FITC was used as a model macromolecular protein. The skin permeation of
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macromolecular protein was performed by vertical Franz-type diffusion cells [17]. Approx-
imately 12 mL of PBS, pH 7.4 was added into a receptor compartment and continuously
stirred using a magnetic stirrer. The temperature was maintained at 32 °C. The DMN patch
was pressed on the skin (2.01 cm? of skin area) with 10 N of dumble for 2 min. A total of
0.5 mL of receiver medium was collected at 1, 2, 4, 6, and 8 h for fluorescence analysis by a
microplate reader at an excitation wavelength of 485 nm and an emission wavelength of
535 nm. The receiver compartment was filled with the same volume of PBS to maintain a
constant volume. Each sample was analyzed in triplicate.

Fick’s law of diffusion was used as a mathematical model to calculate the parame-
ters of skin permeation. The cumulative permeation amount (ug/ cm?) against time (h)
was plotted, and steady-state flux was measured from the slope of the linear portion in
each formulation. The permeability coefficient (Kp,) was the ratio of flux and the donor
concentration of the formulation.

2.9. CLSM Study

In this study, green fluorescent BSA-FITC was used as a model macromolecular
protein [17]. After 8 h of in vitro skin permeation, the treated skins were washed with
PBS to remove excess formulation. The fluorescent compound that permeated throughout
skin was immersed in sufficient methyl salicylate. The top layer and permeation depth
of skin were visualized under a confocal laser scanning microscope (CLSM; an inverted
Zeiss LSM 800 microscope, Carl Zeiss, Jena, Germany) equipped with diode lasers (405,
488, and 561 nm). Confocal images were observed at a 10x objective lens. The fluorescence
intensities were evaluated at the middle horizontal line of each image using ZEISS ZEN
software. The mean fluorescence intensity was plotted against the skin depth.

2.10. Skin Histology

The skin was treated with the DMN formulation for 24 h. The skin sample was fixed
in 10% formaldehyde solution for 8 h, dehydrated with ethanol, embedded in paraffin wax,
and cut vertically along the surface. The cross-sectioned skin was marked with hematoxylin
and eosin (H&E) and observed under light microscopy.

2.11. In Vivo Human Skin Study

The study involved 15 healthy human volunteers (between 20 and 35 years old) who
agreed to participate in a clinical trial. This study was approved by an Investigational Re-
view Board (Human Studies Ethics Committee, Faculty of Pharmacy, Silpakorn University;
COE 65.0223-032). Two different points in the forearm were marked, and DMN patches
were applied by pressing the thumb on the patch for 30 s. Subsequently, each DMN patch
was covered with waterproof tape (OPSITE? Post-Op, Smith&nephew, Hull, UK) for 24 h.
The DermaLab® series (SkinLab Combo; Cortex technology, Hadsund, Denmark) was used
to evaluate the skin (transepidermal water loss (TEWL), hydration and erythema).

The TEWL data are presented as the A value compared with the baseline (untreated
skin). The percent change in skin hydration was calculated (%hydration; Equation (4)).
Moreover, the effect of formulations on erythema (vascularity) was determined by generat-
ing the value of the percent erythema as shown in Equation (5).

Ht — H
% Hydration = tT x 100 4)

where Ht is the hydration value of treated skin, and H is the hydration value of un-

treated skin;
t — E

% Erythema = E x 100 (5)

where Et is the erythema value of treated skin, and E is the erythema value of untreated
skin [17].
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2.12. Data Analysis

All data were presented as the mean =+ standard deviation (S.D.). Statistically sig-
nificant difference was analyzed by one-way ANOVA, followed by Tukey’s post-hoc test.
In case of in vivo human study, the Wilcoxon signed rank test was determined. The
significance level was set at p < 0.05.

3. Results and Discussion
3.1. Physicochemical Properties of DP, GP and PP Extracts

As shown in Figure 1, extraction of DP, GP, and PP provided a brownish-red fibrous
texture, in which the percent extraction yields of all extracts ranged from 2.17 to 2. 77. The
SDS-PAGE profiles of water-soluble proteins from crude extracts were compared with
protein markers (molecular weights ranging from 250 kDa to 10 kDa), in which the bands
at 66 kDa, 37 kDa, 24 kDa, 20 kDa, and ~10 kDa were similar to the molecular weights
of albumin, glyceraldehyde-3-phosphate dehydrogenase, trypsinogen, trypsin inhibitor,
and polypeptide, respectively. All extracts clearly showed bands of high-molecular-weight
proteins of albumin and polypeptides (i.e., growth factor); thus, the total protein and
growth factors (EGF, FGF, IGF-1, and TGF-31) showed that the GP extract had higher
protein and growth factor contents than the DP and PP extracts (Table 1).
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Figure 1. Appearance of GP extract (A), DP extract (B), and PP extract (C) and proteins from the
placental extract analyzed by electrophoresis on a 12% SDS-PAGE gel (D).

103



Pharmaceutics 2022, 14, 1221

Table 1. The protein and growth factor contents in GP, DP, and PP extract.

Contents (per 1 g of Extract)

Compounds
GP Extract DP Extract PP Extract

Protein 70551 +4.70mg/g 198.34 +3.26 mg/g 151.44 +3.65 mg/g
Growth factors

EGF 171.18 = 8.65 pg/g 39.02£292pg/g 579 £2.47 pg/g

FGF 401.79 £24.07 ng/g 44899 £4.29ng/g 65.34 £ 6.56 ng/g

IGF-1 155.58 +27.82ng/g 23.07 £3.19ng/g 40.38 £6.00ng/g

TGF-B1 56.52 +£15.61 pg/g 1421 £ 058 pg/g 5520+ 121 pg/g

Each data represents mean + S.D. (1 = 3).

For the amino acid content, as presented in Table 2, the DP extract was found to contain
14 amino acids in the following order: lysine > alanine > tyrosine > threonine > isoleucine >
aspartic acid > glutamic acid > asparagine > valine > serine > leucine > glycine > arginine >
histidine. The PP extract had 12 amino acids as follows: cysteine > lysine > valine >
glutamic acid > leucine > threonine > phenylalanine > tyrosine > isoleucine > methionine >
serine > histidine. The GP extract had nine amino acids as follows: aspartic acid > lysine >
methionine > tyrosine > glutamic acid > isoleucine > phenylalanine > arginine > histidine.
Although various types of amino acids were found in DP extract, the total amino acid
content in GP was higher than that in DP and PP extracts. Aspartic acid was higher content
than other amino acids and found predominantly in GP extract. Recently, aspartic acid
has been reported as an active ingredient with potential to repair the sign of skin aging
and improve the skin condition by stimulating proteins of the dermal extracellular matrix
(ECM) [18]. Treatment with amino acids contribute to the collagen and elastin synthesis,
leading to increase proteins in fibroblasts. Moreover, the mixture of various amino acids
(glycine, proline, lysine, leucine, valine, and alanine) with hyaluronic acid was reported to
increased ECM genes in cultured human fibroblasts [19]. Therefore, various types of amino
acids in DP extract may also affect the proteins in fibroblasts.

Table 2. Type and content of amino acids in GP, DP, and PP extract.

Contents (per 1 g of Extract)

Compounds
GP Extract DP Extract PP Extract
Alanine ND 2841.08 pug/g ND
Arginine 0.23 ug/g 3494 ug/g ND
Asparagine ND 112698 ug/g ND
Aspartic acid 23,842.50 ug/g 1449.57 ug/g ND
Cysteine ND ND 124.72 ug/g
Glutamic acid 1545 ug/g 1356.54 ng/g 48.73 ug/g
Glycine ND 340.07 ug/g ND
Histidine 0.08 ug/g 038 ug/g 1.04 ug/g
Isoleucine 6.16 ug/g 1608.14 ng/g 1629 ug/g
Leucine ND 598.14 ug/g 4515 ug/g
Lysine 47.69 ug/g 3062.68 ug/g 74.00 ug/g
Methionine 40.14 ug/g ND 1224 ug/g
Phenylalanine 314 ug/g ND 26.63 ug/g
Serine ND 62739 ug/g 1135 ug/g
Threonine ND 1757.01 pg/g 38.64 ug/g
Tyrosine 21.82 ug/g 1860.82 ug/g 16.96 pug/g
Valine ND 1027.41 pg/g 5143 ug/g

ND indicated Not Detected.

3.2. Cytotoxicity of Placental Extracts on Skin Cells

As shown in Figure 2, none of the placental extracts (GP, DP, and PP) were toxic to
fibroblast skin cells at concentrations of 1-2000 ng/mL and significantly exhibited the
highest percent NHF cell viability at a concentration of 2000 ug/mL. However, at a concen-
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tration of all placental extracts greater than 2000 pg/mL, NHF cell viability was decreased,
especially in the PP extract, which decreased the percent cell viability to less than 100%.
This result indicated that these placental extracts at concentrations over 2000 ng/mL were
toxic to fibroblast cells. For keratinocytes, these extracts at concentrations of 1-5000 pg/mL
were not toxic to HaCaT cells and slightly increased the percent cell viability of HaCaTs at
concentrations of 1000-2000 pg/mL. These results indicated that at concentrations lower
than 2000 pg/mL, the extracts showed no toxicity on either skin cell line and might induce
fibroblast proliferation.
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Figure 2. Percentages of cell viability of NHFs (A) and HaCaTs (B) after treatment with various
concentrations of GP extract (—@), DP extract (~#=-), and PP extract ("'X’"), Data are presented as
the mean + S.D. (n = 3). *, **, and *** indicate that the GP extract, DP extract, and PP extract were
significantly different from the control group (untreated cells), respectively (p < 0.05).

3.3. Effect of Placental Extracts on Cell Proliferation and Migration

To evaluate the skin-regenerating activity of placental extracts, the effect on NHF
cell proliferation was measured. As shown in Figure 3, all placental extracts significantly
enhanced cell growth in a concentration- and time-dependent manner (p < 0.05). GP and
DP extracts at concentrations of 100-2000 pug/mL significantly promoted cell proliferation
at 48 h and 72 h when compared to untreated cells, in which the maximum proliferation
effect was found at 2000 ug/mL GP and DP extracts. While the PP extract significantly
proliferated NHFs at concentrations between 50 and 2000 pg/mL after 72 h of treatment,
the highest percent cell proliferation was found with 500 ug/mL PP extract. The results
indicated that stimulation of fibroblast proliferation with the GP and DP extracts had a
greater effect than that of PP extract.

For the cell migration study shown in Figure 4, treatment with placental extracts
significantly accelerated gap area closure compared with a negative control (p < 0.05).
After treatment with all placental extracts (1000 pg/mL and 2000 ng/mL) for 48 h, the
gap areas were completely closed when compared to a negative control (56.17 + 8.56%).
After treatment with placental extracts for 24 h, the width of the scratch area was closed
in the following order: GP 2000 pg/mL (88.85 &+ 3.42%), GP 1000 pg/mL (87.86 + 2.46%),
EGF (87.81 + 1.92%), PP 2000 pg/mL (85.65 + 2.23%), DP 1000 pg/mL (81.14 £ 4.50%),
DP 2000 pg/mL (78.75 £ 9.81%), PP 1000 pg/mL (60.04 4+ 0.80%), negative control
(44.34 £ 8.52%), which indicated that the placental extracts increased human dermal
fibroblast migration, and the GP extract provided higher bioactivity on dermal fibroblasts
than the other extracts.
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Figure 3. Percent cell proliferation of NHFs after treatment with various concentrations of GP extract
(A), DP extract (B), and PP extract (C). Data are presented as the mean + S.D. (1 = 3). * and ** indicate
that the percent cell proliferation at 48 h (~#-) and 72 h (1F) were significantly different from the
untreated cells at 24 h (—@—) (p < 0.05).

Placental tissue is an excellent resource for total protein and growth factors, such as
EGE, fibroblast growth factor basic (bFGF), and TGF-1 [20]. These proteins, growth factors,
or cytokines have key roles in dermal or epidermal rejuvenation by inducing proliferation,
migration, and extracellular matrix synthesis [21]. Growth factors play an important role
in signaling pathways to control cell regeneration and repair. FGF can induce fibroblast
skin cell proliferation by accumulating collagen and stimulating angiogenesis [22]. The
TGEF-B family regulates migration, differentiation, and proliferation. In particular, TGF-{3 is
involved in the proliferative stage, and TGF-31 is one of three prototypic TGF-f isoforms
associated with tissue repair that mediates fibroblast collagen production [23]. EGF also
regulates intracellular biochemical pathways such as cell division, cell growth, and cell
survival [24]. In this study, all the extracts were found to contain proteins and growth
factors (e.g., EGF, IGF-1, TGF-1, and FGF) as the bioactive compounds to regenerate
the skin cells. Therefore, GP extract had the higher protein and growth factor contents,
resulting in better bioactivity on dermal fibroblasts than other extracts. Moreover, GP
extract containing the highest amino acids that affects the proteins in fibroblasts also
resulted in high bioactivity on dermal fibroblasts.

3.4. Skin Regeneration after UVB-Induced Skin Damage

As shown in Figure 5, human dermal fibroblasts were exposed to UVB rays for 20 min,
leading to significantly reduced cell viability of 60-70% (p < 0.05). After treatment with
the placental extracts (GP, DP, and PP), the damaged skins significantly improved the
regeneration effect compared to the UVB-irradiated group (p < 0.05). The highest cell
regeneration was found in the GP extract (2000 pg/mL).
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Figure 4. (A) Images of NHF cell migration after treatment with 1000 and 2000 pg/mL placental
extracts (GP, DP, and PP) compared with a negative control group (untreated cells) and a positive
control group (EGF 200 pg/mL) for 0, 24, and 48 h (4 x objective lens) and (B) width of the scratch
area of placental extract (GP, DP, and PP)-treated cells, negative control (untreated cells), and positive
control (EGF 200 pg/mL) at 24 h (M), and 48 h (J). * and ** present a significant difference compared
with the negative control at 24 and 48 h, respectively (p < 0.05).

In aged skin, the proliferation, metabolic activity, and functions of skin fibroblasts
are impaired, resulting in abnormalities in the synthesis of structural substances such as
collagen, elastin, and hyaluronic acid [22]. Growth factors and cytokines such as EGF,
vascular endothelial growth factor (VEGF), and TGF-f3 have been reported to be involved
in collagen biosynthesis and to promote skin rejuvenation [25]. In addition, human skin
fibroblasts are the primary cells in the dermal layer and are associated with UVB-induced
photoaging in the upper layer of these cells. In a previous report, UVB-irradiated human
skin fibroblasts significantly decreased the expression of IGF-1, TGF-f31, and EGF [26]. In
the previous experiments, these extracts containing some growth factors such as EGF, IGF-1,
TGEF-B 1, and FGF affected the skin cell proliferation and migration. After the skin cells were
damaged by UVB rays, these active ingredients of placental extracts repaired the damaged
dermal cells. Consequently, placental extracts (GP, DP, and PP) were useful for skin
regenerative activities because they proliferated human dermal fibroblasts by increasing
cell regeneration, leading to the induction of fibroblast migration, the upregulation of pro-
collagen I, and the repair of UVB irradiation-damaged skin. Moreover, the results showed
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that GP extract had a stronger bioactive effect on skin cells than DP and PP, resulting from
total protein, growth factors, and total amino acids content as the bioactive substances
were predominantly found in GP extract. Therefore, GP extract was selected as a bioactive
placental extract for delivery into the skin using the microneedling technique.
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Figure 5. Dermal repair of acute UVB-damaged skin cells by placental extracts GP (A), DP
(B), and PP (C) at various concentrations (1-2000 ug/mL) on NHFs treated with UVB ray (n = 3).
* and ** represent significant differences compared with nontreated UVB and treated UVB (p < 0.05),
respectively. # denotes a significant difference compared with nontreated UVB (p < 0.05).

3.5. DMN Loading of Bioactive Macromolecular Compounds

As shown in Figure 6, the physical appearance of hyaluronic acid and PDMA mi-
croneedles under the digital microscope displayed sharp conical-shaped microneedle tips
(11 x 11 needle arrays) with a height of 557.75 & 2.11 um, base width of 299.93 & 2.31 um,
and interneedle spacing of 600.90 & 2.22 um. The percentage of height reduction of DMNs

108



Pharmaceutics 2022, 14, 1221

increased progressively with increases in the applied force from 4.0 to 20.0 N. At the average
applied force for polymeric microneedles on the skin by human thumbs (20 N), DMNs
showed the highest percent height reduction; however, none of the needles were brittle.
These MNs deformed when applied to a stainless-steel plate, which is important from a
patient safety perspective [27].
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Figure 6. (A) Appearance of GP extract loaded DMN arrays and (B) the percent height reduction of
DMN:s after the application of the different compression forces. The data represents the mean + S.D.
(n = 3). * represent significant differences from compression force at 4 N (p < 0.05).

Protein content in the DMN patch was 461.52 + 79.43 ug per patch. Moreover,
the dissolution of DMNs in the skin exhibited height reductions of 45.47 4 4.478% and
77.28 + 0.57% after the application for 2 h and 4 h, respectively, in which the complete
dissolution of DMNs was found at an insertion time of 6 h. These results presented an
appropriate system of DMNss to deliver bioactive compounds into and throughout the skin.

3.6. Skin Permeation and Deposition of Macromolecular Protein-Loaded DMNs

As shown in Figure 7, the cumulative amount of BSA-FITC-loaded DMNs through
the skin was higher than that in solution form at every time interval. The flux of DMNs
and solution was 0.1745 4 0.12 pg/cm?/h (R? = 0.7521) and 0.0610 £ 0.01 pg/cm?/h
(R% = 0.9381), respectively, while K, was 1.75 x 107® cm/h and 0.31 x 10~° em/h, re-
spectively. This result indicated that DMNs increased the permeability of macromolecular
protein through the skin for a 5.65-fold enhancement from solution.

W
1

[\
1

(ng/cm?)

—
1

Cumulative BSA-FITC permeation

=)
=

Time (h)

Figure 7. Cumulative BSA-FITC permeation-time profiles of DMNs (e) and BSA-FITC solution (O).
The data represents the mean + S.D. (1 = 3).
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CLSM visualized the skin permeation pathway and evaluated the permeation depth
of BSA-FITC-loaded DMN:s (Figure 8). The X-Y serial images of skin treated with DMNs
exhibited the green fluorescent BSA-FITC between 0 um and 260 um skin depth. The
spatial distribution of BSA-FITC-loaded DMNs showed the shape of these needle arrays in
the skin. For the BSA-FITC intensity, the skin treated with DMNs presented the maximum
fluorescence intensity at a depth of 105 um with a deeper skin permeation depth (260 um)
of green fluorescent BSA-FITC than the skin treated with solution (100 pm). This result

indicated greater and deeper deposition in skin of macromolecular protein from DMNs
than that from solution.
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Figure 8. CLSM images of skins treated with DMN loading BSA-FITC for 8 h: (A) The X-Y serial
images, (B) spatial distribution (X—Y, X—Z, and Y—Z planes) image, and (C) fluorescence intensity
profile at difference skin depths (10 x objective lens).
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Bioactive macromolecular proteins and growth factors are hydrophilic compounds
and have a limited ability to passively penetrate skin. The outermost layer of skin, the
stratum corneum barrier, is a lipophilic layer and allows only small, potent, and moderately
lipophilic molecules to partition across it passively into the deeper skin layers [28]. The
study showed that DMN patch enhanced the delivery of macromolecular proteins into
and through the skin. DMN fabricated from hyaluronic acid can be used to encapsulate
peptides and proteins, and the DMN morphology exhibited an acceptable height range for
the delivery of drugs into skin with minimal invasion. The DMNs were sufficiently sharp
and strong for passage through the layer of stratum corneum, for which the thicknesses
of stratum corneum layer, viable epidermis, and dermis are approximately 10-20 pum, 50—
100 pm, and 1-2 mm, respectively [29]. After DMN insertion into the skin, possible routes
to transport protein and growth factors through the skin was created as micropores into
the epidermis layer by using a minimally invasive technique, bypassing the tightly packed
stratum corneum barrier and improving the ability to deliver macromolecular protein
into the skin [28]. However, DMNs could not be inserted passing through the whole
dermal layers completely because of the deformation and elasticity of the skin during
the process of penetration [30,31]. Approximately 46% of the needle length was used to
create a micropore in the skin, suggesting that the macromolecular proteins remained in
the epidermal and dermal layers. Therefore, DMNs exhibited a potential delivery system
for biomacromolecules into the active site of action, presenting a suitable dermal delivery
system for bioactive placental extracts.

3.7. Skin Histology

As presented in Figure 9, the histological images of porcine skin treated with GP
extract in solution and the DMN patch indicated a normal appearance of the skin structure,
in which the stratum corneum, viable epidermal, and dermal layers remained unchanged.
However, DMN provided a minimally invasive approach for the stratum corneum barriers
(~130 um insertion depth), suggesting that GP extract-loaded DMNs were successfully
inserted into the epidermal and dermal layers and did not damage the deep skin layer.

~

Stratum corneum
Viable epidermis

Dermis

Figure 9. Histology of the skin treated with GP extract in solution (A) and DMN patch (B) at 24 h
(H&E stain, magnification: x10). The microneedle hole (white arrow) is ~130 pm, reaching the
superficial skin.

In the staining method, the hematoxylin component in the skin stains nuclei of fi-
broblast cells, rough endoplasmic reticulum, ribosomes, collagen, keratohyalin granules,
and elastic fibers as a blue or purple color [32], while the eosin stains cell eosinophilic
structures, normally composed of intracellular or extracellular protein (e.g., cytoplasm and
connective tissue fibers) as varying shades of pink, orange, and red color [33]. The skin
treated with GP extract in the DMN patch showed the blue dots of hematoxylin staining
more than the skin treated with GP solution, which the position of blue dots in the skin
image suggested that the morphology of fibroblasts and keratinocytes [34]. Therefore,
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ATEWL (g/m?/h)

DMN:s that can deliver bioactive compounds from GP extract into the skin exhibited the
growth of dermal fibroblast and keratinocyte.

3.8. Human Study

After 24 h of DMN application in human volunteers, all subjects were measured for
skin changes in TEWL, erythema, and hydration, as presented in Figure 10. No unwanted
symptom was observed by visual appearance. TEWL was used to evaluate the puncturing
properties at the injection sites of the skin surface, and an increase in TEWL was observed in
all DMN arrays with/without GP extract, indicating that the DMN arrays caused disruption
of the skin by successfully puncturing the skin and creating permeation pathways [35].
Based on the skin hydration results, almost all skin treated with DMN patches showed an
increase in percent skin hydration change, demonstrating a high moisture content of the
skin [36]. The erythema value was used to determine the reaction to irritant and allergy.
Increasing erythema after applying the DMN patch for 24 h indicated that compression
during the application might cause skin redness. Although skin irritation and disruption
caused by microneedle arrays were observed, no pain and edema or severe redness of skin
was found.
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Figure 10. (A) ATEWL, (B) the percent hydration, and (C) the percent erythema index after control
DMN patch and GP extract loaded DMN patch applied onto the skin of healthy volunteers. The data
represents the mean + S.D. (n = 15).

In this study, the GP extract-loaded DMN patch showed no significant difference from
the control DMN patch (no GP extract loaded) after 24 h in the human study, indicating that
it served as a suitable dermal delivery device for bioactive macromolecules without altering
the microneedle insertion properties. Skin irritation after application of microneedle arrays
fabricated from hyaluronic acid was slight and transient, and small transdermal pathways
created by these DMNs were also rapidly recovered. These results indicated that the DMN
patch fabricated from hyaluronic acid was quite safe [35].

Microneedles have been reported as a potent drug delivery system by passing through
the stratum corneum permeability barrier, which these needles are also easy to produce
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and allow the self-administration of drugs without causing pain or bleeding. Low in-
vasiveness of microneedles is important to increase the opportunity for application in
population-specific and personalized therapies, especially in pediatrics [37]. Moreover,
the development of a minimally invasive needle-sensor to monitor O, levels in the brain
using acupuncture needles have been shown that a small tool with minimally invasive
has an ability to monitor real-time O, in vivo complex environments with minimizing
pain, discomfort, and injury to the patient [38]. In addition, DMNs can be used to deliver
immunologically active peptides to the epidermal and intradermal space, which these
microneedles array containing 33 X 33 needles with 200 to 125 pm-diameter and 600
um-height can release the peptides in physiological condition at therapeutic dose [39].
Therefore, DMN patch in this study could be a very useful and effective approach to
improve the dermal delivery of bioactive macromolecules, especially potent bioactive
placental extracts, without serious damage to the skin.

4. Conclusions

Three types of animal placentas (deer, goat, and porcine) were water-extracted and
exhibited high protein, growth factor (EGF, FGF, IGF-1, and TGF-f31) and amino acid
contents. These placental extracts were not toxic to skin cells at concentrations lower
than 2000 pg/mL, while the proliferation of fibroblast cells significantly increased in a
time-dependent manner. GP extracts exhibited the maximum proliferation, migration, and
regeneration effect on fibroblast cells, suggesting that the GP extract had a stronger bioactive
effect on skin cells compared with the other extracts. To overcome the limitation of the skin
barrier, DMN patches were successfully fabricated to deliver bioactive macromolecular
compounds into and through the skin. Moreover, GP extract-loaded DMNs showed
successful skin insertion with minimal skin invasion, supporting their safety for application
to human skin. In conclusion, placental extracts act as potent bioactive compounds for skin
cells, and the highest bioactive potential of GP-loaded DMNs might play an important role
in skin regeneration.
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Abstract: Integrating dissolving microneedles (DMNs) and nanocarriers (NC) holds great potential in
transdermal drug delivery because it can simultaneously overcome the stratum corneum barrier and
achieve efficient and controlled drug delivery. However, different skin sites with different thicknesses
and compositions can affect the transdermal diffusion of NC-loaded DMNs. There are few reports on
the biological fate (especially transdermal diffusion) of NC-loaded DMNSs, and inaccurate bioimaging
information of intact NC limits the accurate understanding of the in vivo fate of NC-loaded DMNss.
The aggregation-caused quenching (ACQ) probes P4 emitted intense fluorescence signals in intact
NC while quenched after the degradation of NC, had been demonstrated the feasibility of label
intact NC. In this study, P4 was loaded in solid lipid nanoparticles (SLNs), and further encapsulated
into DMNs, to track the transdermal diffusion of SLNs delivered at different skin sites. The results
showed that SLNs had excellent stability after being loaded into DMNs with no significant changes
in morphology and fluorescence properties. The in vivo live and ex vivo imaging showed that
the transdermal diffusion rate of NC-loaded DMNs was positively correlated with skin thickness,
with the order ear > abdomen > back. In conclusion, this study confirmed the site-dependency of
transdermal diffusion in NC-loaded DMN:ss.

Keywords: dissolving microneedles; solid lipid nanoparticles; in vivo fate; transdermal drug delivery;
aggregation-caused quenching

1. Introduction

Transdermal drug delivery (TDD) is an administration route through the skin to achieve
local or systemic therapeutic purposes [1]. It can avoid the metabolism of drugs by gastroin-
testinal digestive enzymes and overcome the first-pass effect of the liver [2,3]. However, the
hindrance of the cutaneous stratum corneum reduces the efficiency of TDD, limiting its use
in current clinical practice [4]. To overcome the stratum corneum barrier and improve the
transdermal penetration of drugs, various advanced strategies (such as ultrasound, light, heat,
and electroporation) have been developed [5]. These approaches, however, have still shown
limited efficiency for the transdermal delivery of macromolecular drugs [6].

In recent years, microneedles (MNs) have drawn widespread attention as a novel physical
permeation promotion technique. MNs consists of hundreds of tiny micron-sized needle tips
attached to a base in an array pattern that can break through the stratum corneum barrier
to produce multiple mechanical pores. Thus, MNs can significantly improve the efficiency
of transdermal drug delivery [7]. As an intensively studied category of MNs, dissolving
microneedles (DMNs) are mainly prepared by water-soluble polymers, and the drugs are
distributed in the matrix of the needle tip. The needle tip can dissolve by absorbing tissue
fluid after piercing the skin, and the encapsulated drugs are released [8]. DMNs have been
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widely explored in TDD based on the significant advantages of simple preparation methods,
high drug delivery efficiency, and satisfactory patient compliance [9-12].

Nevertheless, there are still some challenges for monotonic DMNs. Firstly, the hy-
drophilic material of DMNs severely limits the encapsulation of hydrophobic drugs, while
most available drugs in the pipeline are hydrophobic. Secondly, without release manage-
ment designs, monotonic DMNs cannot achieve precise and controlled drug release [13,14].
Within decades, research based on nanocarriers (NC) in drug delivery has gained wide
attention [15]. Various types of NC, such as liposomes [16], solid lipid nanoparticles
(SLNs) [17], metal-organic frameworks [18], and magnetic nanoparticles [19], have shown
excellent therapeutic effects. NC are capable of loading insoluble drugs and improving
bioavailability in vivo [20]. In addition, the modulation of the physicochemical properties
of NC enables controlled drug release in a spatiotemporal manner [21]. Therefore, the
combination of NC and DMNs can simultaneously overcome the stratum corneum barrier
and achieve efficient and controlled drug delivery, producing a synergistic effect.

However, to date, most studies based on NC-loaded DMNs have refrained from pre-
clinical investigation, and it is rare to identify NC-loaded DMNs that have been introduced
into the clinic or market. This is mainly attributed to the fact that little is known about the
biological fate of NC-loaded DMN:Ss.

Previously, our group preliminarily explored the effect of the length of DMNs on the
in vivo fate of NC in both the temporal and spatial dimensions [22]. Noticeably, without a
consensus on the standard operating procedure or clinical practice of MNs administration,
the application sites of NC-loaded DMNs can be diverse, and NC will be exposed to differ-
ent biological environments. Differences in skin structures and compositions at different
sites [23] may affect the transdermal diffusion rate of NC-loaded DMNs. Therefore, the
fate of NC-loaded DMNs depends on the encountered in vivo biological environment [24].
When studying the biological fate of NC, specific physiological conditions must be taken
into account. Unfortunately, there are few reports on how different skin sites affect the
biological fate of NC-loaded DMNs, which has limited their clinical translation. Even
worse, in previous studies, the lack of effective tools and strategies for reliably identifying
intact NC has resulted in inaccurate bioimaging information. One of the key issues in the
study on the in vivo fate of NC-loaded DMN:ss is the integrity of NC, which is a prerequisite
for improved drug targeting and local retention [25]. Thus, it is impossible to grasp a
comprehensive and accurate understanding of the in vivo fate of NC-loaded DMNE.

To demonstrate the biological fate of NC-loaded DMNs administrated via different skin
sites, a platform for in vivo comprehensive identification and real-time, precise monitoring
of intact NC is essential. Recently, environmentally responsive fluorescent probes have been
used to study the in vivo fate of NC [26-30]. The aggregation-caused quenching (ACQ)
probes are environment-responsive fluorescent probes with strong hydrophobicity [31]. When
ACQ probes are embedded in intact NC, they emit a fluorescent signal. When probes are
released as the NC degrade, they tend to aggregate and quench spontaneously due to the
ACQ effect [31,32]. Therefore, ACQ probes can identify intact NC.

In this study, we chose SLNs as model NC and further prepared them into NC-loaded
DMNss, whose biological fate was scrutinized. Due to the simple production process,
high biocompatibility, and excellent drug-loading ability, SLNs are promising for clinical
translation [33]. In addition, SLNs are lipid-based NC with a core-shell structure: a
hydrophilic surfactant shell and a hydrophobic lipid core, which is capable of effective
loading of hydrophobic ACQ probes. Importantly, a series of studies have been conducted
on SLNs-loaded DMNSs, which showed good compatibility of SLNs with DMNs [22,28,34].
As shown in Figure 1, we first loaded ACQ probes (code P4) into SLNs (P4 SLNs), which
were further encapsulated into DMNs (P4 SLNs@DMN ). Then, P4 SLNs@DMNs were
applied to the skin of the ear, back, and abdomen in rats, respectively. Subsequently, the
biological fate of P4 SLNs@DMNs administrated via different skin sites was monitored
by in vivo and ex vivo fluorescence bioimaging. This study is expected to clarify the
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relationship between the administration site and the in vivo fate of NC-loaded DMNs and
provide a theoretical basis for their clinical application.
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¢

¢
2

[a ¥ ~
Back . - \|‘<§
T > |
P
-
Abdomen —T

Figure 1. Schematic illustration of the research framework: Impact of different skin sites on in vivo
fate of P4 SLNs@DMNs.

2. Materials and Methods
2.1. Materials

The P4 probes were donated by Prof. Wei Wu's group from Fudan University (Shang-
hai, China). Gelatin, Tween 80 (T80), and Cetyl Palmitate (CP) were purchased from
Aladdin Industrial, Inc. (Shanghai, China). Dichloromethane was acquired from Damao
Chemical Reagent Factory (Tianjin, China). Polydimethylsiloxane (PDMS, Sylgard 184
Silicone Elastomer Kit) was obtained from Dow Corning Ltd. (Midland, MI, USA). Sodium
hyaluronic acid (HA) (MW < 10 kDa) was supplied by Bloomage Freda Biopharm Co., Ltd.
(Jinan, China). Polyvinyl pyrrolidone (PVP K90) was kindly provided by MBCHEM Ltd.
(Monmouth Junction, NJ, USA).

2.2. Animals

SD male rats (180-220 g) were supplied by Guangdong Medical Laboratory Animal
Center (Guangzhou, China). During the experiment, rats were housed under standard
conditions of 12-h light/dark cycles and with free access to food and water. All experiments
were approved by the Laboratory Animals Ethics Committee of Sun Yat-sen University
(Guangzhou, China). (Approval No. SYSU-IACUC-2022-001225).

2.3. Synthesis of P4 SLNs

According to the previous study [22], P4 SLNs were prepared through an ultrasound
approach. Briefly, 315 mg of CP was heated at 70 °C as the oil phase. At the same temperature,
210 mg of Tween 80 was mixed with 10.5 mL of ultrapure water, acting as the water phase.
When CP was completely melted, 1 mL of P4 dichloromethane solution (40.4 pg/mL) was
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pipetted into the oil phase and stirred for 20 min to evaporate dichloromethane. Subsequently,
the water phase was slowly added to the oil phase and stirred continuously at 70 °C for
45 min to form the primary emulsion. Then, the crude emulsion was sonicated for 6 min in an
ice bath using an Ultrasonic Cell Disrupter (BI-LON-650Y, BILON Co., Ltd., Shanghai, China).
P4 SLNs were ultimately produced after 45 min of churning in an ice bath.

2.4. Characterization of P4 SLNs

Ondays 0,1, 3,5, 7, and 10 following preparation, the mean particle size, polydisper-
sity index (PDI), and zeta potential of P4 SLNs were examined using Malvern Zetasizer
(Nano ZS90, Malvern Instruments Ltd., Worcestershire, UK). The samples were adequately
diluted by 121 folds with ultrapure water before measurement. The fluorescence inten-
sity change of P4 SLNs was measured using a fluorescence spectrometer (Fluoromax-4,
HORIBA Ltd., Kyoto, Japan) at days 0, 1, 3, 5, 7, and 10 after preparation. The excita-
tion/emission wavelengths of P4 were 620/660 nm, and the slit width was 4 nm. The
stability of P4 SLNs was evaluated over ten days during the storage period. Transmission
electron microscopy (TEM, JEM-1400Flash, JEOL Ltd., Tokyo, Japan) was used to observe
the morphology of P4 SLNs. The samples were stained with phosphotungstic acid (1%
w/0).

2.5. ACQ Property Verification of P4
2.5.1. Water-Quenching Sensitivity

To verify the ACQ properties of the P4 probes, fluorescence emission spectra of
P4 in water-acetonitrile co-solvent with 10-100% (v/v) water content were recorded by
fluorescence spectrometer.

2.5.2. Fluorescence Quenching in Biological Matrices

P4 SLNs were mixed with a 7-fold volume of phosphate-buffered saline, and ho-
mogenate of rat back, abdomen, and ear skin, respectively. The systems were incubated
at 37 °C with a gas bath oscillator (TH2-82BA, Runhua Co., Ltd., Xinghua, China). At
predetermined time intervals (2, 4, 6, 8, and 24 h), the fluorescence intensity was recorded
by fluorescence spectrometer.

2.6. Fabrication and Characterization of P4 SLNs@DMNs
2.6.1. Fabrication

The three-step centrifugation method, as described previously [34], was used to
prepare P4 SLNs@DMNs. The female mold exhibited a hole depth of 800 pm, and it was
filled with P4 SLNs suspension before being centrifuged at 4000x g rpm for 5 min at
4 °C and removing the excess P4 SLNs suspension. The female mold was centrifuged
for 1 h under the same conditions and dried in a dryer for an additional night at room
temperature. This process was carried out three times to increase the loading effectiveness
of P4 SLNs in microneedles. Next, HA solution (400 mg/mL) was filled into the female
mold under centrifugation at 4000x g rpm for 5 min at 4 °C. After removing the excess HA
solution, 250 puL of PVP K90 solution (310 mg/mL) was poured, and centrifuged under the
same condition to form the base part. Finally, the female mold was dried for 24 h at room
temperature in a dryer, and then the P4 SLNs@DMNs were gently peeled off.

2.6.2. Characterization

The distribution of P4 SLNs in DMNs was observed by confocal laser scanning mi-
croscopy (CLSM, LSM800, Carl Zeiss, Oberkochen, Germany). To evaluate the in vitro skin
insertion ability, P4 SLNs@DMNs were pressed onto the excised back, abdomen, and ear
skin obtained from SD rats for 2 min. After the DMNs were removed, the insertion sites
were stained with 1% trypan blue and then imaged with a camera. Subsequently, the skin
sites inserted by DMNs were fixed in 4% paraformaldehyde, embedded in paraffin, and
then stained by hematoxylin and eosin (H&E). To simulate P4 SLNs@DMNs dissolution
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in vitro, the DMNs were inserted into the gelatin block with 35% water (w/w), and the
morphology of DMNss after 10 min in the gelatin block was observed with a biomicroscope
(BX53, OLYMPUS, Tokyo, Japan), and 3D fluorescence images were captured by CLSM.
To evaluate the stability of P4 SLNs encapsulated into DMNs over ten days at storage
period, P4 SLNs@DMNs were dissolved by ultrapure water at day ten after preparation and
were observed by TEM. The fluorescence intensity change of dissolved P4 SLNs@DMNs
dispersions was measured using a fluorescence spectrometer at days 0, 1, 3, 5, 7, and 10
after preparation. Triplicate measurements were performed for each sample.

2.7. In Vivo Live Imaging

Before the experiment, hair from the back, abdomen, and ear of SD rats was shaved
off to avoid autofluorescence during imaging. After P4 SLNs@DMNs were inserted into
the back, abdomen, and ear skin of rats, fluorescence was recorded using in vivo imaging
system (IVIS, Lumina Series III, PerkinElmer, Waltham, Massachusetts, America) at pre-
determined time points (0.5, 2, 4, 8, 12, and 24 h) under excitation/emission wavelengths
of 640/710 nm. Fluorescence signals were quantified by region of interest (ROI) analysis
and normalized for comparison. Pharmacokinetic analysis was then performed to calculate
half-life (T /;) and area under the curve (AUCy_). The rats were imaged under anesthesia
with isoflurane.

2.8. Ex Vivo Imaging

The diffusion behavior of P4 SLNs delivered via different skin sites by DMNs was
determined by CLSM. After P4 SLNs@DMNs were inserted into the skin of the back,
abdomen, and ear of rats for 4 h, the skin of rats in different site administration groups
was collected. The collected skin was then analyzed by 3D reconstruction using CLSM at
a magnification of 20x. In addition, three rats were sacrificed in each group at 4, 12, and
24 h post-administration, and the major organs, such as the heart, liver, kidney, spleen, and
lungs were collected and imaged by the IVIS system.

2.9. Statistical Analysis

All data are expressed as the mean =+ standard deviation (SD) from multiple inde-
pendent experiments, and statistical analysis was performed using one-way analysis of
variance (ANOVA) via GraphPad Prism (version 8.02, GraphPad Software LLC., San Diego,
CA, USA). The p-value < 0.05 was considered to be statistically significant.

3. Results
3.1. Preparation and Characterization of P4 SLNs

P4 SLNs were fabricated through an ultrasound method. The average hydrodynamic
diameter of P4 SLNs was approximately 154 nm (Figure 2A). TEM image further demon-
strated uniform particle size and spherical shape of P4 SLNs (Figure 2A). During the 10-day
storage period, the particle size of P4 SLNs remained essentially unchanged, around about
150 nm, and the PDI was below 0.2 (Figure 2B). The color of the P4 SLNs solution did not
change, and no aggregation and sedimentation of nanoparticles were observed (Figure 2C).
In addition, the zeta potential and fluorescence intensity of P4 SLNs did not change signifi-
cantly within ten days (Figure 2D,E). These results indicated the excellent compatibility of
P4 probes with SLNs, and fluorescence quenching did not occur for P4 probes loaded in
SLNs during storage.

3.2. ACQ Property Verification of P4

The photophysical properties and ACQ properties of the P4 probes were investigated
to confirm their feasibility in bioimaging (Figure S1IA-C). Figure S1A,B show the con-
tour fluorescence spectra and fluorescence emission spectra of P4 probes, respectively. It
demonstrated that the maximum excitation and emission wavelength of P4 probes were
640 nm and 660 nm, respectively, which is similar to the previous study [26]. As shown in
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Figure S1C, the fluorescence emission intensities of P4 decreased as the proportion of water
content increased. In particular, when the proportion of water reached 90% (v/v, turning
point) or higher, only the baseline signal was detected in the spectrum. These results
indicated that the P4 probes underwent complete quenching in the biological environment
(e.g., skin tissue fluid) with nearly 100% water content.
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Figure 2. Preparation and characterization of P4 SLNs. (A) Particle size distribution and TEM image
of P4 SLNs (scale bar: 200 nm). (B) Stability of the averaged particle size and PDI of P4 SLNs (1 = 3).
(C) The appearance of P4 SLNs before and after ten days. (D) Stability of zeta potential of P4 SLNs
(n = 3). (E) Peak values of emission spectra of P4 SLNs over ten days (1 = 3). (F) Fluorescence quenching
of P4 SLNs in biological matrices (1 = 3). Data are expressed as mean =+ SD. Note: **** denotes p < 0.0001
vs. group of PBS.

To further investigate the quenching behavior of P4 SLNSs in skin tissue fluid, P4 SLNs
were co-incubated with homogenates from different parts of the rat skin (Figure 2F). The
fluorescence intensity of P4 SLNs co-incubated with different skin homogenates signifi-
cantly reduced compared to PBS. It was possibly due to the degradation of P4 SLNs by
enzymes in the skin tissue fluid leading to the subsequent release of P4, which resulted
in fluorescence quenching. At 24 h, the fluorescence intensity of the back, abdomen, and
ear skin homogenate groups decreased to 35%, 36%, and 45%, respectively. In contrast,
the fluorescence intensity of the PBS group showed essentially no decrease. As shown in
Figure S2, when the P4 solution was incubated with phosphate-buffered saline solution,
the fluorescence signal of the P4 solution group almost completely disappeared at 0.5 h.
Hence, the results indicated that SLNs could be degraded by biological matrices such as
skin tissue fluids, resulting in the ACQ phenomenon of P4.

3.3. Fabrication and Characterization of P4 SLNs@DMNs

In order to improve the loading rate of P4 SLNs in DMN:s, this study used multiple
centrifugation steps to enrich P4 SLNs at the tip of the needle, as described in our previous
study [34] (Figure 3A). The DMNs patch consisted of 144 needles (12 x 12) with a height of
800 um in the shape of a quadrilateral cone. The fluorescence images of P4 SLNs@DMNs
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(Figure 3B) captured by CLSM depicted that the P4 SLNs were mainly concentrated in the
tips of needles.
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Figure 3. Preparation and characterization of P4 SLNs@DMNs. (A) Scheme of preparation process of
P4 SLNs@DMN:s. (B) The fluorescence images of P4 SLNs@DMN:ss (scale bar: 200 pm). (C) Optical
microscopy images of P4 SLN@DMNs before and after insertion into gelatin (scale bar: 500 pm).
(D) The fluorescence images of gelatin block after insertion of P4 SLNs@DMN:Ss for 10 min (scale bar:
200 um). (E) The histological section of back, abdomen, and ear skin of rats after P4 SLNs@DMNs
application (scale bar: 100 um) (F) Peak values of emission spectra of dissolved P4 SLNs@DMNs
dispersions within ten days (1 = 3). Data are expressed as mean + SD.

To assess the dissolution behavior of P4 SLNs@DMNs, a DMNs patch was inserted
into a gelatin block with a similar level of hydration to that of the skin stratum corneum [35]
and removed at predetermined time points. The side view of the microscope in Figure 3C
shows that the P4 SLN@DMN s could dissolve completely within 10 min. Figure 3D shows
the fluorescence image of P4 SLNs remaining in the gelatin block after the removal of the
base of DMNs. These results demonstrated that the DMNs were able to penetrate the
gelatin block and dissolve rapidly and deliver the P4 SLNSs inside the gelatin block.

3.4. Insertion Ability of P4 SLNs@DMNs

The photograph after trypan blue staining (Figure S3A) and H&E-stained section
(Figure 3E) of the skin after insertion with DMNs show that DMNs patch could form
microchannels in rat skin. These results demonstrated that DMNs could successfully
penetrate the epidermis of different parts of the rat skin, which was the prerequisite to
the study of the fate of NC delivered in vivo by DMNs. Taken together, DMNs have
been demonstrated to be mechanically strong enough to pierce the skin and subsequently
dissolve rapidly through the skin tissue fluid, allowing for effective delivery of P4 SLNs.
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3.5. Stability of P4 SLNs@DMNs

We investigated the stability of P4 SLNs@DMNSs to ensure that the physicochemical
properties of P4 SLNs did not change after they were loaded into DMNs. As shown in
Figure S3B, no significant change in the morphology of P4 SLNs@DMNs was observed
over ten days. TEM image showed a slight increase in particle size after P4 SLNs were
loaded into DMNss (Figure S3C), probably due to HA adhesion to its surface, which did not
affect the property of P4 SLNs themselves.

Moreover, the fluorescence intensity of dissolved P4 SLNs@DMNs suspension was
measured during the 10-day storage period. As indicated in Figure 3F, the fluorescence
intensity of P4 within P4 SLNs@DMNs was still maintained unaltered during storage for
ten days. In general, the prepared DMNs exhibited superior stability and would not alter
the structure and fluorescence properties of the encapsulated P4 SLNs.

3.6. In Vivo Live Imaging

The diffusion rate of P4 SLNs delivered via different skin sites by DMNs was monitored by
the IVIS system in rats. Figure 4A shows the live images of rats treated with P4 SLNs@DMNs
at different skin sites. In the group without any treatment on the skin of the back, abdomen,
and ear, no fluorescent signal associated with the P4 probe was detected (Figure S4). Over time,
the fluorescence intensity indicated by the retention of P4 SLNs in different parts of the rat
skin gradually decreased (Figure 4B-D), associated with particle diffusion. The results of live
imaging implied differences in the retention profile of P4 SLNs in the rats.
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Figure 4. In vivo live imaging. (A) Representative live images of rats treated with P4 SLNs@DMNs
at the skin of the back, abdomen, and ear. (B-D) Average fluorescence intensity of rats treated with
P4 SLNs@DMN:Ss at the skin of the back, abdomen, and ear (1 = 3). Data are expressed as mean =+ SD.
(E) The relative fluorescent intensity of rats treated with P4 SLNs@DMNss (n = 3). Data are expressed
as mean + SD. Note: ** denotes p < 0.01 vs. group of back, * denotes p < 0.05 vs. group of back.
## denotes p < 0.01 vs. group of abdomen. (F) The AUC_; values and (G) T1,; values of relative
fluorescent intensity of rats treated with P4 SLNs@DMN:ss at the skin of the back, abdomen, and ear.

The fluorescence intensity measured at different time points for each group was nor-
malized to the fluorescence intensity of the first time point (0.5 h) and assigned an intensity
value of 100%. Plotting the fluorescence intensity over time showed a significant decreasing
trend for all groups (Figure 4E). After 8 h of administration, the percentage of fluorescence
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intensity decreased to 83.72 £ 0.10%, 65.07 % 0.06%, and 41.92 4 0.04% for back, abdomen,
and ear skin, respectively. The rate of decrease in relative fluorescence intensity was in the
order of ear > abdomen > back. Furthermore, within 24 h, the AUC_; values of the back,
abdomen, and ear were 1146.40%-h, 952.16%-h, and 560.99%-h, respectively (Figure 4F).
The T/, values of the back, abdomen and ear were calculated to be 11.85 h, 9.39 h, and
7.08 h, respectively (Figure 4G).

3.7. Ex Vivo Imaging

To visualize the diffusion rate of P4 SLNs, CLSM was used to observe the diffusion of
P4 SLNs after treatment at different sites in rats. As shown in Figure 5A, the group of back
remained high fluorescence after 4 h of administration, implying that P4 SLNs maintained
a certain degree of integrity. In contrast, the group of ear exhibited weaker fluorescence,
indicating that most of the P4 SLNs were degraded after 4 h of administration, resulting in
P4 leakage and quenching of fluorescence. Moreover, compared to the group of abdomen
and ear, the group of the back could observe the fluorescent signal deepening in the skin
after 4 h of administration by DMNSs. The retention of fluorescence signal was in the order
of back > abdomen > ear. Furthermore, the fluorescent signal of the back could be detected
at a deeper level of the skin. The maximum skin depth of fluorescent signals detected in
the back, abdomen, and ear were 140 um, 120 um, and 100 pm, respectively. In addition,
almost no fluorescence signal was detected in major organs such as the heart, liver, spleen,
lung, and kidney after 4, 12, and 24 h of administration with P4 SLNs@DMNs (Figure 5B).
Moreover, there was still no fluorescent signal of skin and organs observed in the group
without any treatment (Figure S5A,B).
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Figure 5. Ex vivo imaging. (A) Representative CLSM 3D reconstruction images (up) and 2D fluo-

rescent images (down) of the skin of the back, abdomen, and ear of rats after being treated with P4
SLNs@DMNs at 4 h (scale bar: 100 um). (B) Representative fluorescent images of major organs after
being treated with P4 SLNs@DMNs at 4, 12, and 24 h.
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4. Discussion

In the past few decades, the rapid development of pharmaceutical and material
technology has made it possible to combine DMNs with novel NC, and the combination of
the two has significantly broadened the application of TDD and demonstrated significant
efficacy in various disease models [36-38]. However, there are few products of NC-loaded
DMN:ss currently on the market, and they still face many challenges in practical application.
First, there are a limited number of studies concerning in vivo fate of NC-loaded DMNss.
Moreover, in previous studies [39,40], the fluorescent signals detected were a mixture of NC
and free probes, which could not represent intact NC and did not accurately elucidate the
in vivo fate of NC. Thus, there is an urgent need for a reliable bioimaging tool for holistic
identification and accurate detection of NC to facilitate the clinical translation of NC-loaded
DMNs. Second, current studies [26,28,41] on the in vivo fate of NC have focused more on
the delivery system itself, ignoring the influence of the complex biological environment.
The skin is the largest organ of the body, and the sites of DMNs application may affect
the in vivo fate of NC-loaded DMNs, mainly because at different skin sites: (1) Different
thicknesses of the epidermis and dermis meant that the area where the needle tips enter the
dermis after insertion of DMNs was different; (2) Different classes of cells and matrices in
the dermal region implied different interactions with NC; (3) Different mechanical strength
meant different shear forces on the DMNs [23]. The above factors might mutually affect the
transdermal absorption rate of NC-loaded DMNs, and it was necessary to investigate the
role of the site of administration on the fate of NC in vivo. Based on this rationale, we chose
P4 probes with ACQ effect as a bioimaging tool for in vivo fate of intact NC. Moreover,
we constructed P4 SLNs@DMNs that were applied to the back, abdomen, and ear skin of
rats, respectively, to investigate the effects of different skin sites on the in vivo fate of P4
SLNs@DMN:s (Figure 1).

Based on the previous study of our group [34], we have prepared SLNs@DMNs
systems with excellent biocompatibility and safety. Furthermore, we have demonstrated the
storage stability of P4 SLNs through experiments (Figure 2B-E). During the storage period,
the particle size, PDI, and fluorescence intensity of P4 SLNs did not change significantly.
In addition, the fluorescence quenching occurred when P4 probes loaded into SLNs were
exposed to biological matrices (Figure 2F), which not only validated the ACQ properties of
P4 probes but also demonstrated the feasibility of P4 probes in bioimaging. Furthermore, we
also investigated the physicochemical properties of P4 SLNs@DMNSs. The results showed
that the morphology of the microneedles was intact, P4 SLN was mainly distributed at
the needle tip (Figure 3B,C), and the microneedles had good puncture ability and stability
(Figure 3D-F), which ensured the effective transdermal delivery of P4 SLN.

In the in vivo live imaging study (Figure 4A), we found significant differences in the
diffusion rates of SLNs loaded in DMNs applied at different sites, and the order of the rate
of diffusion was as follows: ear > abdomen > back. The application of P4 SLNs@DMNs to
the back resulted in higher AUC_; and T /», while the application to the ear resulted in the
lowest AUCq_ and T4/, (Figure 4F,G), which is consistent with the previous findings [42].
A reasonable explanation is that ear has the thinnest thickness of the stratum corneum,
the least number of cell layers, and the lowest elastic properties compared to the back
and abdomen [43,44], and thus SLNs are more likely to enter the dermal region of the ear.
Moreover, the capillaries are most abundant in the dermal region of the ear compared
to the back and abdomen [45], and therefore, SLNs are more likely to enter the body’s
circulation through the capillaries. In the ex vivo imaging study of rat skin (Figure 5A),
we found that the most fluorescence remained in the back skin after 4 h of application
with P4 SLNs@DMNs, while the fluorescence signal in the ear almost disappeared. This
is similar to the trend of fluorescence reduction in the in vivo live imaging study. These
results suggest that SLN's are more likely to accumulate in thicker skin areas.

In addition, no strong fluorescent signal was detected in the major organs after apply-
ing P4 SLNs@DMN:s to different skin sites (Figure 5B), and there was almost no distribution
of integrated SLNs in the major organs. It seems to indicate that most NC are degraded
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after entering the body circulation via DMNs administration, which further suggests that
the target-modified ligands may be lost, and perhaps off-target effects may occur after the
administration of target-modified NCs-loaded DMNs. Therefore, more attention should be
paid when designing NCs-loaded DMNSs.

In general, our results have implications for the selection of transdermal delivery sites
for the therapy of different diseases (Figure 6). For example, for chronic diseases in which
patients require long-term medication, such as hypertension, diabetes, rheumatoid arthritis,
etc., perhaps the application of NC-loaded DMNs via the thicker skin areas of the back and
forearm is an option to consider. Instead, for acute diseases, in which the drug needs to
work quickly, such as motion sickness, coronary heart disease, acute pains, etc., the skin of
the posterior auricle and forehead, which are rich in capillaries, is ideal [46,47]. Overall, the
difference in NC-loaded DMNs diffusion rates observed at different sites of the skin can
provide a theoretical basis for the design of selective therapies. What is more, it indicates the
importance of clearly defining the site of administration for different indications during the
formulation development process, and relevant standard operating procedures or clinical
practices should be put forward, and then the therapeutic effect could be maximized. We
also suggest that when the product of NC-loaded DMNs is launched in the future, the site
of administration could be specified in the instructions in order to improve the treatment
effect of patients.

Diffusion rate in rat skin: ear > abdomen > back
Skin thickness of human: back = forearm > abdomen > posterior auricle = forehead

{

Application of NC-loaded DMNs in different skin sites of the human body

Chronic Diseases Acute Diseases
* Hypertension * Motion Sickness
* Diabetes e Coronary heart
* Rheumatoid disease

arthritis e Acute pains
Application sites NC-loaded DMNs Application sites
e Back ¢ Posterior auricle
* Forearm * Forehead

Figure 6. Potential application of NC-loaded DMN:Ss at different skin sites.

In conclusion, different skin sites are important factors influencing the fate of trans-
dermal delivery of NC-loaded DMNs. Apart from differences between sites, skin varies in
different disease conditions (such as psoriasis, proliferative scarring, and subcutaneous
tumors) and even in people of different ages and genders [23,48,49]. Therefore, the in vivo
fate of NCs loaded in DMNs needs to be further investigated in such different cases. Fur-
thermore, our study mainly analyzed the transdermal delivery efficiency of NC-loaded
DMN:s at different skin sites from a macroscopic perspective. We will expand our study to
explore the interactions between NC-loaded DMNs and different skin tissue cells from a
microscopic perspective in ongoing studies.
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5. Conclusions

In this study, P4 SLNs@DMNs with good stability was successfully constructed, which
exhibited the good compatibility of SLNs with DMNs. Moreover, DMNs could effectively
pierce different sites of rat skin, followed by the rapid dissolution and release of the loaded
SLNs. The results of in vivo live imaging and ex vivo imaging showed that the order of
the rate of diffusion was as follows: ear > abdomen > back, and NCs were more likely
to accumulate in the back skin. Therefore, the appropriate site of drug delivery can be
selected according to the rate and maintenance time of drug onset required for different
diseases. These findings can provide a strong theoretical basis for the clinical application
of NC-loaded DMNs. In addition, the effects of skin in different disease states, different
ages, and genders on the in vivo fate of NC-loaded DMNs should be further explored to
promote clinical translation.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/pharmaceutics15010169/s1, Figure S1: (A) Fluorescence emission
contour map of P4 probes. (B) The fluorescence emission spectrum of P4 probes. (C) Fluorescence
emission spectra (left) and peak intensity transition (right) of P4 probes in water-acetonitrile co-
solvent with 10-100% (v/v) water content. Figure S2: Fluorescence intensity of P4 and P4 SLNs
incubated with phosphate-buffered saline solution for 0.5 h, respectively (1 = 3). Data are expressed
as mean =+ SD. Figure S3: (A) The photographs of the skin by trypan blue staining (up) and the
base of DMNs (down) after inserting with P4 SLNs@DMN:Ss. (B) The appearance of P4 SLNs@DMNs
before and after ten days. (C) TEM image of dissolved P4 SLNs from P4 SLNs@DMNs (scale bar:
200 nm). Figure S4: In vivo live imaging. Representative live images of rats without any treatment.
Figure S5: Ex vivo imaging. (A) Representative CLSM 3D reconstruction images of the skin of the
back, abdomen, and ear without any treatment at 4 h. (B) Representative fluorescent images of major
organs without any treatment at 4 h.
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Abstract: SARS-CoV-2, the causal agent of COVID-19, is a contagious respiratory virus that frequently
mutates, giving rise to variant strains and leading to reduced vaccine efficacy against the variants.
Frequent vaccination against the emerging variants may be necessary; thus, an efficient vaccination
system is needed. A microneedle (MN) vaccine delivery system is non-invasive, patient-friendly,
and can be self-administered. Here, we tested the immune response produced by an adjuvanted
inactivated SARS-CoV-2 microparticulate vaccine administered via the transdermal route using a
dissolving MN. The inactivated SARS-CoV-2 vaccine antigen and adjuvants (Alhydrogel® and Ad-
daVax™) were encapsulated in poly(lactic-co-glycolic acid) (PLGA) polymer matrices. The resulting
MP were approximately 910 nm in size, with a high percentage yield and percent encapsulation
efficiency of 90.4%. In vitro, the vaccine MP was non-cytotoxic and increased the immunostimulatory
activity measured as nitric oxide release from dendritic cells. The adjuvant MP potentiated the im-
mune response of the vaccine MP in vitro. In vivo, the adjuvanted SARS-CoV-2 MP vaccine induced
high levels of IgM, IgG, IgA, IgG1, and IgG2a antibodies and CD4* and CD8* T-cell responses in
immunized mice. In conclusion, the adjuvanted inactivated SARS-CoV-2 MP vaccine delivered using
MN induced a robust immune response in vaccinated mice.

Keywords: microneedles; microparticles; SARS-CoV-2; immunogenicity; cytotoxicity; antibody
response; T-cell response

1. Introduction

Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) infection causes COVID-19
in humans and has globally affected the health of individuals with over 1,083,2791 deaths in
the United States alone (as of 20 December 2022) [1]. Vaccination against SARS-CoV-2 is the
most effective tool used to protect against lower respiratory tract infection or severe disease
caused by the virus [2]. Currently, several vaccines for COVID-19 have been approved for
use in humans [3]. However, through mutations and immune evasion, SARS-CoV-2 and its
variants remain a significant global threat [4]. Therefore, much like the flu shot, frequent
vaccination against SARS-CoV-2 may be necessary. With routine immunizations, there
is a lack of efficiency during mass vaccination, not to mention the burden on healthcare
professionals to administer the vaccines. From a patient’s perspective, individuals face
several challenges while vaccinating. Individuals suffering from needle phobia refuse to
vaccinate; needle injections are often painful and are not desired by older patients, young
children, and toddlers. Therefore, an improvised and patient-friendly vaccination system
that can maintain vaccine efficacy while being pain-free and efficient for mass vaccination
and frequent immunization is highly desirable.
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Recently, the microneedle (MN) system for vaccine delivery has gained much at-
tention, as it is a non-invasive approach with the possibility of self-administration [5-7].
Such a versatile system for vaccine delivery is suitable for mass vaccination and frequent
immunization and will positively influence the global vaccination rate. From an immuno-
logical standpoint, MN administration is advantageous, as the epidermal and dermal layers
of the skin are enriched with Langerhans’s cells and circulating dendritic cells that can
readily recognize the vaccine antigen, thus activating an immune response [8-10]. Here,
we explore the use of dissolving MN for administering an inactivated microparticulate
SARS-CoV-2 vaccine. These dissolving MN are composed of biodegradable polymers,
which are very safe for human use and dissolve within 5 min upon application to deliver
the vaccine antigen.

When an inactivated virus vaccine is administered to an individual, the virus is pre-
sented as a whole to the immune system, resulting in a broader immune response [11].
SARS-CoV-2 consists of several structural proteins, including the spike (S) protein, mem-
brane (M) protein, nucleoprotein (N), and envelope (E) protein [12,13]. Heat inactivation
of the virus destroys the viral RNA, thus preventing the virus from replicating in the host
cell while conserving the other structural proteins [14,15]. With relevance to SARS-CoV-2,
when an inactivated vaccine is administered, the immune system may generate antibodies
and cellular responses against the N protein, M protein, and E protein, in addition to the
S protein [11,15,16]. Recent studies have shown that the SARS-CoV-2 variants predom-
inantly harbor spike RBD mutations, resulting in reduced vaccine efficacy against the
variants [17-19]. Therefore, a vaccine targeting different structural proteins may be more
efficacious against the emerging variants [20-23]. However, to generate responses against
the other structural proteins, all the proteins must be presented to the immune system
without being degraded or destroyed by the tissue fluids upon vaccine administration [24].
Here, we propose a microparticulate vaccine delivery system encapsulating the inactivated
SARS-CoV-2 virus in a polymer matrix.

Encapsulating the vaccine antigen in a biodegradable polymer matrix protects it by
providing sustained release, thereby preventing antigen degradation by enzymes in the
tissue fluids [25-27]. Microparticulate vaccines have also been reported to be better taken
up by the circulating dendritic cells (DCs), resulting in more significant translocation to
immune organs (draining lymph nodes and spleen) and allowing for increased antigen
presentation to the T-cells [28-31]. In contrast to microparticulate antigens, antigens in the
suspension form are smaller in size and are less immunogenic. Therefore, they are poorly
recognized and are rapidly cleared by the host” immune system [32]. In the past, we have
demonstrated that encapsulating the vaccine antigen in a polymer matrix can enhance the
immunostimulatory activity of the antigen [26,33-35]. In the present study, the vaccine
antigen and adjuvants are encapsulated in polymer matrices using poly(lactic-co-glycolic
acid) (PLGA) to form an effective carrier system. Microparticulate vaccines have previously
been reported to be stable at room temperature and thus may be favorable during vaccine
storage and distribution for mass vaccinations and global immunization [36—40].

Adjuvants have long been used in vaccines to boost the immune response produced
by the vaccine antigen [41]. The adjuvants Alhydrogel® and AddaVax™ are approved for
use in licensed vaccines and have been documented to enhance the vaccine response [42].
Alhydrogel® forms a depot when injected and recruits APCs to the site of administration,
increasing cellular uptake and antigen presentation to T-cells [4345]. AddaVax™ (MF59-like)
is a squalene-based nano-emulsion that induces cytokines and chemokines involved in the
recruitment, activation, and maturation of APCs [46-48]. Previously, we have tested the
adjuvants Alhydrogel® and AddaVax™, encapsulated in polymer matrices in a model mi-
croparticulate vaccine formulation [35]. We observed that adjuvants and an inactivated model
antigen yielded increased antibody levels in vaccinated mice [35]. Therefore, Alhydrogel®
and AddaVax™ were used in this study as adjuvants to enhance the immunogenicity of the
inactivated SARS-CoV-2 antigen.
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Previously, as a proof of concept, we demonstrated that MN administration of an
inactivated microparticulate vaccine utilizing canine coronavirus (CCoV) as a model anti-
gen increased antibody levels in vaccinated mice [35]. In this current follow-up study, we
have summarized the results of testing an adjuvanted inactivated SARS-CoV-2 MP vaccine
administered to mice using quick-dissolving MNs. First, the vaccine and adjuvant MP
were formulated, characterized, and assessed in vitro for immunogenicity and cytotoxicity.
The vaccine-loaded MN was then prepared and administered to mice via the skin. The MN
quickly dissolves to release the vaccine MP, which may then be taken up by the dendritic
cells or macrophages in the skin, subsequently activating the host immune responses
against the vaccine antigen. The SARS-CoV-2 specific antibody levels and T-cell responses
following MN vaccination were evaluated and are reported in this article.

2. Materials and Methods
2.1. Materials

Sodium hyaluronate (100 kDa) was obtained from Lifecore Biomedical (Chaska, MN,
USA). Poly(lactic-co-glycolic acid) (75:25) was procured from Evonik Industries (Essen, Ger-
many). Polyvinyl alcohol (PVA) (Avg Mol Wt. 30,000-70,000), dichloromethane (DCM),
trehalose dihydrate, and lipopolysaccharides (LPSs) from Escherichia coli O111:B4 were
purchased from Sigma-Aldrich (St. Louis, MO, USA). The heat-inactivated SARS-CoV-2
antigen was obtained from BEI Resources (NIAID, NIH: Heat Inactivated, SARS-Related
Coronavirus 2, Isolate USA-WA1/2020, NR-52286). Alhydrogel® and AddaVax™ were pur-
chased from InvivoGen (San Diego, CA, USA). Pierce Micro BCA™ Assay Kit was obtained
from Thermo Fisher Scientific (Waltham, MA, USA). The 8 x 8 array poly dimethyl silox-
ane (PDMS) MN templates were obtained from Micropoint Technologies (Singapore). Fetal
bovine serum (FBS), Dulbecco’s Modified Eagle’s Medium (DMEM), non-essential amino
acids, and penicillin/streptomycin were procured from American Type Culture Collection
(ATCC) (Manassas, VA, USA). Murine dendritic cells (DCs) were a gift from Kenneth L.
Rock at the Dana-Farber Cancer Institute, Inc. (Boston, MA, USA). Six- to eight-week-old
Swiss Webster mice were procured from Charles River Laboratories (Wilmington, MA, USA).
HRP-tagged secondary goat anti-mouse antibodies IgG, IgM, IgA, I1gG1, and IgG2a, were
procured from Invitrogen (Rockford, IL, USA). Allophycocyanin (APC)-labeled anti-mouse
CD4 and fluorescein isothiocyanate (FITC)-labeled anti-mouse CD8 antibodies were obtained
from Invitrogen™, Thermofisher Scientific (Waltham, MA, USA).

2.2. Methods
2.2.1. Preparation and Characterization of Microparticles (MP)

The heat-inactivated SARS-CoV-2 (iSARS-CoV-2) vaccine MP and adjuvant MP (Alhydrogel®
and AddaVax™) were prepared using a double emulsion method with solvent evaporation
as described previously [9,33-35]. First, the inactivated SARS-CoV-2 antigen (1% loading)
in a pH 7.4 phosphate buffer was added to PLGA in DCM solution (2% w/v) and probe-
homogenized at 17,000 RPM using a 30 s on/30 s off cycle for 2 min (primary emulsion).
Next, the primary emulsion was probe-homogenized with the PVA solution in deionized
water (0.1% w/v) for 2 min at 17,000 RPM (double emulsion). The final emulsion was stirred
at 500 RPM for 5 h to remove the residual DCM via solvent evaporation. The excess PVA
was removed by washing with deionized water followed by centrifugation at 17,000 RPM
for 10 min. The MP was resuspended with 1 mL of trehalose solution (2% w/v) to serve as a
cryoprotectant. The Alhydrogel® MP (10% loading) and AddaVax™ (5% loading) MP were
prepared similarly by substituting the antigen with the adjuvant in the primary emulsion.
The final vaccine MP and adjuvant MP formulations were freeze-dried to obtain the dry
product. The percent recovery yield of the lyophilized product was calculated using the
following formula as described previously [35,49,50].

Weight of lyophilized MP * 100
Weight of all ingredients in the formulation

)

Percent Recovery yield =
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The MP were observed under the scanning electron microscope and characterized for
size and shape. The MP size and the surface charge were measured using a Malvern Zeta-
sizer Nano ZS (Malvern Panalytical Ltd., Worcestershire, UK), as described previously [35].
The encapsulation efficiency (EE) of the inactivated SARS-CoV-2 antigen in the MP was
assessed as described previously [33-35,51]. Briefly, DCM was added to 5 mg of the vaccine
MP to dissolve the PLGA matrix. The solution was centrifuged to concentrate the antigen
into a pellet. The supernatant was discarded, and the concentrated antigen pellet was
placed in a vacuum chamber for 30 min to remove the residual DCM by evaporation. The
antigen was resuspended using 1 mL PBS and analyzed using a micro-Bicinchoninic acid
(BCA) assay per the manufacturer’s instructions. The concentration per ml (conc/mL) was
determined by plotting a standard curve. The percentage encapsulation efficiency (% EE)
was calculated using the following formula, as described previously [34,35,51].

Practical concentration of antigen in 5mg of MP x 100

%EE =
’ Theoretical concentration of antigen in 5mg of MP

@

2.2.2. Evaluating the In Vitro Immunostimulatory Activity of the Vaccine MP

The in vitro immunogenicity of the MP was assessed by measuring the nitrite released
by the DCs exposed to the different MP groups. As described previously, the nitrite accu-
mulated consequent to nitric oxide production by the DCs was quantified using Griess’
nitrite assay [26,33-35]. Briefly, in a 96-well plate, murine DCs were plated at a density
of 1 x 10* cells/well. The cells were then pulsed with a calculated amount of antigen MP
and adjuvant MP and were incubated for 24 h at 37 °C. The groups tested and their corre-
sponding dose/wells are listed as follows: lipopolysaccharide (LPS) from Escherichia coli
(positive control) (2 pg), no treatment (negative control), blank MP, Alhydroge1® MP (3 pg),
AddaVax™ MP (0.5 pg), inactivated SARS-CoV-2 (iISARS-CoV-2) suspension (2 pg), iSARS-
CoV-2 MP vaccine (2 pg), adjuvanted iSARS-CoV-2 MP vaccine (iSARS-CoV-2 (2 ug) +
Alhydrogel® (3 ug) + AddaVax™ (0.5 ug)). After the 24 h incubation, the supernatants
(50 puL/well) were transferred to a fresh 96-well plate. To each well, 50 pL of sulfanilamide
(1%) in phosphoric acid (5%) was added and incubated for 5-10 min, protected from light
at room temperature. Next, 50 uL. of NED (0.1%) (N-1-naphthyl ethylenediamine dihy-
drochloride) solution in deionized water was added and kept at room temperature for
5-10 min, protected from light. The appearance of a purple/magenta color indicated nitrite
release. The absorbance (540 nm) was read using a plate reader (Bio Tek Synergy, BIO-TEK
Instruments, Winooski, VT, USA). A sodium nitrite standard curve was plotted from which
the nitrite content was quantified.

2.2.3. Determining the In Vitro Cytotoxicity of the Vaccine MP

The cytotoxicity of the inactivated SARS-CoV-2 MP to DCs was assessed in vitro using
an MTT assay (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) described
previously [33-35]. The cytotoxicity of the adjuvant MP (Alhydrogel® MP and AddaVax™
MP) has been previously tested and was found to be non-cytotoxic in varying concentra-
tions [35]. To assess the cytotoxicity of the inactivated SARS-CoV-2 MP, DCs were plated
at a cell density of 1 x 10* cells/well in a 96-well plate. Then, two-fold serial dilutions of
the inactivated SARS-CoV-2 MP (31.25 ug/mL to 500 pg/mL) were prepared in cOMEM
(DMEM high glucose medium with 2 mM L-glut, 1% penicillin—streptomycin, sodium
pyruvate, 10% FBS). The diluted MP suspensions were added in triplicate to each well
and incubated for 24 h at 37 °C. Cells that received no treatment were used as the positive
control, and cells treated with 50 uL of DMSO were used as the negative control. After the
incubation period, the media containing the suspended MP were removed gently using a
pipette. Next, 10 uL MTT reagent (5 mg/mL) was added to every well, and the volume
was made up to 100 puL/well with cDMEM. The plate was kept for incubation at 37 °C for
4 h, protected from light. Following incubation, 100 uL/well of DMSO was added, and the
absorbance (570 nm) was measured using a plate reader.

133



Pharmaceutics 2023, 15, 895

2.2.4. Preparation of Vaccine-Loaded MNs

As described previously, a spin casting method was used to prepare the vaccine-loaded
quick-dissolving MN [9,35]. Then, 10% w/v sodium hyaluronate and 5% w/v trehalose in
deionized water constituted the MN gel base. Then, the vaccine MP and the adjuvants MP
required for each patch were weighed and dispersed into the MN gel base. Then, 25 mg
of gel was added to each pre-weighed PDMS MN mold and centrifuged at 4000 rpm for
15 min at 15 °C to form the MN. The MN molds were kept overnight for drying, and 10%
HA gel was added as backing the following day. The dried MN were removed from the
molds and observed under the scanning electron microscope for its physical appearance.

2.2.5. In Vivo Immunization Procedure and Dosing Regimen

The vaccine efficacy of the adjuvanted inactivated SARS-CoV-2 MP vaccine adminis-
tered using dissolving MN was tested in vivo in 6-8-week-old male Swiss Webster (CFW)
mice, n = 4. The mice were immunized via the skin with the vaccine-loaded MN patches.
The testing was performed as per the approved Mercer University IACUC protocol (ani-
mal protocol #A2004006). The antigen dose was 20 pg/mouse of inactivated SARS-CoV-2,
the Alhydrogel® dose was 30 pug/mouse, and the AddaVax™ dose was 5 pg/mouse. The
animals were divided into two groups: a no treatment control group and the adjuvanted
inactivated SARS-CoV-2 vaccine MP group. The vaccine group received the adjuvanted
MP vaccine using the dissolving MNs via the transdermal route. Before immunization, a
2 x 2 cm patch of the fur was removed from the back of the anesthetized mice (inhalational
Isoflurane) using a depilatory cream for ease of MN application. The animals received three
doses of the vaccine at weeks 0, 3, and 5. The mice were bled bi-weekly, and the serum was
collected for determining the antibody levels. The animals were sacrificed at week 10, and
their immune organs, including the spleen and lymph node, were isolated and processed
into single-cell suspensions to analyze T-cell responses (Figure 1).
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Figure 1. Schematics of methodology used in this study. The vaccine MP and adjuvant MP were
formulated and characterized. The vaccine-loaded quick-dissolving MN were prepared using a
spin casting method. The MP were assessed in vitro for their immunogenicity and cytotoxicity. The
vaccine-loaded MN were administered to mice following which both antibody levels and cellular
responses were assessed and reported. The mice received three doses of the adjuvanted inactivated
SARS-CoV-2 MP MN vaccine at weeks 0, 3, and 5. The mice were sacrificed at week 10, and the
immune organs (spleen and lymph node) were isolated and processed into single-cell suspensions to
analyze T-cell responses. The image was created using BioRender.com (accessed on 7 March 2023).
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2.2.6. Determining the Serum Antibody Levels in Immunized Mice

The mice were bled bi-weekly, and the serum was isolated to evaluate the SARS-
CoV-2-specific antibody responses. An enzyme-linked immunosorbent assay was used
to determine the serum IgM, IgG, IgA, IgG1, and IgG2a levels described previously [35].
For this purpose, high-binding 96-well plates (MICROLON®, 96-well plate, High binding,
Greiner bio one) were coated with 50 pL/well of the inactivated SARS-CoV-2 antigen
(0.2 pg/well) in a pH 9.6 carbonate buffer solution. The coated plates were kept overnight
at 4 °C to facilitate attachment of the antigen. Following incubation, plates were washed
with 200 pL of 0.01% Tween-20 PBS (T-PBS) solution and blocked with 50 pL/well of 3%
Bovine Serum Albumin (BSA) in T-PBS (blocking solution) for 3 h at 37 °C. The plates
were rewashed, and the diluted serum sample (50 uL/well) was added to the wells and
incubated overnight at 4 °C. The plates were washed again, and 50 uL/well of the HRP-
tagged secondary goat anti-mouse IgM, IgG, IgA, IgG1, and IgG2a antibodies (1:2000 to
1:4000) were added and incubated at 37 °C for 90 min. Next, the plates were washed, and
50 uL/well of the TMB (3,3’ /5,5 -tetramethyl benzidine) substrate reagent (BD OptEIA™,
BD Biosciences, San Jose, CA, USA) was added to each well and kept at room temperature
for 10 min. The reaction was stopped by adding 50 pL of 0.3 M H,SO4 to each well. The
absorbance was read at 450 nm using a plate reader.

2.2.7. Evaluating the T-Cell Responses in Inmunized Mice

The mice were sacrificed during week 10, and spleen and lymph nodes (inguinal
and brachial) were isolated and processed into single-cell suspensions as described previ-
ously [26,52]. The red blood cells (RBCs) in the spleen were lysed by adding ammonium
chloride potassium (ACK) lysis buffer. The cells were centrifuged to remove the lysed RBCs
at 1200 rpm for 10 min, and the splenocytes were resuspended in DMEM containing 70%
fetal bovine serum (FBS). Then, 5% v/v DMSO was added to the cells as a cryoprotectant,
frozen at —80 °C. The percentage (%) expression of CD4" and CD8" T-cells in the lymph
nodes and spleen cells was evaluated using a flow cytometer. First, the cell suspensions
were quickly thawed and centrifuged at 1200 rpm to remove the media and DMSO. The
cells were resuspended using fresh DMEM and stimulated with 5 ng/mL IL-2 overnight.
The following day, the cells were centrifuged at 1200 rpm to remove the IL-2, and the cells
were resuspended using fresh DMEM. The cells were then stimulated with 5 pg/mL of
the inactivated SARS-CoV-2 antigen overnight. As the mice were not challenged with the
live SARS-CoV-2 virus, the splenocytes and lymphocytes were stimulated in vitro with the
vaccine antigen to test the specificity of the CD4+ and CD8+ T-cells toward SARS-CoV-2.
Following incubation with the antigen, the cells were centrifuged at 1200 rpm to form a
pellet. The cells were resuspended in 100 uL of the marker solution containing APC-labeled
anti-mouse CD4 and FITC-labeled anti-mouse CD8 antibodies in PBS. The cells were in-
cubated for 1 h on ice, protected from light, and gently vortexed every 15 min. Following
incubation, the cells were washed 3 times and analyzed using flow cytometry.

2.2.8. Statistical Analysis

Statistical analysis was performed using GraphPad Prism 9.2.0 software (GraphPad
Software, San Diego, CA, USA). One-way ANOVA was used for normally distributed data
with independent groups. Two-way ANOVA was used for dependent groups. A post hoc
Sidak’s test was used for multiple comparisons between the two groups. For multiple
comparisons between three or more groups, a post hoc Tukey test (to compare between
means) or post hoc Dunnett test (to compare means to control) was used. The following
p values were used, p > 0.05 (ns—non-significant), p < 0.05 (*), p < 0.01 (**), p < 0.001
(***), and p < 0.001 (****). A p value < 0.05 is considered statistically significant. Data are
expressed as mean =+ standard error mean (SEM).
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3. Results
3.1. Characterization of Vaccine MP and MN

The percentage yield of the inactivated SARS-CoV-2 MP was 83%, with an encapsula-
tion efficiency of 90.4%, size of approximately 910 nm, and surface charge of —23.11 mV.
The percentage yield of the Alhydrogel® MP was 93%, with a size of roughly 1.3 um and a
surface charge of 12 mV. The percentage yield of the AddaVax™ MP was 90.5%, with an
approximate size of 1.2 pm and a surface charge of —12.5 mV. Scanning electron microscope
images show that the inactivated SARS-CoV-2 MP were spherical with smooth surfaces
(Figure 2A). The dissolving MNs were also observed under the scanning electron micro-
scope. The images show the formation of sharp needles with a length of approximately
482 um (Figure 2B). A detailed characterization analysis of dissolving MNs was previously
published by our group [9].

Figure 2. Characterization of vaccine MP and vaccine-loaded MN. (A) Scanning electron microscope
image of the vaccine MP (magnification—8100x). The vaccine MP was spherical with smooth
surfaces. (B) Scanning electron microscope image of an MN patch (magnification—195x). The MN
was approximately 482 pm in length. (C,D) Indocyanine green (ICG)-loaded MN band-aid patch.
ICG was used for better visualization of MN.

3.2. Vaccine MP Show Enhanced Immunostimulatory Activity In Vitro

The immune recognition or biologic activity of the formulated iSARS-CoV2 MP by
DC was assessed using an in vitro assay. The nitric oxide (NO) released by the DCs pulsed
with vaccine MP was measured and quantified. The blank MP and the AddaVax™ MP did
not release significant levels of NO compared to the cells that received no treatment or LPS-
treated DC (Figure 3). Alhydrogel® MP produced significant levels of NO compared to the
no treatment group. The cells that received the inactivated SARS-CoV-2 antigen suspension

136



Pharmaceutics 2023, 15, 895

had negligible NO. However, the cells that received the inactivated SARS-CoV-2 MP vaccine
produced significantly high levels of NO compared to the antigen in the suspension form.
Further, adding adjuvants Alhydrogel® and AddaVax™ significantly increased the NO
release and resulted in a significant difference compared to the unadjuvanted MP group
(Figure 3).
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LPS (+ve control)

No treatment (-ve control)

Blank MP

Alhydrogel® MP

AddaVax™ MP

iSARS-CoV-2 Suspension
iISARS-CoV-2 MP Vaccine
Adjuvanted iISARS-CoV-2 MP Vaccine

Nitrite (uM)

BENBEREDN

Figure 3. Nitric oxide (NO) released by the DCs upon exposure to the different treatment groups.
The cell density was adjusted to 1 x 10* cells/well and treated with the following groups for 24 h:
lipopolysaccharide (LPS) (2 ug) (+ve control), no treatment (—ve control), blank MP, Alhydroge1®
MP (3 ug), AddaVax™ (0.5 pg), iSARS-CoV-2 suspension (2 pug), iSARS-CoV-2 MP vaccine (2 ug), ad-
juvanted iISARS-CoV-2 MP vaccine (iSARS-CoV-2 (2 ug) + Alhydrogel® (3 ug) + AddaVax™ (0.5 pg)).
The nitrite released in the supernatant was assessed using the Griess’ nitrite assay method. Data
expressed as mean & SEM, n = 3, one-way ANOVA test, post hoc Dunnett’s multiple comparisons
test, ns: non-significant, ** p < 0.01, ** p < 0.001, and **** p < 0.0001.

3.3. Vaccine MP Are Non-Cytotoxic to DCs

The cytotoxicity of the inactivated SARS-CoV-2 MP was tested in vitro using the MTT
assay. The cytotoxicity of the adjuvant MP was previously assessed and reported to be
non-toxic to cells in specific concentrations [35]. Consistent with our previously published
data, the inactivated SARS-CoV-2 MP vaccine was also found to be non-cytotoxic and
resulted in no significant cell death up to a concentration of 500 pg/mL. Dimethyl sulfoxide
(DMSO) was used as a positive control and resulted in a significant decrease in the percent
cell viability compared to the cells only control (Figure 4).

iSARS-CoV-2 MP
150

% Cell Viability

Concentration (ug/ml)

Figure 4. Percent cell viability of DCs pulsed with iSARS-CoV-2 MP. The cell density was adjusted
to 1 x 10* cells/well. Two-fold serial dilutions of the iSARS-CoV-2 MP in cDMEM (concentration
range: 31.25 to 500 ug/mL) were added to every well at a volume of 100 uL/well and incubated for
24 h. Cell only and cells treated with DMSO (50 uL) were used as positive and negative controls,
respectively. Data expressed as mean + SEM, n = 3, one-way ANOVA test, post hoc Dunnett’s
multiple comparison test, ns: non-significant, **** p < 0.0001.
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3.4. Adjuvanted Vaccine Increased Antibody Levels in Immunized Mice

Following immunization of mice with the vaccine MN, the antibody levels in the mice
sera were assessed using ELISA. The SARS-CoV-2-specific IgM, IgG, IgA, IgG1, and IgG2a
antibody levels were detected and quantified. The serum IgM levels peaked during week 2
following the prime dose and subsequently decreased during the later weeks (Figure 5).
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Figure 5. Serum IgM antibody levels in vaccinated mice. Responses obtained are compared to the
no treatment (control). Data expressed as mean + SEM, n = 4, two-way ANOVA, post hoc Sidak’s
multiple comparisons test. ns: non-significant, * p < 0.05, *** p < 0.0001.

The serum IgG levels increased following the prime dose and remained significantly
high until week 8 (Figure 6A). The serum IgA levels increased considerably following the
prime dose and remained high until week 8 (Figure 6B).
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Figure 6. Serum IgG and serum IgA antibody levels in vaccinated mice. (A) Total IgG in vaccinated
mice. (B) Total IgA in vaccinated mice. Responses obtained are compared to the no treatment (control).
Data expressed as mean &= SEM, n = 4, two-way ANOVA, post hoc Sidak’s multiple comparisons test.
**p <0.01, ** p <0.001, *** p < 0.0001.

IgG subtyping revealed that the serum IgG1 levels increased significantly during
weeks 6 and 8 following the second booster dose, administered at week 5 (Figure 7A).
Serum IgG2a levels increased significantly at week 8 (Figure 7B). The data show that
the adjuvanted iISARS-CoV2 MP delivered by microneedles induced a robust antibody
response against the vaccine antigen.

3.5. Adjuvanted Vaccine Produced T-Cell Responses in Immunized Mice

The expression of CD4 and CD8 molecules on the surface of the activated T-cells in the
splenocytes and lymphocytes of the vaccinated mice was assessed using flow cytometry
analysis. The percentages of CD4" (30.09%) and CD8* (9.3%) T-cells in the splenocytes
of the vaccinated mice were higher compared to the percentage of CD4* (13.92%) and
CD8* (9.3%) T-cells of the no treatment control group (Figure 8A,C). The percentage of
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Adjuvanted iSARS-CoV-2

No Treatment Control

T-cells expressing CD4 molecules (30.09%) was higher than that of T-cells expressing CD8
molecules (9.3%) in the splenocytes of the vaccinated mice (Figure 8A). The percentage
of CD4* (54%) and CD8* (18.3%) T-cells in the lymph nodes of the vaccinated mice were
higher compared to the percentage of CD4" (39.5%) and CD8* (10.4%) T-cells of the no
treatment control group (Figure 8B,D). Similar to the results obtained from the splenocytes,
the percentage of T-cells expressing CD4 molecules (54%) was higher than that of T-cells
expressing CD8 molecules (18.3%) (Figure 8B).
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Figure 7. Serum IgG1 and serum IgG2a antibody levels in vaccinated mice. (A) Serum IgG1 levels in
vaccinated mice. (B) Serum IgG2a levels in vaccinated mice. Responses obtained are compared to
no treatment (control). Data expressed as mean + SEM, n = 4, two-way ANOVA, post hoc Sidak’s
multiple comparisons test. ns: non-significant, ** p < 0.01, *** p < 0.0001.
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Figure 8. CD4" and CD8" T-cells in the splenocytes and lymphocytes of immunized mice. Responses
obtained are compared to no treatment (control). Data expressed as mean + SEM, n = 4, Student’s ¢ test.
*p <0.05,* p <0.01, ****p < 0.0001. (A,C) Percentage of CD+ and CD8+ T-cells in the splenocytes of the
vaccinated mice. (B,D) Percentage of CD+ and CD8+ T-cells in the lymphocytes of the vaccinated mice.
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4. Discussion

Here, we formulated and characterized an adjuvanted inactivated SARS-CoV-2 mi-
croparticulate vaccine and evaluated the immune response generated when administered
to mice using MNs. The vaccine was evaluated in vitro for its immunogenicity and cyto-
toxicity to DC. It was tested in vivo for its ability to induce SARS-CoV-2-specific antibodies
and T-cell responses in vaccinated mice.

The inactivated SARS-CoV-2 MP vaccine, Alhydrogel® MP, and AddaVax™ MP were
formulated using PLGA as the polymer matrix for encapsulating the antigen or adjuvant.
Encapsulating the antigen in a polymer matrix protects the antigen [24]. It has been previ-
ously shown to reduce antigen degradation by enzymes present in the tissue fluids while
also increasing cellular uptake of the antigen due to its increased size [28,31,40]. The MP
product yield using the double emulsion method was greater than 80% with minimal loss
during processing. The particles were spherical, with an optimum size ranging from 900
to 1300 nm. MP of 1 to 3 um size are reported to be efficiently recognized and engulfed by
circulating APCs [27]. The charges of the vaccine and adjuvant MP were positive or negative
depending on the encapsulated material and were consistent with previously published
results [35]. Typically, colloidal suspensions are stable when MP have a high positive or neg-
ative charge that prevent agglomeration when the particles are suspended [53]. The %EE of
the inactivated SARS-CoV-2 antigen in the PLGA MP was 90.4%, indicating that the double
emulsion method’s formulation process results in an effectively loaded carrier system.

Particulate vaccines are more immunogenic than antigens in suspension and are thus
capable of producing a more robust immune response [32]. Previously, we have shown
that the double emulsion method of encapsulating vaccine antigens in a polymer matrix
increases the immunogenicity, cellular uptake, and antigen presentation compared to the
antigen suspension [26,33-35]. We tested the in vitro immunogenicity of the MP using a
Griess’ nitrite assay. APCs such as DCs and macrophages release NO, a non-specific innate
immune marker when encountered with an invading pathogen [54,55]. NO is crucial in
recruiting APCs and releasing cytokines upon infection, triggering the host cells to produce
a robust immune response against the invading pathogen [56,57]. Consistent with our
previously published results, we observed that the particulate vaccine was better able to
stimulate DCs than the inactivated SARS-CoV-2 antigen suspension [35].

The adjuvant MP was evaluated individually to assess for NO release in pulsed DCs.
Alhydrogel® MP (3 ug) induced higher NO levels than the AddaVax™ MP (0.5 pg) due
to the differences in the adjuvant concentrations tested. Previously, we tested the in vitro
cytotoxicity of varying concentrations of the adjuvant MP (Alhydrogel® and AddaVax™) in
DCs [35]. The metabolically active cells (live cells) can reduce MTT salts to purple formazan
crystals, which were used to assess the cytotoxicity of the vaccine MP. We observed that
increased concentrations of AddaVax™ MP (>0.625 ug) resulted in significant cytotoxicity,
whereas Alhydrogel® MP was non-cytotoxic even at higher concentrations [35]. Since it is
essential for the vaccine MP and adjuvant MP to be non-cytotoxic to the target cells, we
evaluated a lower dose of the AddaVax™ MP for its in vitro immunogenicity, which explains
the negligible NO release from the DCs pulsed with just the AddaVax™ MP. However, the
Alhydrogel® MP and AddaVax™ MP, when combined with the SARS-CoV-2 vaccine MP,
significantly increased the immunogenicity of the vaccine MP. We further tested the percent
viability of the cells exposed to the SARS-CoV-2 vaccine MP. The cytotoxicity study suggested
that the vaccine MP was non-cytotoxic at a wide range of concentrations (31.25 to 500 pg/mL).
The in vitro studies indicated that the MP vaccine was immunogenic and non-cytotoxic at
various doses.

We then evaluated the in vivo immune response produced by the adjuvanted inacti-
vated SARS-CoV-2 MP vaccine administered to mice using quick-dissolving MN. Vaccine
administration via the skin is promising, as the immune-rich layers of the skin contain
several APCs, such as Langerhans cells and DCs, that can promptly recognize and engulf
the microparticulate vaccine, thereby triggering robust immune response activation [5,6,58].
After vaccine administration, the mice were bled biweekly, and the serum was evaluated
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for antigen-specific antibody levels. A functional vaccine needs to generate antibodies
specific to the vaccine antigen, as it can recognize and bind to the invading pathogen,
thereby preventing it from infecting the host.

It has been reported that IgM appears during the early weeks of vaccination and under-
goes isotype class switching to IgG and IgA antibodies [59]. Consistent with the published
literature, our vaccine produced high IgM levels during week 2, which decreased signifi-
cantly in the following weeks. The serum IgG and the serum IgA antibody levels increased
following the prime dose and remained significantly high up to week 10. Serum IgA and IgG
have been reported to play a critical role in SARS-CoV-2 binding and neutralization [60,61].
MN administration of the adjuvanted iSARS-CoV-2 MP vaccine increased IgG and IgA
antibody levels. Here, the antibodies were evaluated in terms of their capacity to bind to the
inactivated virus efficiently, as IgG and IgA are the primary humoral antibodies conferenc-
ing protection in tissues and at mucosal surfaces. The vaccine’s efficacy will be established
by assessing the neutralization capacity of the IgG and IgA antibodies as a follow-up in our
future studies. IgG subtyping was performed to characterize and understand the type of
Th-mediated (Th1 and Th2) responses produced upon vaccination. Typically, a Th2-type
response is associated with increased IgG1 levels [62,63]. Th2-type responses signal the
helper T-cells, which play a vital role in activating host immune responses against the
invading pathogen [62]. The IgG2a levels are often associated with Th-1 type response [64].
Such a response will trigger cellular responses, predominantly signaling the cytotoxic T-cells
and APCs, causing their migration to the invading pathogen [65]. We observed that MN
vaccination increased serum IgGl levels during weeks 6 and 8 following the second booster
dose administration at week 5. The serum IgG2a levels increased only during week 8.
The IgG1 antibody levels were higher than the IgG2a antibody levels, suggesting that the
immune responses produced by the vaccine may be predominantly of Th-2 type.

To further corroborate the results obtained from the antibody assessment, we charac-
terized the cell-mediated immune responses produced upon vaccination. The percentage
of CD4+ and CD8+ T-cells in the splenocytes and lymphocytes was assessed using flow
cytometry analysis. The Results section shows that the vaccine induced significant levels
of SARS-CoV-2-specific CD4+ and CD8+ T-cells. Similar to the results obtained from the
antibody analysis, the percentage of CD4+ T-cells was higher than that of CD8+ T-cells.
The increased percentage of CD4+ T-cells confirms that the Th-2 type responses are higher
than the Th-1 type responses.

Further, CD4+ helper T-cells play a crucial role in the activation and maturation of
plasma B-cells responsible for antibody production [63]. Our results suggest that the in-
creased antibody levels may be attributed to the increased CD4+ T-cells. Although the CD4+
T-cells are higher in number, the vaccine is not devoid of CD8+ T-cells. MN vaccine adminis-
tration produced significant CD4+ and CD8+ T-cells, and both responses are necessary for
an efficacious vaccine.

In future work and follow-up studies, we will evaluate the vaccine’s efficacy by assess-
ing the neutralizing antibody titers using a pseudovirus neutralization assay (PVNA). We
will further test the durability of the antibody responses generated by the microparticulate
method of vaccine formulation. The microparticulate vaccine will also be evaluated for
memory responses by assessing the memory markers in the isolated B-cells and T-cells.

5. Conclusions

In summary, the adjuvanted inactivated SARS-CoV-2 MP vaccine was formulated and
characterized. The microparticulate vaccine was non-cytotoxic and more immunogenic
than the soluble antigen suspension in vitro. The vaccine MP delivered via microneedles
effectively induced humoral and cell-mediated immune responses in vaccinated mice.
When combined with MN administration, the microparticulate method for vaccine delivery
can be an effective tool for frequent immunization and mass vaccination. However, like
every vaccine, these novel strategies require significant groundwork and validation to be
utilized in the marketed formulations.
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Abstract: With increasing human awareness of food safety, the replacement of highly toxic pesticides
with biocompatible antimicrobials has become a trend. This study proposes a biocontrol microneedle
(BMN) to expand the application of the food-grade preservative epsilon-poly-L-lysine (e-PL) in fruit
preservatives by utilizing a dissolving microneedle system. The macromolecular polymer ¢-PL not
only possesses broad-spectrum antimicrobial activity but also exhibits good mechanical properties.
With the addition of a small amount of polyvinyl alcohol, the mechanical strength of the e-PL-based
microneedle patch could be further improved to achieve an enhanced failure force of needles at
1.6 N/needle and induce an approximately 96% insertion rate in citrus fruit pericarps. An ex vivo
insertion test revealed that the microneedle tips could be effectively inserted into the citrus fruit
pericarp, rapidly dissolve within 3 min, and produce inconspicuous needle holes. Moreover, the
high drug loading capacity of BMN was observed to reach approximately 1890 pg/patch, which is
essential for enhancing the concentration-dependent antifungal activity of e-PL. The drug distribution
study has confirmed the feasibility of mediating the local diffusion of EPL in the pericarp through
BMN. Therefore, BMN has great potential to reduce the incidence of invasive fungal infections in
local areas of citrus fruit pericarp.

Keywords: biocontrol microneedle patch; antifungal agent; e-poly-lysine; citrus fruit; postharvest
infection

1. Introduction

Fruits (e.g., citrus, grapes, and apples) have high economic and nutritional values
but high nutrient and water contents, which make them susceptible to postharvest mold
infections [1-3]. Numerous types of pathogens exist that induce fruit diseases in nature,
including Penicillium digitatum, Penicillium italicum, Penicillium expansum, Botrytis cinerea,
and Alternaria alternata [4-8]. Therefore, the application of broad-spectrum antifungals is
important for the postharvest disease control of fruits.

Artificial fungicides, including thiabendazole, sodium ortho-phenylphenol, and imazalil,
have been extensively used to inhibit the spread of postharvest fruit diseases. However,
residues of these chemical fungicides are usually toxic and carcinogenic and may induce
chronic or acute toxicity in humans [9-11]. In contrast, epsilon-poly-L-lysine (e-PL), which
typically consists of 25-40 L-lysine residues, has been approved by the US Food and Drug
Administration (FDA) as a food-grade preservative because of its broad-spectrum activity,
biodegradability, and biocompatibility [12]. Recently, ¢-PL has been widely used in the
preservation of instant rice, cooked noodles, cooked vegetables, seafood, sauces, soy sauce,
and crackers [13,14]. However, fruit cuticles primarily composed of polymer cutin and
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cuticular wax provide effective surface barriers, which are not conducive to the penetration
of polar macromolecules such as e-PL [15,16]. The low percutaneous efficiency of e-PL may
severely hinder its inhibition of pathogens colonizing the deep pericarp. Therefore, the
application of e-PL in controlling the postharvest decay of fruits is still limited and remains
only in the field of basic research.

The microneedle patch is a novel topical drug delivery system in which the drug is
incorporated into tiny needles at the micron level and the needles are attached to a base-
supporting patch. Drugs can pass through the tissue barrier via needle tips by pressing
the microneedle patch onto the tissue surface with significantly improved transdermal
delivery efficiency [17,18]. Owing to the recent increase in the level of mass production,
the reduction in production costs, and the advantages of its universality, microneedle
patches have been developed for skin disease treatment [19-22], blood alcohol and glucose
detection [23-25], and vaccination [26-29].

Considering the above-mentioned advantages of microneedles, this study proposes
the construction of a biocontrol microneedle-array patch (BMN) based on the food-grade
preservative e-PL to explore its potential application in controlling the decay of fruits,
particularly citrus fruits (Scheme 1). An ex vivo insertion test of various microneedles in
pericarp was first carried out to screen the optimal microneedle formulation. Subsequently,
the drug loading amount, microneedle mechanics, and insertion ability of the e-PL-based
BMN were characterized. To elucidate the mode of action after microneedle administration,
the dissolution and diffusion behavior of BMN have been investigated. Finally, cytotoxicity
experiments were conducted to demonstrate the safety of BMN. This e-PL-based micronee-
dle patch is expected to exhibit the following advantages: (1) In addition to serving as a
broad-spectrum antimicrobial, e-PL with a molecular weight of 3.2~4.4 kDa possesses the
mechanical properties of polymeric materials [30], which can improve the drug loading
capacity by reducing the amount of microneedle tip excipients. (2) Using the dissolving
microneedle patch system, e-PL can efficiently penetrate into the citrus pericarp to exert
better mold prevention and control. (3) e-PL can be degraded into natural amino acids
required by the human body in the gastrointestinal tract after oral administration, and its
safety is much higher than that of traditional pesticides [31]. (4) The micron-level pores
produced by microneedle piercing will naturally shrink with the evaporation of water on
the pericarp surface, which is conducive to reducing the entry of microorganisms into the
citrus through the pores, while ensuring the aesthetics of the fruit surfaces. (5) The improve-
ments of large-scale production, the reduction in production costs, and the development of
potential advertising uses in recent years are expected to reduce the cost of antimicrobial
microneedles in fruit preservation.
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Biocontrol Microneedle Patch

Scheme 1. Schematic illustration of using BMN to protect fruits from infection.
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2. Materials and Methods
2.1. Materials

Polyvinyl alcohol (PVA, 103) and trypan blue were obtained from Aladdin (Shanghai,
China). Polyvinyl pyrrolidone (PVP K90) were kindly donated by BASF (Ludwigshafen,
Germany). e-PL was purchased from Binafo Biology Co., Ltd. (Zhengzhou, China). L-lysine
hydrochloride and 4% paraformaldehyde were purchased from Sigma-Aldrich (Shanghai,
China). An adhesive label was purchased from Deli (Ningbo, China). Sulfo-Cyanine-7 NHS
ester (Cy7) was purchased from Xi’an Qianghua Biological Technology Co., Ltd. (Xi’an,
China). All the other solvents and materials used were of analytical grade.

2.2. Fabrication and Imaging Study of Various Microneedles

BMN were prepared by a multi-step centrifugation method using female polydimethyl-
siloxane (PDMS) molds fabricated by replica molding from a microneedle array template.
First, a template of a microneedle patch with a 12 x 12 array of tetragonal pyramidal
needles was fabricated using computer-aided design and computer-aided manufacturing
cutting operations with brass as the raw material.

The master molds were placed in anhydrous ethanol and cleaned via ultrasonication.
Then, a 10:1 mixture of polydimethylsiloxane (PDMS) monomer and curing agent (Dow
Corning Slygard 184) was poured into the mold, degassed under vacuum for 30 min, and
cured at 80 °C for 2 h. After cooling to room temperature, a PDMS mold with a morphology
complementary to that of the master mold was obtained.

Subsequently, e-PL was mixed with ultrapure water at a ratio of 1:1.8 (w/v) and stirred
until completely dissolved. PVA solution was obtained by mixing PVA with ultrapure
water at a ratio of 1:1.8 (w/v) and water bath at 90 °C for 2 h. Needle tip solutions containing
different amounts of ¢-PL were obtained by mixing e-PL solution with PVA solution at
the mass ratios of 1:9, 3:7, 5:5, 7:3, and 9:1, respectively. After a water bath at 65 °C for
1 h, 250 uL of the needle tip solution was added to the PDMS molds and centrifuged at
3500 % g at 20-30 °C for 10 min. After removing excess needle tip solution from the molds,
the drug-containing needle tips were centrifuged at 3500x g at 20-30 °C for 10 min to
allow the molds to be filled and properly concentrated. Further, 26.2% ethanolic solution of
PVP K90 was added to the PDMS molds and centrifuged at 3500x ¢ for 45 min at 0-10 °C.
Finally, the BMN were gently separated from the PDMS molds by drying in a desiccator
for 72 h at room temperature. To evaluate the distribution of e-PL in the tip, microneedles
with a PVP layer stained with trypan blue were prepared using a method similar to that
described above, except that an appropriate amount of trypan blue dye was dissolved in
the PVP K90 ethanol solution.

A digital camera and inverted microscope (Eclipse Ts2, Nikon Corporation, Japan)
were used to observe the morphology of the different microneedles. In addition, the newly
prepared microneedles were sputter-coated and imaged using a SU8010 scanning electron
microscope (SEM, Hitachi, Tokyo, Japan).

2.3. Fruit Treatment

Organically farmed lemons and Satsuma mandarins were purchased from a local
citrus farm in Sichuan and Guangxi provinces in China, respectively. Valencia oranges and
green pomelos imported from South Africa and Thailand, respectively, were purchased in a
local supermarket. All citrus fruits of the four species without any apparent surface damage
and infection were chosen, washed with deionized water, and drained until dryness.

2.4. An Ex Vivo Insertion Test of Various Microneedles in Pericarp

To evaluate the insertion ability of the different dissolving microneedles in citrus fruits,
different microneedles were inserted into the pericarp of freshly separated citrus fruits for
5 min. After removing the microneedles, a 4% (w/v) solution of trypan blue was added
dropwise to the pericarp, where the microneedles were inserted for 2 min. The excess
dye solution was washed with distilled water. Stained pores on the pericarp surface were
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observed and photographed using a digital camera. The efficiency of microneedle tip
insertion into the pericarp was calculated as follows:

Insertion efficacy (%) = Np/Npn x 100% @D

where N}, and Ny, are the number of stained pores on the pericarp surface and needle tips
on the microneedles, respectively.

2.5. Determination of the Thickness and Water Content of Various Pericarp

To evaluate the pericarp thickness of the different fruits, pericarp discs with a diameter
of 3 cm were cut and separated from the equatorial plane of the different citrus fruits, and
the pericarp thickness was measured using Vernier calipers.

To evaluate the moisture content of the different pericarps, freshly obtained pericarps
were weighed and dried in an oven (Boxun, Shanghai, China) at 70 °C until they reached a
constant weight. The water content of the pericarp was then determined and calculated
as follows:

Water content (%) = (Wo — W)/Wy x 100% 2)

where Wy and W are the pericarp weights before and after drying, respectively.

2.6. Drug Loading Amount of BMIN

To evaluate the loading amount of e-PL in BMN, the needle part of the BMN was
carefully separated using a scalpel blade and dissolved in H,O. Subsequently, the e-PL
content of the samples was analyzed by high-performance liquid chromatography (HPLC,
Agilent technologies, Santa Clara, CA, USA) using a Waters X-Bridge TM C18 analytical
column (4.6 mm x 150 mm, 3.5 um). The samples were eluted with a linear gradient
of water-acetonitrile with 0.1% trifluoroacetic acid at a flow rate of 1 mL/min and were
detected at 215 nm.

2.7. Microneedle Mechanics

The mechanical strength of the various microneedles was measured using a texture
analyzer (TA-XT Plus, Stable Micro Systems, Godalming, UK) [32]. Briefly, the microneedle
was placed on the surface of the metallic platform of the texture analyzer. The probe was
programmed to move down toward the microneedles patches at a rate of 0.1 mm/s until
mechanical fracture occurred. In this study, force was applied parallel to the microneedle
axis. Stress versus strain curves were obtained by measuring the force and displacement.

2.8. Pericarp Morphology after Microneedle Insertion

To further observe the effect of microneedle insertion on pericarp morphology, fresh
pericarps of Satsuma mandarins were obtained. The microneedles were inserted into the
surface of the pericarp using thumb pressure for 2 min. After removing the micronee-
dle patches, the pericarp was dried naturally in the air for 30 min and then fixed in 4%
paraformaldehyde. Subsequently, pericarp sections were prepared and stained with hema-
toxylin and eosin (H&E, Beyotime, Shanghai, China) for histopathological observation.

2.9. Dissolution Rate of Microneedle Tip in Pericarp

Fresh pericarps of Satsuma mandarin were harvested to investigate the dissolution
rate of the microneedle tip in the pericarp. Briefly, microneedles were inserted into the
pericarp surface using thumb pressure. At pre-set time points (1, 3, 5, 10, 15, and 30 min),
the microneedles were removed and the tip of the microneedle was imaged using an
inverted microscope system (Eclipse Ts2, Nikon, Tokyo, Japan).

2.10. Study of Drug Distribution after Microneedle Administration

To study the distribution of e-PL in intact citrus and isolated pericarp, Cy7 was immo-
bilized onto ¢-PL and then Cy7-labeled BMN was fabricated. Then, the microneedles were,
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respectively, inserted into the surface of intact citrus and isolated pericarp for 5 min. At
predetermined time points, the fluorescence imaging of citrus and isolated pericarp was
conducted using an in vivo imaging system (Lumina III, Perkin Elmer, Waltham, MA, USA).

2.11. In Vitro Cytotoxicity Assay

The cytotoxicity of needle-tip excipients on human-originated colon epithelial cells
(NCM460) was studied using the cell counting kit-8 (CCK-8) method (Dojindo, Kumamoto,
Japan) [33,34]. Briefly, cells were inoculated into 96-well plates and incubated overnight
at 37 °Cin 5% CO,. After 24 h, the medium was removed, and 100 pL of fresh medium
containing different concentrations of e-PL/PVA mixture or L-lysine hydrochloride was
added. After another 24 h of incubation, the medium was replaced with 100 uL of fresh
DMEM containing 10% fetal bovine serum (Gibco, Grand Island, NY, USA), followed by
the addition of 10 uL of CCK-8 solution. After 4 h of incubation, relative cell viability
was calculated by measuring the absorbance at 450 nm. The cell viability was calculated
as follows:

Cell Viabihty (%) = (Asample — Aplank)/ (Acontrol — Ablank) X 100% ®3)

where Agmple is the absorbance of wells containing cells, CCK-8 solution, and sample
solution; Apjank indicates the absorbance of wells containing medium and CCK-8 solution
without cells; and A o] indicates the absorbance of wells containing cells and CCK-8
solution but not the sample solution.

2.12. Fabrication of Microneedles with an Adhesive Label

An adhesive label was used to wrap the microneedle patch and improve its adherence
to the fruit surface. The text and pattern describing the product information were printed
on the adhesive label using a printer. The label was then cut into the desired shape. After
removing the anti-sticking layer of the adhesive label, microneedle patches were attached
to the center of the label.

3. Results and Discussion
3.1. Preparation of Microneedles Loaded with e-PL

We designed a brass template of a microneedle patch with a 12 x 12 array of tetragonal
pyramidal needles with a base width of 300 um and a height of 1200 pm (600 pm pyramidal
tip; 600 um base column). Meanwhile, the tip diameter of the needles was controlled
to be no greater than 30 um, ensuring that the microneedle is sharp enough. PDMS
molds fabricated by replica molding from the microneedle array template were used for
the fabrication of the e-PL-loaded microneedles (Figure 1A). As shown in Figure 1B, the
microneedles fabricated from pure e-PL had a high needle breakage rate, and the texture
of the tip was extremely brittle. Therefore, we chose PVA, which is a tougher polymer, to
improve the tip formability of e-PL microneedles. The introduction of PVA significantly
improved the microneedle shape, resulting in microneedle patches with almost no needle
breakage (Figure 1C,D).

3.2. Pericarp Insertion Performance and Optimization of Various Microneedles

To determine the optimal ratio of e-PL and PVA, microneedles with different ratios of
e-PL and PVA were prepared. Citrus fruits such as lemon, Satsuma mandarin, Valencia
oranges, and green pomelo were selected for this study and characterized for their basic
pericarp properties (Figure 2A-C). Because trypan blue can stain broken tissues [35], the
pericarp insertion performance of different microneedles was evaluated using trypan blue
staining (Figure 2D,E).

As shown in Figure 2D,E, different ratios of e-PL and PVA had a greater impact on the
pericarp insertion performance. At a 9:1 ratio between e-PL and PVA, the microneedles with
lower PVA content may be brittle, resulting in easy breakage of the microneedles during
skin puncture. Moreover, owing to the high hygroscopicity of e-PL, premature dissolution
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of microneedles during skin puncture may also significantly affect the insertion depth of
the microneedles. Conversely, lower skin puncture at high-PVA-specific gravity may be
due to the lack of sufficient stiffness of the microneedle to puncture the fruit pericarp.

A &-PL/IPVA solution Remove residual solution
» o
Centrifugation Centrifugation
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Drying Yyvyvy
PVP solution

« - s —
Centrifugation . . . . Drying
Y Yyuvy LA B |
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Figure 1. Preparation of e-PL-loaded microneedles. (A) Schematic of the preparation process of
e-PL-loaded microneedles; digital microscope photographs of microneedles with e-PL to PVA ratio
of 10:0 (B) and 5:5 (C). (D) Macroscopic morphology of e-PL/PVA hybridized microneedles.

Because the thickness of the pericarp is related to its mechanical properties, the
moisture content of the pericarp also affects the dissolution rate of microneedles [36,37]. We
compared the skin thickness and water content of four fruits: lemon, Satsuma mandarin,
Valencia oranges, and green pomelo. The fruits with the thinnest and thickest pericarps
included Satsuma mandarin and green pomelo, respectively. In addition, the fruits with
the smallest and largest water content included Satsuma mandarin and Valencia oranges,
respectively. However, the highest insertion rate of approximately 96% was obtained for
microneedles with a 7:3 ratio of e-PL to PVA in all the fruit puncture tests (Figure 2E).
This result indicates that microneedles with a 7:3 ratio of e-PL to PVA possess both good
mechanical properties and resistance to moisture. Thus, we selected this formulation as the
optimal formulation for the BMN construction and used it in the subsequent evaluation.

3.3. Characterization of BMIN

BMN is expected to have a well-defined structure, with e-PL being enriched at the
tip of the needle (Figure 3A). Therefore, we stained the PVP-based substrate layer with
trypan blue. As shown in Figure 3B,C, the microneedle tip of e-PL and PVA hybridization
had an intact needle shape, no air bubbles at the tip, and a clear partitioning between the
e-PL-containing layer of the tip and the substrate layer. The e-PL-containing tip layer was
distributed in the region 0~600 pm from the tip. SEM images of this microneedle were
obtained to observe the microstructure of the BMNSs. Figure 3D shows that the BMN tip
was intact with no obvious fine defects, indicating that e-PL is compatible with PVA.

We quantified the mechanical properties of the needle tip of the BMN using a texture
analyzer and measured the force that a microneedle could withstand before failure using
the method of Park et al. [36]. Stress versus strain curves of the BMN were thus obtained,
and the maximum force applied immediately before dropping was identified as the force
of needle failure. As shown in Figure 3E, the prepared BMN microneedles showed a failure
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force of 1.6 N per needle, indicating that the microneedles should have sufficient strength
to penetrate the pericarp without breaking.
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Figure 2. Characterization of pericarp insertion performance of different microneedles in citrus fruits.
(A) Photographs of lemon, Satsuma mandarin, Valencia oranges and green pomelo. Water content
(B) and pericarp thickness (C) of different fruits. (D) Photographs of the pericarp after the treatment
of different microneedles and stained with Trypan blue. (E) Pericarp insertion rates of different
microneedles in different fruits.

To further investigate the insertion performance of BMN into the pericarp, we collected
Satsuma mandarin pericarps after microneedle administration for H&E staining (Figure 3FG).
Figure 3H,I shows that BMN could form distinct micropore channels in the Satsuma mandarin
pericarp after puncture, reaching depths between 660 and 920 pm. Notably, microneedle
systems usually penetrate mammalian skin with a penetration depth of merely 50400 pm,
because the skin surface is more deformable than fruit pericarps [17-21]. The deeper microp-
ore channels caused by the microneedle penetration into the pericarp imply that e-PL could
be delivered to deeper tissues via BMN, which also illustrated the great application potential
of the microneedle system in protecting fruits from postharvest infection.

Interestingly, we found that these micropore channels would naturally close after
BMN administration, probably because of tissue wrinkling caused by water evaporation
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from the pericarp surface (Figure 3I). The hole on the pericarp surface gradually became
less visible within 3 h (Figure 3],K), which may have resulted in an improved appearance
of the fruit and hindered the invasion of external microorganisms.
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Figure 3. Structural characterization and insertion performance of BMN. (A) Schematic of the
microneedle tip structure. Microscopic (B) and camera image (C) of BMN with the basal layer stained
with trypan blue. (D) SEM image of BMN. (E) Failure behavior of BMN under axial load. Photograph
of Satsuma mandarin before (F) and after BMN treatment (G). H&E-stained image of BMN after
puncture into the pericarp of Satsuma mandarin (H) and its local magnification (I). Photograph of
the pericarp of Satsuma mandarin before (J) and after 3 h of BMN insertion (K).

3.4. Dissolution Properties of BMN in Fruit Pericarp

To evaluate the dissolution behavior and dissolution rate of BMN after puncturing the
pericarp, the microneedle was observed by microscopy after puncturing the citrus skin at
different times. As shown in Figure 4, the e-PL-containing needle tip dissolved completely
after 3 min of BMN piercing the pericarp, and the entire microneedle tip disappeared
completely within 30 min. This experiment indicated that the needle tips of BMN have
good solubility and that BMN could promote the e-PL efficiently pass through the outer
cuticles of fruit pericarp.

3.5. Antifungal Potential of BMIN

As a natural antimicrobial peptide, e-PL usually kills pathogens through a membrane
disruption mechanism [38,39]. While the fungal cell membrane is negatively charged,
cationic e-PL can electrostatically bind to cells with little dependence on specific receptors
or essential components of the fungal cell membranes [40]. Therefore, various previous
studies have indicated that e-PL displays effective antifungal activity against a range of
plant pathogenic fungi, which may result in cell dysfunction and suppression of spore
germination or mycelial growth [41-46]. e-PL can inhibit common postharvest pathogens,
including Alternaria alternata, Botrytis cinerea, Penicillium expansum, and Penicillium digitatum,
with half-maximal inhibitory concentration (ICsp) values of 30-200 pg/mL [46].
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Figure 4. Appearance of BMN and its needle tip length after insertion into citrus pericarp for
different times.

To investigate the antifungal potential of BMN, we separated the needle tips of BMN
and measured the ¢-PL content using HPLC. We found that the drug-loading capacity of
BMN was very high, and the microneedle patch contained up to 1890 g of e-PL per patch.
As ¢-PL could suppress fungal cell viability in a concentration-dependent manner, a higher
e-PL loading capacity implies that BMN may be more effective in protecting fruits from
postharvest infection.

3.6. Drug Distribution Study

Microneedle patches have been widely applied in the treatment of animal diseases,
and drugs can be rapidly and systematically distributed through the blood circulation.
When microneedles are used to fruit preservatives, drug distribution may be achieved
mainly through concentration gradient-mediated drug diffusion. Therefore, to evaluate the
unique mode of action of microneedles for topical application in fruits, we constructed a
BMN using Cy7-labeled e-PL, and administered them to the surface of intact citrus and
isolated pericarp, respectively. Interestingly, we found that the diffusion of e-PL was rapid
within 6 h of microneedle administration, and the distribution area of ¢-PL remained
increased over a period of 72 h (Figure 5A). To quantify the distribution of ¢-PL on the
pericarp, we further isolated the pericarp of citrus, administered microneedles in the center
of the pericarp, and measured the diameter of fluorescent area. As shown in Figure 5B,C,
a large concentration difference facilitated the rapid diffusion of e-PL from BMN to the
pericarp forming a fluorescent area with a diameter of 51.1 & 3.3 mm at 6 h post-BMN
administration, and this area could was continuously enlarged to 58 & 12.8 mm in diameter
after 72 h. These results indicated that although distributed primarily by diffusion, BMN
can deliver ¢-PL to the pericarp and create a large drug distribution area, and BMN has
great potential to reduce the incidence of invasive fungal infections in local areas of citrus
fruit pericarp (e.g., areas with localized damage).

3.7. Cytocompatibility Study

To investigate whether the tip material of the BMN could induce potential toxicity to
cells in the gastrointestinal tract, the CCK-8 method was used to explore the cytocompati-
bility of the mixture of e-PL and PVA (7:3) [47]. Figure 6 demonstrates that the mixture of
e-PL and PVA showed little cytotoxicity against NCM460 cells.
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Figure 5. Characterization of e-PL distribution after BMN administration. (A) Representative
fluorescence images of citrus after Cy7-labeled BMN administration. The diameter changes (B) and
representative images (C) of the fluorescent area on the pericarp of citrus after Cy7-labeled BMN
administration.

As lysine-based e-PL can be degraded by enzymes in the gastrointestinal tract, we
further investigated the effect of different concentrations of L-lysine hydrochloride on the
viability of NCM460 cells. As shown in Figure 6, the degradation products of ¢-PL had little
effect on the survival of cells in the gastrointestinal tract, which further suggests that BMN
needle-tip excipients may be unlikely to cause significant toxic effects after consumption.
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Figure 6. Cell viability of NCM460 cells after treatment with different concentrations of ¢-PL/PVA
mixture or L-lysine hydrochloride.

3.8. Adhesive Outer Layer and Its Potential Applications

To prevent BMN from falling off during use and to increase the sealing of holes created
by the microneedles, an additional layer consisting of an adhesive sticker can be added
to the outside of the PVP layer of the BMN. As shown in Figure 7, with the addition of
the adhesive outer layer, BMN can be firmly attached to the surface of citrus. By printing
text and/or pattern on the surface of the adhesive outer layer, BMN can also be used to
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provide information on the fruit’s production time, preservation conditions, price, and
other product information.
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Figure 7. Appearance of the adhesive outer layer of BMN (A) and the photograph of Satsuma
mandarin before (B) and after the microneedle patches treatment (C).

4. Conclusions

In this study, the concept of biocontrol microneedles was proposed to develop a
novel biocontrol agent for eliminating postharvest fungal pathogens by exploiting the
high drug transdermal delivery properties of the dissolving microneedle system. We
successfully optimized the feeding ratio of e-PL to PVA for the construction of a biocontrol
microneedle at 7:3 through an ex vivo insertion test of various microneedles in citrus fruit
pericarps. Moreover, BMN was confirmed to have excellent mechanical properties and
could be inserted into the pericarp of different citrus fruits with an approximately 96%
insertion rate. After insertion into the pericarp, e-PL located at the tip of the microneedle
can be rapidly dissolved and released into the pericarp within 3 min. This microneedle
has a high ¢-PL loading capacity, which allows a concentration-dependent antimicrobial
agent such as ¢-PL to exert greater antimicrobial efficacy. The drug distribution study
showed that ¢-PL could be diffused from the local area after microneedle administration.
Moreover, CCK-8 experiments verified the low cytotoxicity of ¢-PL and PVA mixtures
and the degradation products of ¢-PL. Therefore, this study preliminarily confirmed the
feasibility and application potential of BMN, and it is believed that it can be applied
to protect more types of fruits or vegetables from postharvest infection through further
optimization. Notably, we calculated that the raw material cost to produce a BMN is no
more than USD 0.005, but the main and high cost of fabricating BMN may be attributed
to the manufacturing process. Given that the cost of manufacturing remains a significant
uncertainty, robust and cost-effective manufacturing of the BMN may be another important
issue needing further study and development.
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