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Advances of Smart Stimulus-Responsive Microneedles in

Cancer Treatment

Huaqing Chu, Jiangtao Xue, Yuan Yang, Hui Zheng,* Dan Luo,* and Zhou Li*

Microneedles (MNs) have emerged as a highly promising technology for
delivering drugs via the skin. They provide several benefits, including high
drug bioavailability, non-invasiveness, painlessness, and high safety.
Traditional strategies for intravenous delivery of anti-tumor drugs have risks
of systemic toxicity and easy development of drug resistance, while MN
technology facilitates precise delivery and on-demand release of drugs in local
tissues. In addition, by further combining with stimulus-responsive materials,
the construction of smart stimulus-responsive MNs can be achieved, which
can respond to specific physical/chemical stimuli from the internal or external
environment, thereby further improving the accuracy of tumor treatment and
reducing toxicity to surrounding tissues/cells. This review systematically
summarizes the classification, materials, and reaction mechanisms of
stimulus-responsive MNs, outlines the benefits and challenges of various

with the advancement of innova-
tive chemotherapeutic, targeted, im-
munotherapeutic, and genetic drugs, as
well as the quest for functional preser-
vation and aesthetics in patients with
cancer, radical surgery has now been
gradually replaced by drug treatment
combined with small-scale minimally
invasive surgery.?’ Nevertheless, to
date, eradication of tumor cells has
remained a challenge, which results in
poor control or even recurrence of the
cancer. Traditional drug administration
routes, including oral administration,
intravenous injection, intramuscular
injection, mucosal administration, trans-

types of MNs, and details their application and latest progress in cancer
treatment. Finally, the development prospects of smart MNs in tumor
treatment are also discussed, bringing inspiration for future precision

treatment of tumors.

1. Introduction

Cancer is a significant global public health issue that poses a se-
vere threat to human life and well-being.l'! In recent decades,
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dermal administration, etc., have their
own challenges.l>*! For example, oral ad-
ministration involves the first-pass hep-
atic  biotransformation®); intravenous
administration, as a systemic-acting
mode of drug delivery, causes greater
damage to normal tissues/cells!®’];
intramuscular injection faces problems of painful injections,
fear of needles, and high demands on injection techniques!®;
mucosal delivery needs to improve the stability of the dosage
form!1%; traditional transdermal patch have difficulty in break-
ing through the physical barrier formed by the stratum corneum
(SC)'12I the above problems potentially impede the clinical
treatment of tumors. To enhance the effectiveness and safety
of anti-tumor therapy, it is crucial to create a novel delivery ap-
proach that can efficiently and specifically transport antitumor
agents (such as chemotherapeutic drugs, immunosuppressants,
immune cells, tumor vaccines, photosensitizers (PSs), photother-
mal agents, etc.) to the intended tissues. This will enable precise
and personalized treatment, while also improving patient com-
pliance and comfort.

The emergence of microneedles (MNs) is a result of significant
progress in materials science and micro-nanofabrication tech-
nologies. MNs typically comprise an assortment of micro-sized
needles with consistent characteristics affixed to a supporting
base on one side, enabling superior mechanical penetration.[*14]
These MNs can enter the SC and create temporary microchan-
nels on the skin to achieve effective drug administration, so as to
exert local or even systemic therapeutic effects.['>1°] Based on its
outstanding advantages of painlessness, non-invasiveness, con-
venience, high patient compliance, relative safety, and high drug
bioavailability,['”:18] the MNs technology has emerged as a highly
potential transdermal drug delivery system (TDDS) that effec-
tively combines the benefits of conventional transdermal patch

© 2023 Wiley-VCH GmbH
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and subcutaneous injection.’”] Over the past several decades,
MNs have been fabricated using various constituent materi-
als, from silicon,[?) metals,/?! ceramic,!?2%] and glassi?*%] to
polymers[?®! and hydrogels.[?’] Traditional MNs face challenges
in accurately delivering the required medication dosage to the
desired location at the optimal moment to maintain a stable level
of the drug in the bloodstream, and excessive drug load can easily
lead to drug resistance and safety issues.[?]

Benefiting from the development of responsive biomateri-
als and manufacturing technology,?®! stimulus-responsive MN-
based therapy system arises at a historic moment, making on-
demand drug delivery feasible.’%] Researchers often refer to MNs
with the characteristics of personalized drug delivery such as
adaptability, controllability, surrounding environmental percep-
tion, and real-time feedback as “smart MNs”.31-33) This indi-
vidualized, demand-based drug delivery process (also known as
“on/off”), with excellent spatial-, temporal- and dosage-controlled
properties.3*®] The stimulus-responsive MNs therapeutic sys-
tem can programmatically release drugs based on pathological
characteristics or exogenous physical/chemical signals to achieve
the purpose of cancer treatment.36#] In this review, the classifi-
cation, materials, fabrication process, response mechanism, ad-
vantages, and disadvantages of stimulus-responsive MNs were
systematically discussed. Subsequently, the application and lat-
est progress of stimulus-responsive MNs in cancer treatment are
introduced in detail. Finally, current research hotspots, future
prospects, and challenges of stimulus-responsive MNs are metic-
ulously discussed.

2. Classifications of Stimulus-Responsive MNs

In recent decades, there has been a widespread use of responsive
nanomaterials in the development of intelligent pharmaceutical
delivery systems.[*#?] The combination of stimulus-responsive
materials and MNs delivery technology has become a popular
research area in recent years for the development of controlled
release systems based on MNs. Stimulus-responsive MNs can
specifically recognize special signals from endogenous or exoge-
nous environments and generate accurate responses. The stim-
ulation factors can elicit several changes in MNs, including de-
terioration of the matrix, swelling of the matrix, rupture of the
formulation, and collapse of the coating.[*}] The MNs-based de-
livery system, which responds to stimulus, allows for precise reg-
ulation of medication release, leading to a significant enhance-
ment in therapeutic effectiveness and a reduction in harmful
side effects.[®] Stimulus-responsive MNs can be classified into
two categories based on the source of the stimulus signals: en-
dogenous stimulus-responsive MNs and exogenous stimulus-
responsive MNs (Figure 1).

2.1. Exogenous Stimulus-Responsive MNs

Recently, there has been a growing interest in exogenous
stimulus-responsive MNs due to their capacity to achieve med-
ication release that can be controlled remotely, resulting in im-
proved therapeutic efficacy and lower toxicity to the body. Ac-
cording to actual clinical needs, such MNs can precisely control
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Figure 1. Schematic of classification of stimulus-responsive micronee-
dles. According to different types of stimulation signals, stimulus-
responsive microneedles are divided into exogenous and endogenous mi-
croneedles. Endogenous stimulation signals include changes in pH, glu-
cose, insulin, enzyme, redox, cutaneous temperature, etc., while exoge-
nous stimulation signals include changes in ultrasound, light, electric
field, force, magnetic field, and temperature.

the immediate and on-demand release of drugs through external
stimulation signals (such as ultrasound, light, electricity, force,
magnetic field, temperature change, etc.), which is a more con-
trollable and safe delivery mode. In Table 1, we summarize a se-
ries of recent research on exogenous stimulus-responsive MNs
for biomedical treatment.

2.1.1. Ultrasound-Responsive MNs

Ultrasound is a type of mechanical wave that has a frequency
higher than 20 kHz and is able to travel through a certain
media.[*/l Ultrasound has been employed as an effective non-
invasive stimulus in drug delivery systems.[**] In terms of mech-
anism, the cavitation effect and thermal effect of ultrasound
can achieve spatiotemporally targeted drug release.l**#”] A small
portion of the ultrasound energy is absorbed by the tissues of
the human body, causing localized heating that promotes drug
release. As shown in Figure 2A, the utilization of ultrasound
induces the generation, oscillation, expansion, and subsequent
rupture of microbubbles (MBs), commonly referred to as the cav-
itation effect. This mechanism is often employed to elucidate
the principle of drug release in response to ultrasound. Stud-
ies have shown that the extracorporeal ultrasound-assisted MNs
patch has significantly improved the efficiency of transdermal
drug delivery.l**-%1 Most typically, Zandi et al.*®! reported an
ultrasound-assisted MNs drug delivery system named zinc-oxide
nanowires microbubble generator probe (ZnONWs-MGP). Ex-
cessive MBs were exploded by external ultrasonic actuation (an
intensity of 5 W cm™2, a frequency of 20 kHz, and a duty cy-
cle of 30%), and subsequently induced microcavitation in tumor
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The Response Mechanism of Exogenous Stimulus-Responsive MNs
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Figure 2. Schematic of the responding mechanism of different exogenous stimulus-responsive microneedles. A) Spatiotemporally targeted drug release
can be realized based on the cavitation effect and thermal effect of ultrasound waves. Microbubbles formed, oscillated, expanded, collapsed, and finally
triggered drug release when ultrasound was applied. Reproduced with permission.[>] Copyright 2020, Springer Nature. B) Drug release mechanisms
based on light-responsive microneedles. i) Under light irradiation, the temperature of photothermal-based microneedles increases and undergoes phase
transition, which promotes drug release. Reproduced with permission.l>’l Copyright 2016, American Chemical Society. i) Photodynamic-based micronee-
dles trigger photosensitizers (PS) to undergo REDOX reactions by light irradiation and produce a large number of reactive oxygen species (ROS), which
promote local cell rupture and necrosis. In addition, PDT can trigger immunogenic cell death, which activates an anti-tumor immune response. Repro-
duced with permission.[>*] Copyright 2021, American Chemical Society. iii) Under light irradiation, the material molecules of photoisomerization-based
microneedles undergo reversible changes in cis-conformation and trans-conformation, which can realize light-controlled drug release. Reproduced with
permission.[32] Copyright 2017, The Royal Society of Chemistry. C) Electro-responsive MNs prepared by conductive polymers control drug on-demand re-
lease through the “on-off” of electrical signals. Upon electrical stimulation (ES), the REDOX state of the conductive polymer will be reversibly changed,
resulting in drugs loaded and controlled release. Reproduced with permission.[”] Copyright 2021, WILEY. D) Daily body movement or intentional
stretching can cause strain of the elastomer in the mechanical force-responsive microneedles, increase the surface area for diffusion and Poisson’s
ratio-induced compression on the microdepots, thus promoting the release of drugs from the microdepots. Reproduced with permission.[1%4 Copyright
2015, American Chemical Society. E) A magneto-responsive separable MN robot was constructed via a Lego-brick-stacking-inspired multistage 3D fab-
rication method. The MN robot consists of three components: the magnetic substrate, the separable connection, and the drug-loaded tips. Under the
guidance and control of the external magnetic field, the magnetic substrate faces the small intestinal wall, penetrates the intestinal mucosa, breaks the
intestinal barrier, and continuously releases the encapsulated active substances. Reproduced with permission.l'%! Copyright 2021, WILEY. F) An external
heater is integrated with thermo-responsive MNs prepared from a thermosensitive phase change material (PCM). When the embedded microheater is
heated above a threshold temperature, the MNs dissolve and release the packaged drug. Reproduced with permission.['"®] Copyright 2018, Informa UK.

cells, promoting the direct transfer of paclitaxel (PTX) into can-
cer cells. Shao et al.l*! developed a patch of MNs that has been
modified with nanobubbles. This patch is intended for medica-
tion delivery with the assistance of ultrasound (a frequency of
850 kHz, an amplitude of 10 V,,, a power of 1 W cm™?). The
MNs patch was made of poly(D,L-Ladppcctic-Co-Glycolic Acid)
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(PLGA), a good biocompatible and degradable material. The sur-
face of the MNs patch was coated with polylysine (PLL) to create a
layer of positive charge. This layer then attracted and bonded with
a layer of fluorescent dye-containing nanobubbles that carried
a negative charge, through electrostatic contact. Layer-by-layer
(LBL) self-assembled Cy5-containing nanobubbles adhered to the
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surface of the MNs underwent oscillation, expansion, and col-
lapse, and subsequently initiated the release of Cy5 with the ap-
plication of ultrasound. Cavitation-induced microstreaming in-
creased drug molecule penetration and diffusion, hence enhanc-
ing the effectiveness of transdermal drug administration. The ex
vivo data demonstrated that a mere 2 min of ultrasound stim-
ulation led to a fivefold increase in the amount of released ma-
terial, as compared to passive release during a 10 min period.
The benefit of this particular design is that by immediately load-
ing micro/nanobubbles onto the MNs, the diffusion efficiency
is enhanced, while simultaneously reducing the required ultra-
sound energy and preventing any harm to the body caused by
ultrasound. More interestingly, the optimal integration of ultra-
sonic responsiveness and iontophoresis effectively enhanced the
efficacy of transdermal medication administration. Bok et al.l>]
developed multifunctional hyaluronic acid (HA)-dissolving MNs,
in which the vibration caused by acoustic pressure and the elec-
trostatic force-driven diffusion caused by AC iontophoresis syn-
ergistically promoted the dissolution of the HA MNs and drug re-
lease. By subjecting gelatin hydrogels to MNs, the bubbles within
the hydrogel are compressed, resulting in the formation of micro-
jets due to the sound pressure generated by ultrasonic waves at
a frequency of 1.7 MHz. This process greatly enhances the effi-
ciency of drug delivery (Figure 2A). In conclusion, the combined
use of ultrasonic waves with iontophoresis offers a notable bene-
fit by enhancing the rate at which drugs are delivered via the skin
using MNs. This approach facilitates the penetration and disper-
sion of drug molecules.

Although ultrasound-responsive MNs can control the drug
release process non-invasively and accurately. Nevertheless, ul-
trasonic waves have a dose-dependent effect on the damage to
healthy tissue. To minimize the negative impact of ultrasound-
responsive MNs on healthy tissue during their use, it is crucial
to meticulously choose and optimize ultrasound parameters. In
addition, part of the energy of the ultrasound may be absorbed
in the tissue, which will make its effect in the deep tissue greatly
reduced. The cooperation of ultrasound equipment increases the
complexity and cost of treatment.

2.1.2. Light-Responsive MNs

Light is considered to be an attractive trigger for constructing on-
demand TDDS due to its advantages of remoteness, precise con-
trol of temporal and spatial dose, and ease of application.[3%40]
Photo-responsive MNs are prepared by specific photosensitive
materials that respond specific wavelength of light (e.g., ul-
traviolet (UV) light,5! visible light,5?-¢] near-infrared (NIR)
light, 57831 etc.). UV light has the ability to destroy biological
molecules (nucleic acid, protein, and lipid), and has high absorp-
tion and scattering in tissues, which limits its clinical applica-
tion. Visible light is mainly used for the superficial layer of skin
and mucous membranes. NIR is widely concerned because of its
advantages of low scattering, strong penetrability, and little tis-
sue damage.®* Regarding methodologies for photosensitive ma-
terial response, photo-controlled drug delivery platforms can be
broadly categorized into three types: photothermal, photochemi-
cal, and photoisomerization-based drug delivery (Figure 2B).
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Photothermal-Based MNs: The MNs system based on pho-
tothermal therapy (PTT) consists of two key components: 1) pho-
tothermal agents that effectively transform the energy of light
into thermal energy; 2) heat-sensitive materials that somehow re-
spond quickly to temperature changes and lead to drug release
(Figure 2B(i)). So far, photothermal agents that are commonly
used include oxide (Fe; O, nanoparticles (NPs)),[%¢*] indocyanine
green (ICG),[®¥%72] lanthanum hexaboride (LaBy),"~° gold
nanomaterials (gold nanocage,|®! gold NPs, >3] gold nanoshell,[®!]
gold nanorod'®*”%), black phosphorus,®*¢75%] carbon nanomate-
rials (graphene and its derivatives),l’® metal sulfides (Cu,S,,%%
CuSl®%]), MXene,/”] aggregation-induced emission luminogen
(AlEgen),”®) melanin tumor lysate,””! metal-organic frame-
works (MOFs),7* Polypyrrole (PPy) hollow fibers, %] and so on.
These photothermal agents possess a high capacity for absorbing
light, exhibit remarkable efficiency in converting light into heat,
and demonstrate outstanding stability. When a specific wave-
length of light was irradiated externally, the MNs occurred light-
to-heat transformation, and the temperature of the surround-
ing tissue increased in a short time, resulting in local thermal
ablation and direct killing of the pathological cells. Simultane-
ously, when the temperature rose, the thermally responsive ma-
terial of MNs experienced a phase shift, facilitating the release
of pharmaceuticals and serving the dual purpose of drug ther-
apy and photothermal treatment (Figure 2B(i)). PTT has been
widely used in biomedicine because it can be controlled remotely
and has fewer side effects than traditional treatments, especially
in tumor treatment. For instance, Dong et al.[] designed a dis-
solving MNs loaded with gold nanocage and doxorubicin (DOX).
Gold nanocage was a drug nanocarrier used for controlled drug
release, to enhance the mechanical properties of MNs, and to
exert PTT for skin tumors. After the MNs were applied to the
skin, the bodies of the MNs were dissolved and DOX was re-
leased. The gold nanocage acted as a photothermal agent un-
der NIR light, prompting a significant increase in local temper-
ature and enhancing the damage to the tumor cells. The anti-
tumor efficacy of the DOX- and gold nanocages-loaded MNs was
demonstrated by a melanoma mice model. At the same time,
pathological imaging was used to observe the vital internal or-
gans of mice after MNs administration. The results showed that
there were no obvious abnormal changes in the histology of
the animal organs, indicating that the delivery system had good
biocompatibility.

In addition, despite photothermal-based MNs having many ad-
vantages, there are still some problems. The temperature change
caused by photothermal action may cause discomfort, damage
to the body, and inactivation of effective biomolecular activity.
Therefore, the illumination time and photothermal transition
temperature must be controlled accurately and reasonably in
practical applications.

Photochemical-Based MNs: The mechanisms by which
photochemical-based MNs exert therapeutic benefits are as
follows: 1) The objective is to disrupt the photosensitive covalent
connections within the MNs platform by absorbing light energy,
which triggers the release of the enclosed medication. Light of
adequate energy is necessary for the cleavage of photoscissible
covalent bonds. For instance, the ester bond might undergo irre-
versible cleavage when exposed to UV radiation. Hardy et al.>!]
employed UV radiation to cleave the covalent ester link of ibupro-
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fen conjugates, resulting in the production of the unbound drug
and 2-phenyl-5, 7-dimethoxybenzofuran; 2) Light irradiation in-
duces the generation of a significant quantity of reactive oxygen
species (ROS), which in turn triggers PSs to undergo REDOX
reactions. This process promotes local cell rupture and necrosis,
resulting in the cytotoxicity observed in photodynamic treatment
(PDT). In addition, PDT has the ability to induce immunogenic
cell death, thereby stimulating the body’s immune system to
respond against the tumor (Figure 2B(ii)).’*%%75 To address
the limitations of PDT in tumor treatment (ineffective local
migration of PSs and rapid oxygen consumption), Liu et al.l®!
developed an oxygen-propelled MNs patch loaded with chlorin
€6 (Ce6) and embedded sodium percarbonate (SPC). After the
MNs were applied to the tissue, SPC reacted with the surround-
ing fluid to produce gaseous oxygen bubbles, which promoted
the penetration of Ce6 with a strong airflow flow. Through the
delivery of oxygen-propelled Ce6 and the improvement of the
hypoxic environment, the intracellular ROS in the tumor tissue
was greatly increased, and the PDT effect in the intradermal
breast cancer mouse model was enhanced.

However, the photochemical-based MNs have some draw-
backs. First of all, the process of drug release caused by pho-
toscissible covalent bond breakage is usually irreversible, which
means these delivery systems are often “one-and-done”, making
it impossible to generate uniform “on-off” release curves from
each light exposure as other pulsatile drug release systems. Sec-
ond, the breakage of covalent bonds in this system mostly re-
quires to be driven by UV light, but UV light will destroy biolog-
ical molecules (such as DNA and growth factors) and has poor
penetration, so it is only suitable for superficial applications. Al-
though PDT has many advantages, as a local therapy, its killing
effect on tumors largely depends on whether the light dose in the
diseased area is sufficient. However, some PSs can cause biolog-
ical damage under high concentrations or excessive irradiation.
The treatment efficacy of PDT is somewhat constrained by the
reduction in light intensity resulting from tissue absorption and
dispersion.fl

Photoisomerization-Based MNs: The delivery of drugs
through photoisomerization can be accomplished by caus-
ing reversible changes in the molecular structure under UV-vis
light exposure. Azobenzene (azo) is a commonly chosen com-
pound for drug delivery systems that rely on photoisomerization.
The molecules consist of two phenyl groups linked by an N=N
bond, which undergo a transition from trans conformation to cis
conformation when exposed to UV light, then revert back to trans
conformation when exposed to blue light.®®] In recent years,
researchers have taken advantage of this reaction characteristic
to create the molecular valve, which can realize the “turn on/turn
off” drug release by remote light control (Figure 2B(iii)).>>%*]
To prevent harm from UV radiation, upconversion luminescent
materials were used. These materials can convert biocompatible
NIR light into local UV-vis light. This conversion process is
used to trigger the cis-trans isomerization of azo.®*!

It’s worth noting that photoresponsive MNs may generate new
photosensitive groups and degradation products during the trig-
gering process, some of which are toxic. Hence, there is a press-
ing need to discover and cultivate advanced photosensitive ma-
terials that possess superior biosecurity and can disintegrate and
dispense medications at reduced temperatures.
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2.1.3. Electro-Responsive MNs

The electro-responsive MNs are superior to other externally trig-
gered MNs because of their excellent repeatability, ease of ac-
quisition, ease of manipulation, and low intensity without caus-
ing noticeable discomfort to the human body. The fundamental
concept behind the electro-responsive drug delivery system us-
ing MNs is to encapsulate pharmaceuticals within a carrier com-
posed of MNs and utilize an electric field to enhance or regu-
late the release of the drugs. The research of these smart MNs
is around the design and fabrication of electro-responsive MNs,
as well as the advancement of energy supply systems. Currently,
commonly used electrical responsive materials include conduc-
tive polymers, % conductive hydrogels,[**?! carbon-based ma-
terials, some metals,[?}] semiconductor materials, ¥ etc.

Conductive polymers, such as PPy, Polyaniline, Polythiophene,
and its variants, are characterized by high conductivity, easy pro-
duction, and good biocompatibility. Drug delivery systems based
on biomaterials derived from MNs have been extensively uti-
lized for the regulated release of several medications, including
dexamethasone, epidermal growth factor, dopamine, and others.
Upon electrical stimulation (ES), the REDOX state of the con-
ductive polymer will be reversibly changed, resulting in changes
in charge, doping level, conductivity, and volume of the conduc-
tive polymer. Taking advantage of this property, drug-loaded MNs
prepared by conductive polymers control drug on-demand re-
lease through the “on-off” of electrical signals (Figure 2C). In
the case of PPy, when a negative voltage is given to PPy, the ox-
idized PPy undergoes reduction, resulting in a decrease in the
overall positive charge on the molecular chain. This weakens the
electrostatic attraction and causes the anionic medicines to be
repelled and freed from the polymer system. Applying a posi-
tive voltage to PPy causes an oxidation reaction, resulting in a
rise in the positive charge of the molecular chain. This leads to
the release of the cationic medication due to electrostatic repul-
sion. The release of neutral medicines is primarily propelled by
polymer deformation. Huang et al.’®’! developed an innovative
transdermal medication delivery system consisting of an electro-
responsive PPy-coated MN array. They fabricated conical MNs
using microscale 3D photolithography and then sputter-coated
the MNs with chrome-gold. Then, the electrochemical deposi-
tion of PPy film on the surface of chromium-gold coated MN
electrodes was completed by the galvanostatic method, and dex-
amethasone phosphate was encapsulated in the PPy coating to
form the working electrode. The drug-loaded MNs were inserted
epidurally, penetrating the dura, in order to administer pharma-
ceuticals directly to the subdural area, thus providing localized
drug administration. Experiments have shown that the release of
dexamethasone phosphate from cyclic voltammetry-stimulated
PPy MNs via the dura mater can potentially play a therapeutic
role. Similarly, based on this property of PPy, Yuan et al.l®] devel-
oped a two-electrode smart MNs patch consisting of a polylactic
acid-platinum (PLA-Pt) array as the counter electrode and a poly-
lactic acid-platinum-polypyrrole (PLA-Pt-PPy) material. The MN
array functioned as the working electrode.

Conductive hydrogels possess the advantageous characteris-
tics of both conductive materials and hydrogels, including excel-
lent conductivity, stability, and mechanical qualities. Conductive
hydrogels exhibit high sensitivity, and electrostimulation induces

© 2023 Wiley-VCH GmbH

85U8017 SUOWIWOD A0 3edljdde au Aq pausenob aJe Sejone YO ‘@SN Jo S8 10} A%eid18ulUQ A1 UO (SUORIPUOO-pUe-SWLRY/LIOO" A3 1M AfeIq 1 Ul |UO//SdNY) SUOIIPUOD pue sw.e | 8yl 88s *[£202/2T/.2] uo AriqiTauliuo Ae|im ‘4O uonmipsu| Builieg-sed Aq SGyTOEZ0Z PIWS/ZO0T OT/I0pA0D A8 |IM Aeiq Ul UO//:Sd1y WOy papeojumoq ‘0 ‘80969952


http://www.advancedsciencenews.com
http://www.small-methods.com

ADVANCED
SCIENCE NEWS

small

methods

www.advancedsciencenews.com

changes in various properties of hydrogels, including phase, vol-
ume, shape, optics, mechanics, surface area, reaction rate, and
recognition performance.l®>*! The gadget, known as the electro-
modulated hydrogel-MNs, was created using conductive hydro-
gels that were loaded with drugs.””! Upon penetrating the skin,
MNs absorbed the fluid found between cells in the skin and ex-
panded, resulting in a certain level of conductivity. Subsequently,
medication release was regulated by applying electrical stimu-
lation. For example, Indermun et al.®®l developed a transder-
mal system called electro-modulated hydrogel-MNs array (EMH-
MNA) that includes a ceramic MN array with nano-sized pores
and an optimized EMH. This system is designed to administer
indomethacin in a controlled manner by responding to electri-
cal stimulation. The medication was typically covered in a hy-
drogel under normal conditions. The medication was released
into the skin upon activation with an electro-stimulus. When
the electro-stimulus was turned off, the drugs stopped being re-
leased. Another method used to produce controlled drug release
by electrostimulation in accordance with the iontophoresis con-
ceptinvolved the integration of conductive hydrogels with porous
or hollow MNs as the drug reservoir. In order to penetrate the
mouth mucosa and underlying bone tissue with drugs, Seeni
et al.®V created a unique conductive MNs array that was com-
bined with the iontophoresis approach. Through the utilization
of this platform, the researchers achieved a twofold enhancement
in the conductivity of MNs and a 30% reduction in the electrical
resistance of mouse skin. These improvements had a substan-
tial impact on the concentration of drugs administered to the
skin, resulting in a large rise. Additionally, certain investigations
have employed the iontophoresis process to regulate medication
release.[50%]

Metal materials such as gold, silver, and magnesium have high
thermal and electrical conductivity, biocompatibility, and easy
processing, which have been widely favored in conductive drug-
loaded MNs. In general, the application of voltage to metal or
metal-coated MNs can induce electrochemical reactions and elec-
trothermal conversion effects to regulate the rate of drug delivery.
The back of each polyvinylpyrrolidone (PVP)-MNP was coated
with gold or silver by Yang et al.[*] utilizing the thermal evap-
oration technique to maximize drug release efficiency and pro-
vide superior thermal and electrical conductivity. In particular,
the experimental result showed that the drug release efficiency
increased more than 7.9 or 5.3 times when electric voltage or ~
40°C heat was applied. Furthermore, a semiconductor is a sub-
stance that exhibits a conductivity level between that of a con-
ductor and an insulator at normal room temperature, and its
conductivity may be manipulated. MXenes are a type of innova-
tive 2D structural material that consists of transition-metal car-
bides, nitrides or carbonitrides. They possess the properties of
graphene, such as high specific surface area and conductivity. Ad-
ditionally, MXenes offer the advantages of flexibility, adjustable
components, and the ability to control the minimum nanolayer
thickness. A multifunctional MNs system based on MXenes
nanosheet was created by Yang et al.®*l It is a “hospital-on-a-
chip” with real-time biosensing, electrostimulation, and medica-
tion release capabilities. Researchers integrated an electrostimu-
lator with drug-loaded MNs to expedite the clotting time of bleed-
ing by employing specific frequency voltage pulses generated by
the electrostimulator.
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At present, the commonly used power supply methods of
electroresponsive MNs drug delivery systems include tradi-
tional commercial power sources,®®! wireless communication
circuits,[®! self-driven nanogenerators (piezoelectric nanogener-
ator (PENG), triboelectric nanogenerator (TENG)).I8°2%°] The
next generation of wearable healthcare systems is primarily fo-
cused on the development of wireless technology and self-power
technology, which offer a more flexible and manageable struc-
ture compared to traditional batteries.['%] For the real-time mon-
itoring and management of diabetes, Li et al.®®l developed an
integrated wearable closed-loop system (IWCS) based on Blue-
tooth wireless technology for mobile devices. The IWCS com-
prised three modules: 1) Utilizing mesoporous magnetic NPs
for the purpose of reversing iontophoretic extraction and electro-
chemical sensing; 2) Developing a flexible printed circuit board
(FPCB) that is integrated and controlled; 3) Creating a compo-
nent for iontophoretic insulin delivery using MNs. The entire
device can be worn on the human arm. Upon penetration of
the MNs through the outermost layer of the skin (SC), the glu-
cose present in the fluid surrounding the cells was drawn into
the sensor chamber using a process called reverse iontophore-
sis. Subsequently, an electrochemical detection method was em-
ployed using a three-electrode system. The flexible circuit mod-
ule examined the captured glucose signals and transmitted them
to an external smartphone via Bluetooth wireless communica-
tion. The FPCB transmitted control signals and activated the
MNs drug delivery device, which administered insulin using ion-
tophoresis when hyperglycemia was detected. This smart system
can realize real-time monitoring, intelligent response, trackable
data, and quantitative management; however, the wireless sig-
nal transmission required complex circuit design, which led to
the structure design difficulty, process difficulty, and cost of the
entire device increased dramatically, greatly affecting the popu-
larization and application of this system. Researchers have re-
cently combined nanogenerators with drug-loaded MNs to cre-
ate a self-powered programmable TDDS. This system regulates
drug release by harnessing biomechanical energy (such as mo-
tion, bending of joints, breathing, and heartbeat) and converting
it into electrical energy.¥”*! As shown in Figure 2C, this self-
powered MNs system utilizes biomechanical energy as its only
energy source, eliminating the need for external devices. This ad-
vancement enhances the convenience of drug delivery systems
and offers a viable wearable technique for on-demand drug de-
livery in the treatment of diverse disorders. A more comprehen-
sive investigation yielded the development of a self-powered tran-
scutaneous electrical stimulation system in Minnesota. This sys-
tem was created by integrating a sliding free-standing triboelec-
tric nanogenerator (sf-TENG) with two-stage MN patches.[**I The
sf-TENG transformed the mechanical energy produced by fin-
ger sliding into a biocompatible microcurrent and conducted ES
using conductive MNs. The self-powered ES can function as an
“adjuvant” to suppress the glutathione (GSH)-mediated decrease
of epiderma growth factor (EGF) by controlling the molecular
movement, guaranteeing the stability of EGF. Both laboratory
experiments (in vitro) and experiments conducted on living or-
ganisms (in vivo) showed that the ES increased the expression
of epiderma growth factor receptor (EGFR) and enhanced the
process of receptor desensitization. This system also enhanced
the effectiveness of EGF in promoting wound healing through
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many mechanisms. Collectively, this work revealed that the ES
of electroresponsive MNs is no longer limited to promoting drug
release, but will also improve drug pharmacodynamics from the
level of drug action mechanism, creating a new therapeutic strat-
egy for electrostimulation therapy.

Although electro-responsive MNs have numerous advantages,
they face numerous challenges. For example, how to improve the
precise manufacturing technology of electro-responsive MNs,
how to stably exist the prepared drug-carrying conductive poly-
mers, the biological safety of electro-responsive MNs in the treat-
ment process (Whether there is short-term or long-term damage
to nerve pathways, cells, tissues, etc. by external electrical stimu-
lation), and the production cost and feasibility in practical appli-
cation scenarios must all be addressed one by one.

2.1.4. Mechanical Force-Responsive MNs

Mechanical force, which can be categorized as compressive, ten-
sile, and shear pressures, is present throughout the body and in
various daily activities. Examples include muscle tension, organ
and tendon tension, bone and joint tension, as well as compres-
sion in cartilage and bones.['!] Convenient commands enable
the therapy of various ailments by easily accessing mechanical
stimuli.l'?] In biomedical applications, pressure-responsive hy-
drogels have shown significant advances.'%] These hydrogels are
particularly flexible, highly sensitive, and repeatable, which al-
lows their use in both single and cyclic pressure feedbacks. Hy-
drogel systems with these unique properties typically respond
to external stress in their characteristics. A mechanical force-
triggered MN system can be built to release drugs when simple
movements of body parts or external forces are applied as stim-
ulus signals. As is shown in Figure 2D, Di et al.!%l created a
drug delivery system that is activated by tensile strain. This sys-
tem consists of a wearable patch with an array of MNs, coupled
with a highly stretchy elastomer and cross-linked microgel that
contains drug-loaded NPs. Regular physical activity or deliberate
stretching can lead to the stretching of the elastomer in the sys-
tem, which in turn increases the surface area for diffusion and
compression on the microdepots due to Poisson’s ratio. This ulti-
mately enhances the release of medicines from the microdepots.
Based on this therapeutic technique, diabetes can easily control
their blood glucose levels (BGLs) by daily body motions. How-
ever, since this system released most of the drugs in the first
strain cycle, it was difficult to achieve a delivery mode of long-
term controlled release. Furthermore, Jiang et al.l'%] created a
patch of touch-actuated MNs array for the controlled release of
liquid macromolecular medicines. The device comprised a dense
array of MNs, a medical adhesive tape, a leak-proof gasket, and
a medical sponge. The MNs were firmly incorporated into the
liquid drug reservoir, and the medication’s passive diffusion was
regulated by touch-activated “push and release” operations. Upon
pressing the MNs patch with a finger, the MNs, which were in
solid form, successfully pierced through the sponge and the SC
layer, reaching the skin tissue. This action resulted in the for-
mation of temporary aqueous microchannels on the surface of
the skin. When the pressure was removed, the solid MNs de-
tached from the skin, and then the drug was rapidly delivered
through the microchannel into the skin tissue for disease treat-
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ment. Over time, the microchannel narrowed gradually due to
the skin’s healing process. The medication administration ceased
once the microchannel underwent self-closure. Ultimately, the
delivery of the medicine through the patch of MNs arrays allows
for precise control of dosage by utilizing the process of reopening
and self-closure of microchannels in the skin.

Put simply, the mechanical force-mediated trigger could allow
for the quick delivery of medications in a way that patients can
give themselves. However, there are still some problems to be
solved, such as how to reduce drug residue in the storage layer,
how to determine the quantitative relationship between pressure
and dosage, and so on. For example, future research on the prob-
lem of drug residues in the storage layer can be explored from
the following aspects: optimization of the structure of MNs, in-
troduction of auxiliary agents in the storage layer to promote dis-
solution, adjustment of drug crystal and particle size and other
parameters to reduce residue, and recovery of residual drugs to
reduce drug waste. In short, it is imperative to do additional
research on the internal mechanism of the mechanical force-
responsive system in order to enhance the therapeutic efficacy
and mitigate the risk of drug overdose in the future.[12]

2.1.5. Magneto-Responsive MNs

Magnetic induction technology possesses the attributes of long-
distance guidance, resilience in complex conditions, adaptabil-
ity, etc.'%] It holds significant potential in the fields of surgi-
cal guidance, drug delivery, and blood testing. The magnetic re-
sponsive materials used in the existing research include atom-
ized iron powder,['””] NdFeB particles,!'*] mesoporous iron ox-
ide (MIO),!1% etc. These magnetic materials can be driven wire-
lessly by a magnetic field.['') By means of applying an exter-
nal magnetic field, it will induce material deformation or direc-
tional movement to the specific magnetic direction. Skillfully,
Jayaneththi et al.'%! investigated wireless magnetically respon-
sive MNs for controllable drug release. In this study, the defor-
mation of magnetic polymer composites was induced by an ex-
ternal magnetic field to control drug delivery through single hol-
low MNs. The gadget, devoid of on-board electronics or batter-
ies, utilized an inductive sensing mechanism to wirelessly de-
tect the reservoir volume, hence allowing for tracking of dose
and medication dispensation. Similarly, Fang et al.'® created
a transdermal composite consisting of magnetically responsive
MNs5 that were filled with minoxidil and encapsulated with MIO
nano-raspberry. This composite was developed for the purpose
of treating androgenetic alopecia. The application of an external
magnetic field triggered an elevation in the local temperature,
facilitating the release of the medication. Meanwhile, the cuta-
neous blood vessels were vasodilated and blood flow increased,
which promoted hair regeneration. In view of the various advan-
tages of magneto-responsive microrobots in the biomedical field,
Zhang et al.l'%] combined drug-loaded MNs with magnetically
responsive microrobots to create a novel oral drug delivery sys-
tem specifically designed for macromolecular medicines. The re-
search team developed a magnetically sensitive and detachable
MN robot using a 3D building approach inspired by stacking
Lego bricks. Figure 2E illustrates the composition of these MN
robots, which have three main elements: the magnetic substrate,
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the detachable connection, and the drug-loaded tips. Guided by
the external magnetic field, the magnetic substrate positioned it-
self against the wall of the small intestine and entered the in-
testinal mucosa, thereby disrupting the intestinal barrier and re-
leasing the enclosed active chemicals in a continuous manner.
The magnetic substrate can be safely evacuated with the help of
intestinal peristalsis. This study revealed the immense potential
and tangible utility of magneto-responsive MNs in the oral de-
livery of many medication kinds, including macromolecules and
bioactive medicines.

Overall, it is likely that the integration of magnetic induction
and MNs technology will expand the use of wearable intelligent
systems in the biomedical field and enable the development of
advanced smart responsive devices. At the same time, it should
be noted that the magneto-responsive MNs need to be equipped
with external magnetic field equipment or a magnetic field gen-
erator, which reduces the convenience of use. The magnetic re-
sponse may limit the selection of some special treatment sce-
narios or magneto-sensitive materials. In addition, the safety of
magneto-responsive materials and strong magnetic fields to or-
ganisms needs further study.

2.1.6. Exogenous Thermo-Responsive MNs

Thermo-responsive medication administration is a well-
researched approach that is particularly focused on wound
management and tumor therapy. It has been extensively studied
and explored. Thermo-responsive MNs are typically regulated by
a non-linear, abrupt alteration in the characteristics of at least
one constituent of the nanocarrier substance in response to
temperature.?* It is important to mention that temperature-
responsive hydrogels are the most commonly employed smart
hydrogels. The thermos-responsive hydrogels undergo structural
or mechanical alterations that are temperature-dependent.['!!]
The thermosensitive hydrogel that is most commonly investi-
gated is N-isopropylacrylamide (NIPAM) hydrogel, which has
a lower critical solution temperature (LCST). Specifically, such
hydrogel has a phase transition process around LCST (33 °C):
when the external temperature is lower than 33 °C, NIPAM
hydrogel absorbs water and expands, and the hydrogel is col-
orless and transparent. When the external temperature rises to
33 °C or higher, the hydrogel will shrink suddenly and the phase
transition will occur. At this time, the hydrogel will become white
turbidity.

One strategy to fabricate thermo-responsive MNs is to inte-
grate an external heater with MNs.[''2114] Upon reaching a pre-
determined temperature, the implanted microheater causes the
bioabsorbable polymer MNs, which are coated with a phase-
change material (PCM), to dissolve and subsequently release
the enclosed medicament. Specifically, polycaprolactone (PCL),
which has excellent biocompatibility and a relatively low melt-
ing temperature, was chosen as the material for the needle in or-
der to facilitate heat-triggered drug release (Figure 2F).'**] This
work involved the creation of distinct MNs that can be easily
separated. These MNs were designed for the purpose of deliv-
ering metformin via the skin of diabetic rats. Once the detach-
able MNs arrowheads were completely inserted into the skin,
they were subjected to an electric-heating sheet, resulting in the
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melting of the PCL MNs at a temperature of x50 °C. Upon the
swift phase change of the PCL from solid to liquid, the encap-
sulated medicines were discharged. Moreover, Lee et al.[!!2] pre-
pared flexible translucent smart MNs by doping gold particles in
graphene and combining them with a gold mesh. The integrated
MN patch contained a series of sensors that detected humid-
ity, glucose levels, pH, and temperature. Tridecanoic acid acted
as a thermally active bioresorbable layer that coated the MNs.
Upon detecting elevated glucose levels in sweat, the patch acti-
vated the embedded heater, causing the PCM of MNs to melt.
This, in turn, facilitated the release of metformin for the treat-
ment of diabetes. In addition, a medication delivery system cre-
ated by Yin et al.'"3] combined MNs with microheaters that were
3D manufactured. Experimental results showed that the patch
could well control the speed of drug release and the depth of pen-
etration by adjusting the temperature of the microheater. Sim-
ilarly, Yu et al."* created a wearable system for recombinant
human granulocyte colony-stimulating factor (G-CSF). To create
naked MNs, HA solutions containing G-CSF were cast into the
mold. Given that the dodecanoic acid-cetylamine salt (DA-CM)
had a significantly lower and more appropriate melting temper-
ature range of 40—41 °C, the solvent hexane did not impact the
effectiveness of G-CSF in the MNs. Ultimately, DA-CM was cho-
sen as a temperature-sensitive coating layer in order to produce
temperature-responsive MNs. The study involved the production
of flexible heaters by the application of jet printing techniques
using Ag NP inks. When mice wearing GWS were exposed to a
radiation environment and reached the starting dose rate thresh-
old, the y-ray sensor was quickly activated. The heater worked im-
mediately, and the thermosensitive coating layer of MNs melted
rapidly when heating to 45 °C. Immediately, G-CSF was released
rapidly, exerting the therapeutic effect in time. Lately, the pho-
tothermal converters facilitated the conversion of light into heat,
resulting in an increase in the temperature of the target tissue.
This rise in temperature caused the temperature-responsive MNs
to melt, thereby controlling the release of medicines. For details,
see section “2.1.2 Light-Responsive MNs”.

Although some progress has been made in the study of
thermo-responsive MNs, there are still some problems. For ex-
ample, LCST hydrogels only respond to temperature, and their
functions are relatively simple. The limited biodegradability of
most LCST hydrogels hinders their utilization in the biomedical
domain. Long-term exposure of skin to elevated temperature is
easy to cause thermal damage.

2.2. Endogenous Stimulus-Responsive MNs

Physiological parameter variations serve as significant indica-
tors for various diseases, including cancer, endocrine disease, de-
generative diseases, autoimmune disorders, infectious diseases,
and cardiovascular diseases. These variations provide valuable in-
sights for the development of therapeutic systems that respond
to endogenous stimuli in the form of MNs.[?l In contrast to
the passive drug delivery method of the exogenous stimulus-
responsive MNs system, the endogenous responsive MNs system
can autonomously control the release of drugs in response to dy-
namic changes in biochemical signals. This allows for a person-
alized treatment process that is both efficient and responsive to
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specific needs. This type of MNs does not necessitate the use of
any additional apparatus to ensure drug delivery as needed. Fur-
thermore, it exhibits heightened sensitivity, aligning with ther-
apeutic requirements, and possesses considerable research im-
portance and promise. So far, the most studied endogenous bio-
chemical stimuli include pH, glucose, insulin, REDOX reac-
tion products, enzymes, cutaneous temperature, and so on. In
Table 2, we summarize a series of recent research on endogenous
stimulus-responsive MNs for biomedical treatment.

2.2.1. pH-Responsive MNs

Different organs and tissues have specific pH ranges.!''®] Nor-
mal human skin has a somewhat acidic pH, often ranging from
4.2 to 5.6. The epidermis maintains a pH level of 5.5, and
skin cancer typically develops within this particular layer of the
skin.''7l Meanwhile, pathological circumstances, such as can-
cer, inflammation, infection, ischemia, and hypoxia, can signif-
icantly influence the pH value. This characteristic makes pH
an ideal stimulus signal in controlled medication release sys-
tems. In inflammatory sites or tumor tissues, it is feasible to
control drug release by pathological pH value due to changes
in local metabolism and microenvironment. Primarily, this par-
ticular type of MNs patch is created by either directly utilizing
pH-sensitive materials to form needle tips or by enclosing pH-
responsive materials-based nanocarriers within the MNs. The
pH-responsive MNs are typically prepared using pH-sensitive
components, which include the following (Figure 3A):

The first type is sodium bicarbonate (NaHCOj;),[118-120] which
is the key component of pH-responsive reactions (Figure 3A(i)).
Under normal physiological conditions, the PLGA shell or PLGA
membrane can remain intact and no drug released. The MNs
containing NaHCO; can be stimulated by an acidic environment
to produce CO, bubbles, which leads to the rupture of hollow
microspheres or polymer membranes in the MNs and the release
of the medications they are encased in.

The second types is pH-sensitive polymers and copolymers,
such as albumin,"?!l chitosan,['??] dextran,[12%124] peptide his-
tidine (His),['»! oligo(sulfamethazine)-b-poly(ethylene glycol)-
b-poly(f-aminoester urethane) (OSM-b-PEG-b-PAEU),!126127]
dimethylmaleic anhydride-modified polylysine (PLL-DMA),[128]
lipid-coated NPs,!12%13% and so on, which are released in respon-
sive to changes in intermolecular forces (such as electrostatic
and supramolecular interaction) caused by charge reversal. To be
more precise, albumin has an isoelectric point (pI) value of 4.9.
At pH values lower than its pl, albumin carries a positive charge,
whereas at the physiological pH value, it has a negative charge.
Albumin was used to promote pH-sensitive disintegration of
PEM assembly due to its charge inversion properties in response
to hydrogen concentration in the surrounding medium.'?!
The researchers chemically linked ethoxypropene to dextran via
an acid-catalyzed reaction. This resulted in a modified form of
dextran, known as m-dextran, with 89% of its hydroxyl groups
replaced by pendant acetals. The dextran was altered to possess
an acid-responsive characteristic.['?*12*] The unsaturated nitro-
gen atom of the imidazole ring in His side chain possesses a
lone pair of electrons. This side chain is hydrophobic when de-
protonated in a medium with a pH value above 6.0, but becomes
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hydrophilic when the pH is below 6.0. Thus, polymeric micelles
(PMs) are made of His exhibited pH-sensitive properties. When
the pH of the surrounding environment was reduced from
7.4 to 5.0, there was an increase in the release of medicines
in the PMs as the pH declined.'®! Similarly, when the MNs
covered with PLL-DMA transition layers are exposed to an acidic
environment, the negatively charged PLL-DMA will undergo a
transformation into positively charged PLL. The transition layers
would rapidly disintegrate, facilitating the swift release of the
outermost medicines (Figure 3A(ii)).'?8] Besides, pH-sensitive
lipid-coated NPs showed excellent pH responsiveness and well-
targeting properties.[1213%] Host-guest supramolecular vesicles
formed by pillar[n] arenes with many guest compounds are also
utilized as pH-responsive MNs preparation materials due to
their reversible pH-responsiveness.[!*!]

The third class of materials undergoes phase transitions (ex-
pansion or degradation) as pH changes. For example, the hydro-
gen evolution reaction (HER) is a reduction process that leads
to an elevation in the pH level at the electrode’s vicinity. Ap-
plying the aforementioned approach, the HER was enforced at
the MN array, causing an elevation in the pH level. This, in
turn, would result in the expansion (and potential dissolution)
of the needle structure made of cellulose acetate phthalate (CAP)
polymer.'3?] In addition, ZnO quantum dots (ZnO QDs) exhibit
unique acid degradation characteristics, undergoing rapid degra-
dation when exposed to acidic conditions with a pH below 5.5, but
remaining stable or degrading slowly under physiological condi-
tions (pH=7.4). This property makes them suitable for acting as
“gatekeepers” to seal the nanopores of drug carriers, preventing
drug leakage and enabling the release of preloaded drugs in an
acidic environment.['*}] Researchers utilized this idea to develop
and utilize pH-responsive MNs for controlled medication release
(Figure 3A(iii)).3* In addition, pH-sensitive zeolitic imidazo-
late frameworks-8 (ZIF-8), which consist of 2-methylimidazolate
and Zn?* ions, is a significant subgroup of MOFs. ZIF-8 exhibits
susceptibility to degradation in a regionally acidic setting while
demonstrating robust stability in a neutral setting. Thus, ZIF-8
has been employed for the purpose of regulating the release of
medications in the treatment of cancer or diabetes.!1*]

These smart MNs have the ability to regulate the administra-
tion of medications based on the fluctuations in the body’s pH
levels. This capability can enhance the efficacy of treatment and
mitigate the extent of systemic toxicity to some extent. However,
pH-responsive MNs impose high requirements on the stability
and chemical properties of the loading drugs. In addition, the
gradient of pH value change in skin tissue is often small, and the
precise “on-off” controlled release effect in a narrow pH value
window requires extremely high requirements for material and
structure design.

2.2.2. Glucose-Responsive MNs

The 9th edition of the International Diabetes Federation Diabetes
Atlas 2019 reports that there are over 536.6 million adults glob-
ally who have diabetes. It is projected that this figure will increase
to 783.2 million by the year 2045.1%¢1 Insulin therapy is crucial
for controlling BGLs in individuals diagnosed with diabetes.!!”]
Nevertheless, the frequent surveillance of BGLs and the
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The Response Mechanism of Endogenous Stimulus-Responsive MNs
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Figure 3. Schematic of the responding mechanism of different endogenous stimulus-responsive microneedles. A) pH-sensitive components are com-
monly used to prepare pH-responsive MNs. i) The acidic environment stimulates the MNs containing NaHCOj; to generate CO, bubbles, which rupture
the hollow microspheres or polymer membrane in the MNs, thereby releasing the encapsulated drugs. Reproduced with permission.!""®] Copyright 2012,
Elsevier. i) Changes in intermolecular forces (such as electrostatic and supramolecular interaction) caused by charge reversal result in structural changes
in pH-sensitive polymers and copolymers that promote drug release. Reproduced with permission.!128] Copyright 2019, Elsevier. iii) As pH changes, the
material undergoes a phase transition (expansion or degradation). For instance, ZnO quantum dots (ZnO QDs) have peculiar acid degradation proper-
ties, which can be used as “gatekeepers” to cap the nanopores of drug carriers to prevent drug leakage and allow preloaded drugs to be released in an
acid environment. Reproduced with permission.!'34 Copyright 2018, American Chemical Society. B) Drug release mechanisms in glucose-responsive
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conventional subcutaneous administration of insulin in individ-
uals with diabetes are frequently associated with discomfort, in-
adequate glycemic control, low adherence, and other complica-
tions. The implementation of MNs technology has the poten-
tial to enhance the management of diabetes in a manner that is
both painless and convenient for patients. However, the regular
management approach of typical medical nurses cannot be auto-
matically adapted to the fluctuation of blood glucose levels. This
poses potential dangers including inadequate treatment, kidney
failure, vision loss, low blood sugar, brain damage, cognitive im-
pairments, and seizures.[13139] In recent years, researchers have
focused on developing a closed-loop drug delivery strategy for
diabetes, also known as a self-regulated drug delivery strategy.
This approach aims to intelligently control the dynamics of drug
release based on the fluctuation of blood glucose levels. It has
shown significant potential in the treatment of diabetes by ad-
dressing the aforementioned problems.['*° Glucose-responsive
MNs that contain insulin or glucagon serve as an “artificial pan-
creas” by keeping BGLs within the normal physiological range.
These MNs are highly suitable for a closed-loop glycemic man-
agement system.

To develop self-regulated MNs delivery systems that respond to
blood glucose concentration, the most commonly used glucose-
sensitive principles are: i) the glucose oxidase (GOx)-based en-
zymatic reaction; ii) boronic acid-containing polymers construct
glucose-sensitive materials; iii) the infrequently utilized glucose-
binding proteins like concanavalin A (Con A). The above work
principles of glucose-responsive MNs are introduced as follows
in detail.

GOx-Based Glucose-Responsive MNs:  During a hyperglycemic
condition, GOx has the ability to transform glucose into gluconic
acid in the presence of oxygen. This process leads to the cre-
ation of an acidic, hypoxic, and hydrogen peroxide (H,0,)-rich
microenvironment in the immediate vicinity.('*!] Based on the
GOx-mediated enzymatic reaction and a series of changes, re-
searchers designed the related glucose-responsive MNs.

In the past decades, MNs designed with the changes of glu-
cose oxidation reaction products as stimulus signals emerge in
an endless stream. Some studies immobilized GOx and/or cata-
lase (CAT) in MNs made of pH-responsive materials (such as
NaHCO,;, ZnO QDs, dextran, ZIF-8, host—guest supramolecu-
lar vesicles, etc.) that encapsulated drugs.[123124131.133-135] For ex.
ample, In order to create hybrid functional materials that can be
employed as drug carriers, Xu et al.'3*] effectively combined the
pH sensitivity of ZnO QDs with the porous structure of meso-
porous bioactive glasses (MBGs) (Figure 3A(iii)). The glucose-
responsive factor, consisting of GOx and CAT, is encapsulated

www.small-methods.com

within MBGs. This factor catalyzes the conversion of glucose
into gluconic acid, resulting in a localized reduction in pH and
the dissolution of ZnO QDs. Subsequently, this led to the for-
mation of nanopores on MBGs and the subsequent liberation of
the enclosed insulin. Nevertheless, the buffering impact of the
internal environment may result in a lack of promptness in the
pH alteration process, leading to a delay or lag in the release of
the drug.['*?) Comparatively speaking, the glucose oxidation pro-
cess consumed oxygen and rapidly formed a local anoxic environ-
ment. Therefore, hypoxia had the advantage of rapid response as
a stimulus signal to control drug release. Some researchers im-
mobilized GOx in insulin MNs made of hypoxia-sensitive materi-
als (such as amine-functionalized 2-nitroimidazole (NI) groups).
Researchers have utilized the occurrence of hypoxia in the im-
mediate vicinity caused by the consumption of oxygen in the
enzymatic reaction as a stimulus for prompt insulin release in
response to high blood sugar levels. In order to develop trans-
duction that responds to hypoxia, glucose-responsive micro/NPs
were created. These MNs are made up of vesicles that are re-
sponsive to glucose (GRVs) and contain insulin and GOx. The
GRVs are formed from HA that is sensitive to hypoxia and cou-
pled with hydrophobic NI that has amine functionality. During
hyperglycemia, the enzymatic oxidation of glucose creates a lo-
cal hypoxic milieu. This leads to the reduction of NI groups on
the HS-HA into hydrophilic 2-aminoimidazoles. As a result, the
GRVs dissociate quickly and release insulin (Figure 3B(i)).[}4%143]
Others immobilized GOx in insulin MNs made of H, O, -sensitive
materials (See “2.2.4.1 Oxidation-responsive MNs” for details).

Overall, safety concerns related to GOx can hinder its exten-
sive use due to factors such as limited tolerance for prolonged us-
age, protein denaturation during storage, the production of toxic
byproducts through glucose reactions, and its rapid response to
hyperglycemia conditions, leading to a lack of sustained release.
Hence, there is a pressing requirement for medication delivery
techniques that can provide enhanced, accurate, and efficient
healthcare, while circumventing the aforementioned issues. This
necessitates the study and innovation of new materials, novel de-
signs, and innovative architectures.

Glucose-Responsive MNs Based on Boronic Acid-Containing
Polymers:  Compared with protein-based glucose-sensitive ele-
ments, glucose-responsive MNs constructed from polymers con-
taining boronic acid have unique advantages, such as low tox-
icity, stability, reversible bonding, ease of modification, and so
on. One typically utilized type is PBA which contains electron-
withdrawing moieties. The glucose response is really caused by
a glucose-dependent change in the balance of the PBA molecule,
shifting between its uncharged and anionically charged boronate

MNss. i) Based on the GOx-mediated enzymatic reaction and a series of changes, glucose-responsive MNs for drug release were designed. Reproduced
with permission.["3] Copyright 2015, National Academy of Science. ii) Drug release mechanism of glucose-responsive MNs based on boronic acid-
containing polymers. Reproduced with permission.[6] Copyright 2020, Springer Nature. C) Taking high insulin concentration as the stimulus signal
of glucagon control release, when the insulin concentration increased, the competitive binding between free insulin and immobilized insulin on HA
realized the rapid release of glucagon on demand, thus preventing the risk of hypoglycemia. Reproduced with permission.l'¢%l Copyright 2017, WILEY.
D) The drug release mechanisms of ROS-responsive MNs involve changes in polymer solubility from hydrophobic to hydrophilic characteristic (i) or
ROS-induced chemical bond cleavage (ii). Reproduced with permission.['68] Copyright 2018, Elsevier. E) The enzyme-responsive drug delivery carrier
was designed by utilizing the unique microenvironment of high expression of bacterial lipase at the site of bacterial infection. With enzyme activity
change or expression dysregulation, the enzyme-sensitive polymer degrades, thus promoting the release of antibiotics. F) Changes in skin temperature
caused by diseases such as inflammation/cancer/wounds act as an endogenous stimulus that promotes the on-demand delivery of drugs by cutaneous
thermo-responsive MNs.
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forms. A glucose-responsive transdermal medication delivery ap-
proach was developed based on the PBA-based polymer/MN
hybrid system. Under hyperglycemic conditions, the reversible
formation of a glucose-boronate complex causes an increase
in negative charges in the polymeric matrix. This leads to in-
creased swelling of the MNs and weakens the electrostatic in-
teractions between negatively charged insulin and polymers.
As a result, insulin diffuses rapidly into the subcutaneous tis-
sue (Figure 3B(ii)).1*1*"] More inventively, insulin was grafted
onto the molecules of PBA derivatives to create molecules
that release insulin in response to glucose.*¥1%1 More glu-
cose molecules competed with the boronate species at greater
glucose concentrations, causing the MNs to produce more in-
sulin. Additionally, at euglycemia, the PBA-2 grafted ZnO dots
(ZnO-PBA-2) were used as the “gate keepers” to prevent in-
sulin from evaporating from the mesoporous silica NPs (MSNs).
However, the link between PBA-2 and the gluconamide con-
nected to the MSN was severed during hyperglycemia to aid
in the release of insulin."™® In contrast to earlier insulin de-
livery systems based on PBAs, the Wulff-type PBA was ini-
tially employed as the glucose-responsive linker in the afore-
mentioned insulin delivery system. This method successfully
achieved both sustained management of BGLs and prevention
of hypoglycemia. A different approach involves the copolymer-
ization and crosslinking of PBA-derived monomers and auxiliary
monomers to create hydrogel-based MNs that are responsive to
glucose. Typically, the change in counterionic osmotic pressure
leads to a change in the hydration of the gel. This causes lo-
calized dehydration of the gel surface, also known as the “skin
layer”. As a result, the diffusion of insulin loaded in the gel is
controlled.'>¥153] Using a novel approach, glucose-responsive
microgels containing 4-acrylamido-3-fluorophenylboronic acid
(AFBA) units undergo mono-complexation with glucose when
exposed to high or normal blood sugar levels, resulting in
the swelling of the microgels. When glucose levels are low,
the AFBA unit causes secondary crosslinking between polymer
chains, leading to significant shrinkage of the microgel. Ulti-
mately, the preloaded glucagon was expelled from the micro-
gels and promptly discharged from the MNs.['**] By combin-
ing glucagon microgel with poly(methyl vinyl ether-alt-maleic
anhydride) and poly(ethylene glycol) (PEG), followed by ther-
mal cross-linking, Lu et al.'®] created a smart glucagon MN
using the same technique. The glucose-responsive mechanism
of the insulin and glucagon dual-delivery MNs patch relies on
the combined effect of the AMH/APBA polymeric network’s
net charge shift, which varies with glucose concentrations, the
difference in pl of insulin and glucagon at normal pH lev-
els, and the resulting contraction or expansion of the sur-
rounding polymeric gel matrix.['*) Moreover, recent advance-
ments have demonstrated that gold nanoclustersmodified with
PBA derivatives exhibit glucose-responsive behavior as nanocom-
plexes. These nanocomplexes can be used to create smart MNs
with excellent drug-loading capability, favorable biocompatibil-
ity, mechanical strength, and little toxicity when tested in living
organisms. %]

In conclusion, several techniques were used to create glucose-
responsive MNs materials, including one-step grafted mod-
ification, graft copolymerization, surface coating, generating
porous structure, employing silk fibroin (SF), combined semi-
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interpenetrating network (semi-IPN) hydrogel, and sequential
photopolymerization preparation strategy.

2.2.3. Insulin-Responsive MNs

Insulin replacement therapy is crucial for individuals diagnosed
with type 1 and severe type 2 diabetes.['*®! Intensive insulin ther-
apy can enhance blood glucose control and decrease the likeli-
hood of long-term problems, particularly in individuals with type
1 diabetes.'>] Nevertheless, the regular administration of insulin
doses and boluses, whether through injections or subcutaneous
insulin infusion, can heighten the likelihood of experiencing hy-
poglycemia. Hence, utilizing a high quantity of insulin as the
stimulus signal for regulating the release of glucagon holds clin-
ical value in the prevention of hypoglycemia. Yu et al.l'®] devised
a method for administering glucagon triggered by insulin using
an MN-array patch to prevent hypoglycemia, following this pro-
cedure. As shown in Figure 3C, insulin aptamer consisted of a
single-stranded oligonucleotide with a unique secondary struc-
ture. The insulin aptamer was conjugated with glucagon and sub-
sequently bound to immobilized insulin on methacrylated HA
(m-HA) through the particular interaction between the insulin
aptamer and the target insulin. This resulted in the creation of
an insulin-responsive m-HA matrix. The glucagon smart micro-
needles were created by utilizing insulin-responsive m-HA as the
matrix material. As the concentration of insulin grew, the inter-
action between free insulin and immobilized insulin on HA re-
sulted in the prompt release of glucagon when needed, effectively
averting the occurrence of hypoglycemia. The utilization of ap-
tamers in this controlled release method can also be expanded
to encompass additional closed-loop therapeutic delivery systems
for the treatment of various ailments.[?"]

2.2.4. Redox-Responsive MNs

REDOX reaction in vivo is a common biochemical process,
including REDOX reaction produced in the process of cell
metabolism, antioxidant system to combat oxidative stress, and
so on. In these processes, different types of oxidized and reduced
substances are involved, such as oxidized ROS, reduced GSH,
and so on. According to the REDOX reactions and products in
vivo, oxidation-responsive MNs and reduction-responsive MNs
can be designed.

Oxidation-Responsive MNs:  Oxidation is very common in liv-
ing organisms, especially under pathological conditions. The ox-
idizing molecules that receive the most focus are referred to as
ROS. ROS, or reactive oxygen species, refers to a collection of
oxygen-containing molecules that are chemically active. These
include H,0,, superoxide, superoxide radical anion, hydroxyl
radical, hypochlorite, and peroxynitrite.['*162] ROS have both
positive and negative effects on many biological processes.!'%]
Low-level ROS have a crucial physiological function in cell
signal transduction, cell proliferation, hormone synthesis, in-
flammation regulation, and other biological processes.!'®*l El-
evated quantities of ROS in cells, in abnormal situations, re-
sult in oxidative stress and subsequent malfunction. The occur-
rence of this pathological alteration has been associated with
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the development of cancer, inflammation, and cardiovascular ill-
ness, as well as neurodegenerative conditions like Alzheimer’s
disease and Parkinson’s disease. Research has demonstrated
that the majority of cancer cells have levels of ROS that are
100 times greater than those found in healthy cells.'®) Thus,
the use of oxidizing molecules (such as superoxide radicals,
H,0,, etc.) as trigger agents can lead to oxidation or struc-
tural change of MNs materials, triggering responsive behavior
of materials, so as to achieve drug release or other functions
in a state of stress. ROS-responsive materials commonly con-
sist of polymers that contain chalcogen elements such as sul-
fide, selenide, and telluride. Other types of ROS-responsive poly-
mers include thioether, diselenide, poly(thioketal), arylboronic
acid/ester-containing polymers, aminoacrylate, oligoproline, and
peroxalate ester-containing polymers.[1%] The drug release mech-
anisms of these polymers are based on the transition of
polymer solubility from hydrophobic to hydrophilic properties
(Figure 3D(i)) or the breaking of chemical bonds generated by
ROS (Figure 3D(ii)).[167:168]

Out of all the naturally occurring ROS, H, O, is regarded as the
most crucial one. H,0, serves multiple roles in the body and is
involved in numerous physiological and pathological processes.
Specifically, the concentration of H,O, is significantly elevated
in the tumor microenvironment (TME) compared to normal
cells/tissues, which is a distinctive feature of tumors. The phenyl-
boronic ester (PBE) is the predominant “ROS trigger group” used
in ROS-responsive MNs. Under physiological settings, H,0, can
cause degradation of the PBE. The researchers have developed
H,0,-responsive PVs, MSNs, or nano-sized complex micelles
(NCs) combined with MNs patches for intelligent insulin ad-
ministration, following this approach.'®-172] To prepare H,0,-
sensitive PVs, Hu et al.['®] used a solvent evaporation technique
to produce the self-assembled diblock copolymer mPEG-b-P(Ser-
PBE). The PVs possessed hollow spherical architectures, wherein
the inside was encased with insulin and GOx enzyme. Under nor-
mal physiological settings, the copolymer mPEG-b-P(Ser-PBE)
undergoes a process where its PBE side chains are removed in the
presence of H,O,, resulting in the copolymer becoming soluble
in water. This causes the disassembly of the PVs and the conse-
quent release of insulin. In a similar manner, Tong et al.['”%] de-
veloped an insulin delivery device that responds to both glucose
and H,0,. They achieved this by modifying the PVs with certain
functional groups, PBA for glucose sensitivity and PBE for H,O,
sensitivity. Furthermore, Xu et al.['”!! created MSN that are capa-
ble of responding to H,O, by modifying them with 4-(imidazoyl
carbamate) phenylboronic acid pinacol ester. The glucose oxi-
dation reaction was catalyzed by GOx, which was encapsulated
in MSN. This reaction produced H,0,, which then oxidized the
PBE located on the surface of MSN. As a result, the host—guest
complexation was disrupted. This could result in the disassembly
of the drug-loaded MSN and the subsequent release of insulin.
Zhang et al.['”?] designed NCs with the ability of H,0, and pH
cascade response to participate in the formation of a biorespon-
sive MN-array patch for insulin delivery. Under the condition of
hyperglycemia, the enzymatic reaction caused changes in local
pH and H,0,, which led to the destruction of the micelle struc-
ture and promoted the release of insulin.

Furthermore, the ROS-responsive linker thioketal (TK) is often
used to design ROS-responsive prodrugs.['>74] TK is sensitive to
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arange of ROS such as superoxide, H,O,, hypochlorite, peroxyni-
trite, and hydroxyl radical.l'’*] Zhou et al.['’*] produced a prodrug
of methotrexate (MTX) that is responsive to ROS and conjugated
with HA. This was achieved by utilizing TK as the linker through
an amide condensation reaction. Psoriatic lesions exhibit an over-
production of ROS by hyperproliferative keratinocytes. By apply-
ing ROS-responsive MNs to these lesions, we can trigger the re-
lease of MTX, a medication that specifically targets keratinocytes
by CD44-mediated delivery. Additionally, Song et al.l'3] also de-
veloped ROS-responsive detachable MNs filled with metronida-
zole to transport medications into the gingival sulcus to battle
anaerobic bacteria for treating periodontitis, drawing inspiration
from the separable sting bee. In this study, in order to allow the
MNs to react to the high ROS situation in the infected gingival
sulcus, unlock the tips through ROS, and release metronidazole
directly into the gingival sulcus, defeating the bacteria, a ROS-
responsive polymer (PLGA-TK-PEG) was used as the MN tips in
this study. In the rat periodontitis model, these MNs showed ex-
ceptional effectiveness in anti-bacterial and bone loss inhibition.
Additionally, a boronat moiety was added to an anticancer med-
ication to create a ROS-responsive prodrug, which lessens the
deleterious toxicity of the drug to healthy cells and tissues before
ROS activation.['7¢]

Reduction-Responsive MNs:  According to studies, the concen-
tration of intratumoral GSH is 7-10 times that of normal cells,
and the concentration of intratumoral GSH is ~2-10 mm, ~1000
times that of the extra-tumoral environment (2-10 um).['’”) Due
to the presence of high intracellular GSH, reducible disulfide
bonds are suitable for establishing a GSH-responsive drug de-
livery system. Qu et al.l'’® created a programmed-response
crosslinked micelle by including PEG>*-Cys,-Lg-CA,, which ef-
fectively generated disulfide crosslinks within the micelle in re-
sponse to the high levels of GSH found in tumor microenviron-
ments. The treatment outcomes have verified that the controlled
and targeted release of anticancer medications at the tumor
sites has successfully suppressed the progression of multidrug-
resistant (MDR) ovarian cancer and enhanced the effectiveness
of the therapy for MDR ovarian cancer.

2.2.5. Enzyme-Responsive MNs

Enzymes have a vital function in regulating cells, making
them significant targets for the development and treatment of
drugs.'”°] Enzyme activity or expression dysregulation is the
pathological basis of many diseases. In therapeutics, abnormal
regulation of enzymes is a promising biological trigger.!180181]
Studies on enzyme-responsive MNs have made significant ad-
vancements, demonstrating considerable promise in the diag-
nosis and treatment of cancer and other medical conditions.
Ye et al.!8] created a drug delivery system using hyaluronidase
(HAase) that is activated in the tumor microenvironment. This
system enhances the immune response against tumors by com-
bining the checkpoint blockade of programmed cell death pro-
tein 1 (PD1) and indoleamine 2,3-Dioxygenase (IDO). The high
level of HAase in the tumor area promoted the decomposition of
the nanovesicles, which in turn released anti-PD1. Researchers
utilized a B16F10 mouse melanoma model to illustrate that the
combined administration of anti-PD1 (aPD-1) and 1-methyl-DL-

© 2023 Wiley-VCH GmbH

85U8017 SUOWIWOD A0 3edljdde au Aq pausenob aJe Sejone YO ‘@SN Jo S8 10} A%eid18ulUQ A1 UO (SUORIPUOO-pUe-SWLRY/LIOO" A3 1M AfeIq 1 Ul |UO//SdNY) SUOIIPUOD pue sw.e | 8yl 88s *[£202/2T/.2] uo AriqiTauliuo Ae|im ‘4O uonmipsu| Builieg-sed Aq SGyTOEZ0Z PIWS/ZO0T OT/I0pA0D A8 |IM Aeiq Ul UO//:Sd1y WOy papeojumoq ‘0 ‘80969952


http://www.advancedsciencenews.com
http://www.small-methods.com

ADVANCED
SCIENCE NEWS

small

methods

www.advancedsciencenews.com

tryptophan (1-MT) resulted in a robust and enduring suppression
of tumor growth. This study presented a strategic approach to ef-
fectively counteract the immune evasion mechanisms by eliciting
a robust antitumor immune response.

In addition, Zhang et al.'8] developed a polymer-drug patch
that responds to thrombin. They achieved this by attaching hep-
arin to the main chain of HA using a thrombin-cleavable pep-
tide (GGLVPR | GSGGC). This created a closed-loop system for
regulating anticoagulant activity in a sustainable manner. The
thrombin-responsive HP conjugated HA (TR-HAHP) matrix en-
abled the MNs to promptly react to increased thrombin levels,
resulting in the release of heparin from the matrix, which ef-
fectively prevents thrombosis. No heparin was released without
thrombin, which minimized the risk of undesirable spontaneous
hemorrhage.

In addition, researchers developed infection-responsive drug
delivery carriers to address the issue of antibiotic resistance. They
utilized the distinctive microenvironment present at the location
of bacterial infection, including the elevated expression of bacte-
rial lipase (Figure 3E).[18+186] Specifically, Mir et al.[***] employed
dissolving MNs to transport the NPs to the infection site. The
NPs were made from a bacterial lipase-sensitive polymer called
PCL using a straightforward nanoprecipitation method. Besides,
Permana et al.['®¢ entrapped silver NPs derived from green tea
extract within chitosan-decorated PCL microparticles that exhibit
responsiveness. The PCL utilized in this investigation can un-
dergo degradation by lipase enzymes synthesized by Staphylococ-
cus aureus (S. aureus) and Pseudomonas aeruginosa (P. aeruginosa).
The integration of silver NPs into PCL microparticles resulted in
the specific release of silver NPs when exposed to bacterial cul-
tures that form biofilms. This could potentially facilitate targeted
delivery exclusively at the site of infection and enhance the effi-
cacy of biofilm targeting in skin wound infections.

2.2.6. Endogenous Cutaneous Thermo-Responsive MNs

The temperature of the skin surface typically varies between 33
and 37 °Cin its normal state, with variations observed in different
locations. Nevertheless, in certain instances, such as in the pres-
ence of a cut, inflammation, or cancer, the typical temperature of
the skin may be disrupted. Thus, alterations in skin temperature
resulting from specific disorders can serve as a potent internal
trigger for the targeted administration of medications using MNs
in a responsive manner (Figure 3F). Persistent non-healing skin
wounds can result in discomfort, inflammation, bacterial infec-
tion, and potentially even mortality, thus posing a significant risk
to human well-being.!'¥”] Temperature is strongly correlated with
the inflammatory and infectious condition of a wound. Abnor-
mal fluctuations in wound temperature might serve as an early
indicator of infection.['88189] Based on the temperature-sensitive
swelling phase transition behavior of NIPAM hydrogel, a series of
smart MNs drug delivery systems for wound management were
designed.[1%1921 When infection occurred, an increase in temper-
ature in the wound area surpassed its LCST, causing the NIPAM
hydrogel to shrink, thereby releasing the encapsulated therapeu-
tic drugs.

The main difficulty for this type of temperature-responsive
magnetic NPs lies in creating and advancing thermos-responsive
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materials that are both safe and sufficiently sensitive to detect
small temperature variations around the standard physiological
temperature of 37 °C. Besides, researchers need to pay more at-
tention to the development of new biodegradable temperature-
sensitive polymer materials and make them to the trend of multi-
functional, ecological, and popular.

The human body undergoes ongoing physiological and patho-
logical changes, resulting in significant variations in the bio-
chemical indicators among individuals. Therefore, there are chal-
lenges in the accuracy and sensitivity of dose regulation for
stimulus-responsive MNs based on changes in endogenous sig-
nals of the body. Essentially, the complexity of the design and
preparation of stimulus-responsive MNs also limits the clinical
application and transformation of such MNs systems. In con-
clusion, future research work should pay more attention to the
mechanism research of the feasibility and convenience of biore-
sponsive MNs in the actual clinical application scenario.

2.3. Preparation Methods of Stimulus-Responsive MNs

The choice of MNs manufacturing technology or method de-
pends on the MNs type, geometrical morphology, materials, and
responding mechanism.l%] The stimulus-responsive MNs are
often fabricated using traditional MNs preparation techniques,
such as micromolding, etching, spray coating, drawing lithog-
raphy, photopolymerization, and so on.' Among them, mi-
cromolding is the most widely used MNs manufacturing tech-
nology, which has the advantages of low cost and simple op-
eration, but the manufacturing process is time-consuming and
laborious with many steps, which is not convenient for mass
production.['*] 3D printing technology has gradually become a
promising method for MNs preparation. This technique makes it
possible to fabricate MNs arrays with different geometric forms.
However, low resolution, slow fabrication rate, rough surface,
and limited material options limit the practical application of this
technique.

In addition to conventional techniques, the researchers can
also prepare the stimulus-responsive MNs using an electrochem-
ical deposition method, reverse-phase microemulsion molding
method, dip-coating process, LBL assembly, LBL coating, chemi-
cal modification with sensitive surface groups (such as pyridine-
modified), double-emulsion method to prepare MNs materials
with given response properties.['24987122] In brief, the prepara-
tion of stimulus-responsive MNs is complex and challenging.
With the development of new materials and the improvement
of MNs functional requirements, emerging MNs manufacturing
processes continue to emerge, which will promote the reform of
smart MNs.

3. Stimulus-Responsive MNs-Mediated Cancer
Therapy

Nowadays, cancer is indeed one of the most life-threatening dis-
eases in humans and an important obstacle to improving life
expectancy.'>1%] In clinical treatment, the commonly used anti-
cancer treatment strategies include chemotherapy, surgery, and
radiotherapy. Nonetheless, for various reasons, the antitumor ef-
ficacy of this treatment is still insufficient: 1) surgical treatment
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Anti-tumor Mechanisms of Different Therapeutic Approaches
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Figure 4. Schematic of the therapeutic mechanisms of different anti-tumor therapies, including A) immunological therapy, B) phototherapy, C)
chemotherapy, D) gene therapy, E) targeted therapy, and F) multimodal synergistic therapy.

is invasive and may be accompanied by postoperative complica-
tions and postoperative recurrence; 2) Some patients are diag-
nosed with advanced cancer and lose the opportunity for surgery;
3) The side effects of systemic application of chemotherapeutic
drugs hinder their use; 4) Multidrug resistance to chemothera-
peutic drugs is becoming more common; 5) Radiotherapy dam-
ages the physiological state of normal tissues. The limitations
of conventional cancer treatment methods can significantly im-
pact the quality of patients’ life and are no longer entirely suf-
ficient to meet the demands of clinical treatment.'”’] As re-
search into anti-tumor therapies continues to advance, new ther-
apy strategies such as immunotherapy, phototherapy, local deliv-
ery of chemotherapeutic drugs, gene therapy, and targeted ther-
apy are developing rapidly.

Figure 4 illustrates the main mechanisms of action of these
antitumor therapies. Currently, the main strategy of tumor im-
munotherapy is to enhance the immune killing effect of T cells by
using the competitive binding of immune checkpoint inhibitors
(e.g., anti-PD-1, anti-PD-L1, anti-CTLA-4), restore the body’s im-
munity, and thus exert anti-tumor effects (Figure 4A). In addi-
tion, cancer phototherapy can exert anti-tumor efficacy through
the local thermal ablation effect of PTT or ROS generation by
PDT to kill tumor cells (Figure 4B). Besides, chemotherapy drugs
are divided into cell cycle-specific agents (CCSA) and cell cy-
cle nonspecific agents (CCNSA) according to their mechanism
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of action. Different chemotherapeutics act at different stages
of the cell cycle. Some block DNA synthesis, or inhibit micro-
tubule formation, then arrest cell mitosis, thereby slowing or
preventing tumor development (Figure 4C). Moreover, cancer
gene therapy aims to inhibit the growth of cancer cells by in-
troducing normal tumor suppressor genes or using gene edit-
ing techniques to repair damaged DNA and restore normal gene
function (Figure 4D). Furthermore, in cancer-targeted therapy,
drugs are used to inhibit tumor growth by interfering with spe-
cific molecular signaling pathways or targets within cancer cells
(Figure 4E). Additionally, tumor synergistic therapy is the simul-
taneous or continuous application of numerous treatments to en-
hance the anti-tumor effect, increase efficacy, and decrease side
effects (Figure 4F).

Combined with the above anti-tumor therapeutic mecha-
nisms, in order to effectively deliver therapeutic drugs (such
as vaccines, chemotherapeutic drugs, PSs, photothermic agents,
etc.) to the tumor site to achieve anti-tumor efficacy, stimulus-
responsive MNs have significant advantages in the tumor en-
vironment compared to traditional drug delivery methods, en-
abling on-demand, targeted drug delivery. Lately, stimulus-
responsive MNs have become a hot topic in tumor ther-
apy research. In current practices, stimulus-responsive MNs
have been widely used for treating superficial tumors (skin
tumors,>*%! head and neck cancer,['? breast cancer,*® etc.),
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Table 3. Summary of the applications of stimulus-responsive MNs in cancer therapy.

Anti-tumor method Stimuli Tumor type Drugs Materials References
Immunotherapy pH, Glucose B16F10 Melanoma aPD-1 cross-linking HA, m-dextran [123]
HAase Melanoma aPD-1, 1-MT m-HA [182]
pH SCC Vll-luc cells aPD-1, CDDP PVP [134]
ultra-pH Lung metastasis tumor Poly (I:C), DNA vaccines OSM-(PEG-PAEU) [127]
PDT Light B16F10 Melanoma L-Ce6 oligo-HA [54]
Intradermal breast Ce6, sodium percarbonate PvP [56]
cancer
Light A375 tumor HPPH, CZCH HA, CAT, Cu?*, Zn?*, HPPH [205]
PTT Light Superficial cancer DOX, LaB;@SiO, PCL [59]
Superficial skin cancer DOX, Gold nanocages HA [65]
Melanoma ICG, DOX PVA, PATC [206]
Chemotherapy Light squamous cell ICG, 5-Fu HA, polyethylene glycol polycaprolactone [68]
carcinoma, melanoma
pH head- and-neck cancer cisplatin Lipid coating NPs [130]
Gene pH subdermal tumor p53 DNA (PLL-DMA/polyethyleneimine),, [128]
(p53 DNA/polyethyleneimine)q
Light 4T1 tumor pFBXO,,4 oligo-HA, PEI, LA [210]
Targeted Light melanoma Trametinib, dabrafenib Mesoporous organo-silica NPs, PEG [75]
pH ER-positive breast cancer ERD308, Palbociclib MPEG-poly(f-amino ester), cross-linked [214]
HA
Multimodal Synergy Light B16F10 tumor Tumor lysate contains Methacrylated HA [79]
Therapy melanin
Light, nanozyme melanoma CuGQD, PdNPs HA, PSi [215]

ovarian cancer,['’8] and brain tumors.['1%] We reviewed the
applications of stimulus-responsive MN in different antitumor
therapies and summarized their research progress as shown in
Table 3.

3.1. Stimulus-Responsive MNs-Mediated Immunotherapy

Cancer immunotherapy works to activate and bolster the body’s
immune system, enabling it to regulate and eliminate cancer
cells and is often combined with other conventional treatment
methods to fight tumors.['! Importantly, the skin, being one of
the body’s largest immune defenses, serves an important role
in immune activation and regulation. Human skin contains a
substantial number of antigen-presenting cells that possess the
capability to detect, uptake, and present foreign antigens to the
lymphocytes within the draining lymph nodes, thereby initiat-
ing adaptive immune responses.[?! Therefore, the skin is an
ideal site for tumor immunotherapy, especially for superficial tu-
mors. Stimulus-responsive MNs can not only take advantage of
the skin’s natural immune advantages to activate the immune
response, but also enable the control and deliver the anticancer
drugs to tumor sites by stimulus signals. This approach enhances
drug delivery efficiency while decreasing both adverse effects and
costs.

For the moment, immune checkpoint inhibitors show a power-
ful potency in tumor immunotherapy. Among the existing stud-
ies, checkpoint inhibitors delivered by stimulus-responsive MNs
mainly include aPD-1 and anti-CTLA4 (aCTLA4).[123182] Bagsed on

Small Methods 2023, 2301455

2301455 (18 of 32)

the local acid environment of the tumor, Wang et al.'?3] prepared
pH-responsive bio-degradable MNs consisting of HA and NPs
encapsulating GOx/CAT and aPD-1 to realize the continuous re-
lease of aPD-1 (Figure 5A). The m-dextran was selected as the
polymer matrix of NPs loaded with drugs and enzymes, which
was biodegradable and had good biocompatibility. Besides, as
a structural material of polymeric MNs, HA was chosen for its
excellent biocompatibility and tailor-made cross-linking. In the
B16F10 mouse model, the application of MNs triggered strong
immune responses, resulting in substantial and sustained in-
hibition of tumor growth. After treatment, tumors even com-
pletely regressed in some cases. This sustained antitumor effect
was associated with MNs-based delivery leading to the persis-
tent presence of antibodies around the tumor tissue. On this ba-
sis, the researchers used MN loaded with aPD-1 and aCTLA4 to
treat melanoma mice, showing a significant synergistic effect re-
quiring only half the dose of drugs. This administration strategy
can achieve the desired therapeutic effect with a relatively low
dose, thereby diminishing the potential for an immunosuppres-
sive state.

In the evolution of immune evasion, inefficient infiltration of
lymphocytes has limited the clinical benefit of immunoregula-
tion in cancer therapy. Built upon the principles of synergistic
immunotherapy, Ye and colleagues developed MNs for the local
targeted treatment of melanoma, using the MNs platform as a
platform to cooperatively deliver immune checkpoint inhibitors
1-MT and aPD-1, with the aid of overexpressed HAase around
the tumor microenvironment, to overcome the immune escape
mechanism (Figure 5B).[182] It was believed that 1-MT, a small
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Application of Smart Stimulus-Responsive MNs in Tumor Immunotherapy
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Figure 5. Stimulus-responsive MNs-mediated immunotherapy. A) Schematic of the MN patch-assisted delivery of aPD1 for skin cancer treatment.
Reproduced with permission.!'23] Copyright 2016, American Chemical Society. B) Schematic illustration of the therapeutics delivery using microneedles
and the enhanced immune responses at the skin tumor site. Reproduced with permission.['82] Copyright 2016, American Chemical Society. C) Schematic
illustration of the synergistic effects of immuno-chemotherapy delivered through a microneedle. Reproduced with permission.['30] Copyright 2020, Royal
Society of Chemistry. D) Schematic illustration of controlled delivery nanoengineered DNA vaccine from microneedles (MNs) assembled with LbL coating
of ultra-pH-responsive OSM-(PEG-PAEU) and immunostimulatory adjuvant poly(l:C). Reproduced with permission.l'?’] Copyright 2018, Elsevier.

molecule released from m-HA, could block immuno-inhibitory
pathways in the tumor environment. In the meantime, increased
numbers of alloreactive T cells were accompanied by subsequent
release of aPD-1 that blocked PD-1. A significant feature of the
system was biocompatibility and low cytotoxicity. There was no
evidence of toxicity or inflammation in major organs such as
skin, colon, liver, kidney, lungs, and intestines after histopathol-
ogy was conducted on the samples.

To increase immune response rates and overcome drug re-
sistance, Lan and colleagues described MNs loaded with pH-
sensitive, tumor-targeted lipid NPs, which can precisely transport
cisplatin (CDDP and aPD-1 to tumor tissues for cancer therapy
(Figure 5C).[13% The researchers selected PVP as the MNs struc-
ture material and prepared dissolving MNs by molding method,
which could be dissolved in the skin of mice within 20 min. In
a mouse tumor homograft model with immune function, MNs
loaded aPD-1/CDDP @NPs significantly inhibited tumor growth,
augmented the quantity of activated T-cells, and effectively erad-
icated tumor cells. By activating the anticancer synergistic mech-
anism, the treatment can effectively improve the body’s immune
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response and significantly reduce the tumor burden. In addition,
the systemic toxicity and side effects of the MNs were evaluated
by recording body weight, measuring serum (Blood Urea Nitro-
gen) BUN and total immunoglobulin G (IgG) values, and ob-
serving HE staining of major organ specimens. As a result, all
organs were severely affected by CDDP, while all organs were
not adversely affected by aPD-1. Using MNs for delivering aPD-
1/CDDP@NPs, the toxicity of CDDP was reduced to some extent
after nanoencapsulation. As a result, it was demonstrated that it
is safe to deliver aPD-1/CDDP@NPs via MNs technology for the
treatment of cancer.

Furthermore, MNs-mediated tumor vaccination is a novel
method of cancer immunotherapy. Duong and colleagues de-
vised a smart DNA vaccine delivery platform, employing an im-
munostimulatory enhancer, Poly (I:C), and ultra-pH-sensitive
OSM-(PEG-PAEU) as carriers for loading DNA vaccine through
LBL coating on the MNs (Figure 5D).'”] When the MNs were
penetrated into a corneous layer of mice and placed in a lo-
cal acidic microenvironment, the release of DNA vaccines and
adjuvants was prompted by the high-sensitive pH-responsive
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characteristics of OSM-(PEG-PAEU). The liberated DNA vac-
cines and adjuvants facilitate dendritic cell maturation and stim-
ulate the production of type I interferons, leading to the genera-
tion of antigen-specific antibodies. This process achieves the ac-
tivation of CD8+ T cells and antibody-dependent cell-mediated
cytotoxicity, which are crucial in killing tumor cells. In vivo in-
vestigations demonstrated that the ultra-pH-responsive MNs ef-
fectively transported adjuvant pOVA vaccine and Poly (I:C) to
the epidermal region abundant in immune cells. This synergis-
tically induced both cellular and humoral immunity, resulting in
a substantial inhibition of lung metastasis in murine B16/OVA
melanoma cells.

3.2. Stimulus-Responsive MNs-Mediated Phototherapy

Cancer phototherapy has garnered significant recognition as
an advanced photomedicine treatment in modern oncology
research.?!) MNs-based PTT and PDT are photo-mediated ther-
apy techniques that have emerged as prospective replacement
therapies for cancer treatment. These approaches offer distinct
advantages, such as improved selectivity, reduced invasiveness,
and minimal side effects.??] In the presence of oxygen, PDT
usually utilizes a non-cytotoxic PS or precursor to produce a
large number of ROS under laser irradiation, inducing tumor
cell death.?3] PTT uses photothermal agents to transfer light en-
ergy into hyperthermia, resulting in thermal ablation of neigh-
boring cells.[?*!] Recently, stimulus-responsive MN-assisted PDT
and PTT have brought great hope for the treatment of tumors.

Starting from the PDT strategy of tumor therapy, Bian et al.l>*]
loaded carrier-free self-assembled NPs (L-Ce6 NAs) into soluble
MNs patch prepared by oligo-HA, which penetrated the skin and
arrived at the tumor site (Figure 6A). The needle material dis-
solved and released L-Ce6 NAs, which were subsequently inter-
nalized by the cancer cells. In a B16F10 melanoma xenograft
model, cancer cells produced huge amounts of ROS when ex-
posed to a 660 nm laser. As compared with the control group, tu-
mor lesions were significantly reduced in the L-Ce6 MNs group,
and they survived an average of 30 days. It also inhibited tumor
growth at distant sites. Hence, the straightforward and manage-
able L-Ce6 MNs exhibited effective antitumor effects both near
and far from the treatment site, with remarkable stability. Ad-
ditionally, the PDT biosafety of L-Ce6 MNs was evaluated. MNs
treatment with/without light irradiation did not significantly af-
fect the mice’s body weight, major organ indices, and biochemi-
cal indices of liver and kidney functions. This was achieved with-
out relying on intricate carriers or the use of chemotherapeutic
or immunotherapeutic drugs. Therefore, they have great poten-
tial for clinical translation and application.

The efficacy of PDT can be improved by ameliorating hypoxia
in solid tumors and reducing the massive accumulation of GSH
in cancer cells. Li et al.?%] used HA MNs patches (MN-CZCH)
with self-oxidizing, GSH-depleting ability, for HPPH-based re-
peated PDT (Figure 6B). Cell tests demonstrated that the effi-
ciency of PDT using MN-CZCH has been significantly enhanced
Dby the self-supply of oxygen facilitated by CAT and the depletion
of GSH mediated by Cu?*. In the A375 tumor-bearing mouse
model, the growth of tumors was greatly suppressed or com-
pletely eradicated after 15 days following a single dose of the MN-
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CZCH patch. The Ki67 staining images of the MN-CZCH group
exhibited suppression of tumor cell multiplication. Furthermore,
the MN-CZCH group demonstrated predominant retention of
HPPH at the tumor site, resulting in less systemic toxicity. Sim-
ilarly, the researchers found that the various routes of CZCH ad-
ministration did not cause significant damage to major organs.
Compared with the intravenous injection group, biochemical in-
dexes (ALT, AST, BUN, creatinine) of the MN-CZCH group and
control group did not change much. This suggested that the MNs
administration strategy can improve the biosafety of PDT.

Based on the PTT strategy, Wei et al.”! constructed a solu-
ble MNs delivery system loaded with an AIEgen for melanoma
treatment (Figure 6C). The NIR950-loaded polymeric micelle was
prepared by nanoprecipitation and concentrated on needle tips
of MNs employing a dual-step molding method. The MN was
pressed to the melanoma tumor site in mice, followed by expo-
sure to an 808 nm laser for a duration of 4 min. The tempera-
ture at the treatment site rapidly reached 55 °C and remained
constant during the exposure time. Findings from animal ex-
periments indicated that tumors were almost completely eradi-
cated without recurrence after 2 weeks in the MNs group, which
was in stark contrast to the intratumor and intravenous injec-
tion groups. The full utilization of NIR950’s photothermal en-
ergy can be achieved via the advantages of dissolving MNs with-
out the need for systematic distribution. A solitary administra-
tion of a low dose, coupled with a single laser treatment, can
achieve desirable antitumor effects, making the PTT of super-
ficial tumors more accurate and controllable. In order to visu-
alize the drug release process during PTT, the Poly-AM-TPE-
CAA (PATC) was used to encapsulate the drug and photother-
mal agent, which changed the fluorescence intensity with tem-
perature change. Li et al.[?% created a self-monitoring pulse drug
release system using a polymer MNs patch that underwent a vi-
sual phase change (Figure 6D). This technology allowed for real-
time monitoring of drug release and enabled chemotherapeutic
PTT synergistic treatment of melanoma. The researchers com-
bined the chemotherapeutic drug DOX with the photothermal
agent ICG within the PATC polymer to create particles called
D/I@ PATC. These particles were then concentrated at the tip of
the MNs to make patches known as D/I@ PATC-MN. This not
only accomplished the visibility and confirmation of MN drug
release, but also enhanced the photothermal stability and de-
pendability in both in vitro and in vivo settings. In vitro inves-
tigations demonstrated that D/I@ PATC microparticles exhibit
exceptional photo-controlled drug release capability and potent
anti-tumor effects when administered in a low-dose single dose.
Experiments conducted on living organisms revealed that a soli-
tary administration of the D/I@ PATC-MN patch can effectively
and precisely control chemical PTT for melanoma. This treat-
ment substantially suppresses tumor growth without causing no-
table harm to the entire body, offering a novel approach to the
clinical management of melanoma.

3.3. Stimulus-Responsive MNs-Mediated Chemotherapy
Chemotherapy is an effective means of systemic treatment for

malignant tumors, but the traditional chemotherapeutic drugs
are non-targeted, which will not only attack cancer cells, but also
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Application of Smart Stimulus-Responsive MNs in Tumor Phototherapy
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Figure 6. Stimulus-responsive MNs-mediated phototherapy. A) Schematic illustration of the facile fast-dissolving microneedles-based composite sys-
tem with low-dose photosensitizers which enhanced antitumor immune response of photodynamic therapy. Reproduced with permission.l>#! Copy-
right 2021, American Chemical Society. B) Preparation Process of the CZCH and CZCH-Loaded MN Patch and Schematic Diagram of the MN-CZCH
Patch for the Repeated PDT of Melanoma. Reproduced with permission.[2%>] Copyright 2022, American Chemical Society. C) Schematic illustration of
NIR950@PMs@MN application process and photothermal effect on B16 tumor-bearing C57 mice. Reproduced with permission.[76l Copyright 2020,
Royal Society of Chemistry. D) Schematic illustration of the D/I@PATC MN patch for melanoma therapy. Reproduced with permission.[20¢] Copyright

2023, Elsevier.

cause damage to healthy cells, which often leads to a series of
side effects, resulting in body damage and immune suppres-
sion. The development of highly precise local drug delivery meth-
ods is imperative for reducing the toxic effects associated with
the systemic administration of chemotherapeutics, minimizing
the impact on healthy cells while enhancing therapeutic efficacy.
With the advancement of nanotechnology and biomaterials, new
breakthroughs have been made in utilizing smart MNs for the
localized delivery of chemotherapeutic drugs in the context of tu-
mor treatment.

Lan et al. created pH-sensitive lipid-coated cisplatin NPs (LCC-
NPs), which were embedded into dissolvable MNs using a mold-
ing technique (Figure 7A).['2] These NPs can effectively regu-
late the release of cisplatin, significantly reduce non-specific toxi-
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city, increase cellular uptake, and enhance toxicity against tumor
cells. Finally, the therapeutic impact on the head-and-neck can-
cers animal model was significantly improved, while general tox-
icity and adverse effects were kept to a minimum. These findings
validate that MNs loaded with LCC-NPs serve as a secure and ef-
fective transdermal delivery method for chemotherapy, resulting
in enhanced anticancer effects and reduced systemic toxicity. Be-
sides, smart MNs combined with ultrasonic responsiveness can
facilitate local delivery of chemotherapeutic drugs. Researchers
have designed an electrochemical stimulator based on zinc ox-
ide nanowires that can produce densely distributed MBs in the
interstitial fluid of the tumor site.[*¥] Then, driven by external ul-
trasound, local MBs were ruptured and tumor cells produced mi-
crocavitations, which had a great impact on the delivery effect of
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Application of Smart Stimulus-Responsive MNs in Tumor Chemotherapy
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antitumor drugs. In vivo experiments showed a more than five-
fold decrease in tumor dimensions following a 10-day period of
ultrasound-assisted chemotherapy compared with chemotherapy
alone. In addition, the method enabled them to reduce the PTX
dosage to 25% effective dosage. This treatment approach may
provide a promising strategy to reduce the side effects via tumor-
targeted therapy.

Qian et al.l®®! created an MNs system that combined drugs
and NPs to treat squamous cell carcinoma and melanoma
(Figure 7B). The technology used NIR light to activate the drugs
and deliver them through the skin. This research involved the
combination of polyethylene glycol PCL NPs, which contained
both 5-Fu and ICG, with HA-soluble MNs using the template ap-
proach. These MNs enhanced the efficiency of delivering drugs
via the skin, enabled the targeted administration of drugs to tu-
mors through the skin, and mitigated the adverse effects of drugs
on the body. Moreover, the insertion of MNs into tumor tissue
resulted in the release of drug-loaded NPs as the MNs dissolved.
Upon exposure to 808 nm NIR light, the ICG included in the
NPs underwent a process of converting light energy into ther-
mal energy. By applying both chemotherapy and PTT, the NPs
effectively heated the tumor tissue and eliminated tumor cells.
Additionally, they regulated the release of 5-Fu, attaining the de-
sired outcome of synergistic treatment for skin cancer. This was a
hybrid system capable of administering chemotherapeutic med-
ications with PTT performance.

In addition to the above two drugs, chemotherapy drugs that
are often used in combination with stimulus-responsive MNs in-
clude PTXI27] and DOXI75%%72] for anti-tumor therapy.

3.4. Stimulus-Responsive MNs-Mediated Gene Therapy
Gene therapy is an alternative treatment that introduces specific

genetic material (DNA, RNA, mRNA, siRNA, etc.) into cancer
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cells or tissues to alter the expression of genes or regulate the
biological characteristics of the tissue, causing cell death or slow-
ing the growth of cancer.?®®] Recently, new breakthroughs have
also been made in the use of smart MNs to deliver genes for tu-
mor treatment. The p53 expression plasmid (p53 DNA) is a type
of tumor cell suppressor gene and has been utilized in numer-
ous studies to hinder the growth of tumors.[2%! Li et al.}%8] used
LBL assembly technology to prepare pH-sensitive MNs covered
with PEM, rapidly releasing genes to achieve subdermal tumor
treatment (Figure 8A). The PEM consisted of the pH-sensitive
transition layers (PLL-DMA/polyethyleneimine),, and the gene-
loaded layers (p5S3 DNA/polyethyleneimine),,. Under simulated
cutaneous conditions with a pH of 5.5, MNs containing both
drug-loaded layers and transition layers (marked as tr-MNP) were
able to release 33% of DNA, while MNs without transition layers
(marked as ntr-MNP) only managed to release 4%. The tumor in-
hibition effect of tr-MNP on subcutaneous tumor-bearing mice
was substantially higher than that of the impact of ntr-MNP and
intravenous groups.

Zhang et al.?!% created soluble MNs (IR780-PL) embedded
with NPs that possessed controllable and reflective character-
istics (Figure 8B). In order to accomplish precise delivery of
FBXO,,, which targeted the CRISPR/Cas9 plasmid (pFBXO,,),
along with a hydrophobic PS. Biocompatible oligo-HA were used
to create dissolved MNs (DMNs) that can adapt to the uneven
shape of superficial tumor lesions. Subsequently, researchers in-
corporated NPs into DMNs (IR780-PL/pFBXO,,@MNs). Prior
to applying the IR780-PL/pFBXO,, @MNs, collagenase MNs un-
derwent a pretreatment process to break down the tumor ma-
trix and enhance the ability of IR780-PL/pFBXO,, NPs to pen-
etrate the inner layers of the tumor. When exposed to 880 nm
light, IR780-PL/pFBXO,, NPs generated ROS for PDT. Simulta-
neously, photochemical internalization enhanced the process of
lysosomal escape, resulting in the liberation of the pFBXO,, plas-
mid by breaking the disulfide bond of NPs within the cytoplasm.
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Application of Smart Stimulus-Responsive MNs in Tumor Gene Therapy
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Hence, IR780-PL/pFBXO,, exhibited proficient disruption of
FBXO,, atthe genomic level in cancer cells, while also possessing
the ability to modulate its spatial and temporal aspects. This tech-
nique resulted in a synergistic impact by combining gene therapy
and phototherapy, leading to the effective eradication of malig-
nancies. The in vivo anticancer impact was investigated using
a 4T1 mouse model. Comparing with the control group, it was
found that IR780-PL@MNSs + L and PL/pFBXO,,@MNs effec-
tively suppress tumor growth. In comparison to the single treat-
ment group, the IR780-PL/ pFBXO,, @MNs + L group exhibited
differences. The coadministration of IR780 with gene therapy in
the IR780-PL/pFBXO,, @MNs + L group exhibited a heightened
anticancer efficacy and a diminished rate of tumor regrowth.

3.5. Stimulus-Responsive MNs-Mediated Targeted Therapy

Targeted therapy is an approach to treatment that focuses on par-
ticular molecules or signaling pathways within tumor cells, al-
lowing for a more precise attack on tumor cells and minimiz-
ing harm to healthy cells. These treatments, based on molecular
and genetic differences between tumor cells and normal cells, in-
hibit tumor development by interfering with tumor cell survival,
proliferation, growth, or signaling. Clinically, targeted therapeu-
tic drugs are often administered orally in high dosages, insulting
in limited bioavailability, and a spectrum of side effects that could
pose life-threatening risks.[2!! Therefore, local targeted drug de-
livery using stimulus-responsive MNs as nanocarriers can en-
hance the concentration of specific drugs at the region of the
tumor, thereby considerably alleviating the systemic load on the
body.

The distinguishing characteristic of melanoma is the dys-
regulation of mitogen-activated protein kinase (MAPK) signal-
ing, and &~50% of patients with metastatic skin melanoma ex-
hibit mutations within the BRAF gene.[?!?] Notably, melanoma
cells carrying the BRAFV600 mutation are dependent on the
RAF/MEK/ERK signaling pathway.?!3] Due to the enhancements
in overall survival as validated in multiple international cen-
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ters randomized trials, two small molecule inhibitors target-
ing BRAF, namely dabrafenib, and vemurafenib, in addition
to an MEK inhibitor called trametinib, have gained approval
for the management of metastatic melanoma with BRAF mu-
tation. On this basis, Tham et al.”>] designed a photodynami-
cally active MNs carrier loaded with targeted therapeutic drugs
(Figure 9A). Mesoporous organo-silica NPs incorporated into
MNs, carrying trametinib and dabrafenib, are designed to specif-
ically target the overactive MAPK pathway for the treatment of
melanoma. The drug-loaded nanocarriers exhibit a synergistic
lethal effect on tumor cells under NIR irradiation, while retaining
their non-toxicity toward non-BRAF mutant cells. Experiments
on tumor regression conducted in xenografted murine models
have verified the enhanced therapeutic effectiveness of nanocar-
riers achieved by combining PDT with targeted therapy.

In order to overcome drug resistance, the proteolysis targeting
chimera (PROTAC) concept was developed. Cheng et al.2*l com-
bined the ERD308 and Palbociclib (FDA approved CDK4/6 in-
hibitor) with in pH-sensitive MPEG-poly(f-amino ester) (MPEG-
PAE) micelles (Figure 9B). These micelles were then placed into
HA-based MNs patches to create a drug delivery system that
targeted the ERa. To assess the pH responsiveness of MPEG-
PAE micelles and determine if drug release triggered by pH led
to increased cellular uptake, the researchers performed a set of
experiments. Tissue slice fluorescence imaging results demon-
strated that pH-sensitive micelles, in comparison to the non-pH-
sensitive group, exhibited a 48.6-fold increase in drug delivery to
the tumor location, while concurrently reducing drug delivery to
the liver by 40%. It was discovered that MNs patches had more
precise control over medication distribution compared to intra-
venous administration. The drug signals were localized specifi-
cally in the tumor tissue area. The biodistribution data indicated
that MNs patches filled with micelles can effectively transport
more than 87% of medicines to tumor tissue and achieve signif-
icant penetration into the tumor. Oral PROTACs, which need to
be taken daily, are less effective than single-dose PROTAC-loaded
MNs patches, which can maintain their effectiveness for a mini-
mum of 4 days. The simultaneous injection of ERD308 and Pal-

© 2023 Wiley-VCH GmbH

85U8017 SUOWIWOD A0 3edljdde au Aq pausenob aJe Sejone YO ‘@SN Jo S8 10} A%eid18ulUQ A1 UO (SUORIPUOO-pUe-SWLRY/LIOO" A3 1M AfeIq 1 Ul |UO//SdNY) SUOIIPUOD pue sw.e | 8yl 88s *[£202/2T/.2] uo AriqiTauliuo Ae|im ‘4O uonmipsu| Builieg-sed Aq SGyTOEZ0Z PIWS/ZO0T OT/I0pA0D A8 |IM Aeiq Ul UO//:Sd1y WOy papeojumoq ‘0 ‘80969952


http://www.advancedsciencenews.com
http://www.small-methods.com

ADVANCED
SCIENCE NEWS

small

methods

www.advancedsciencenews.com

www.small-methods.com

Application of Smart Stimulus-Responsive MNs in Tumor Targeted Therapy

Jr SIOEN, I ]
N PcNP PCNP@Drug ! Legend ! B
N S 1 1
{, cma8/TEOA ;‘,‘ ° ° ! PEG ) ! mﬁ%}%&
e ohol~83 | — e
1 - 1 7T '{%?&("1
1 1 H .
: PO— Healthy tissue: pH 7.4
' patch ! 7A
i i |
(e 1 Tumor microenvironment: pH 6~7
Endosome 3
F | S
[ | o ;
| Nucleus ) %w E3 ligase
1 1
1 1
! ‘ DNA ! pH-sensitive
) r drug release
POT path : © Dabrafenib : \ A ERD308 Degradation .
1 1 ’
| O Trametinib ' Microneedle - ‘, ‘!
apoptosis i i & -/ 2
£ i 1" patch delivery ERa
Targettherapypath | (R | pe 1
1 1
[, H

Figure 9. Stimulus-responsive MNs-mediated targeted therapy. A) Synthesis, penetration into diseased skin, and cellular mechanism of PcNP@Drug.
Reproduced with permission.[7>] Copyright 2018, American Chemical Society. B) The scheme of a pH-sensitive micelle loading into microneedle patch
delivery of PROTACs for anti-cancer therapy. Reproduced with permission.[2™] Copyright 2023, American Chemical Society.

bociclib resulted in a tumor therapy rate of over 80% in mouse
tumor models that were positive for ER. Safety experimental re-
sults showed the absence of inflammation or skin irritation at
the site of administration, as well as the absence of any histo-
logical alterations in the major organs. Additionally, the study re-
vealed that MNs had no impact on blood glucose levels, liver func-
tion, and kidney function in mice, indicating that the medication
delivery mechanism did not cause any negative effects on the
body.

3.6. Stimulus-Responsive MNs-Mediated Multimodal Synergy
Therapy

A single treatment has limitations, which might result in inef-
fective treatment, medication resistance, side effects, metastasis,
and cancer recurrence. As a result, multimodal synergy therapy
is an excellent technique for treating tumors.

Recently, MN-based PDT and PTT combined with chemother-
apy, immunotherapy, and targeted therapy have made great
progress in the synergistic treatment strategies for tumors. NIR-
responsive PEGylated gold nanorod (GNR-PEG) coated with poly
(L-Lactide) MNs (GNR-PEG@MNs) have been prepared to in-
crease the anti-tumor efficiency of micelles (Figure 10A).17")
GNR-PEG@MNs had good thermal transmission capabilities in
the body, achieving a temperature of 50 °C at the region of the
tumor within a mere 5-min timeframe. Compared with sim-
ple chemotherapy and PTT, the combination therapy involving
GNR-PEG@MNs and low-dose MPEG-PDLLA-DTX micelles (at
5 mg kg™') had the capability to achieve a complete cure of tu-
mors, with no subsequent recrudesce in the body. This combined
approach exhibited significant synergistic effects. More attrac-
tively, Wang et al.[®] designed multifunctional SF MNs, incorpo-
rating a targeted drug (bevacizumab) along with chemotherapeu-
tic agents (thrombin and temozolomide) (Figure 10B). By adjust-
ing the time of ethanol annealing, altering the level of crosslink-
ing, and employing transcranial NIR light irradiation as an activa-
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tor, it is possible to achieve controlled, staged release of the trio of
drugs at a specific time and space. This approach can effectively
contribute to apoptosis of glioblastoma cells, anti-angiogenesis,
and hemostasis.

Ye et al.””! devised a melanin-amplified cancer immunother-
apy method utilizing transdermal MNs patches (Figure 10C).
They loaded the lysate of melanoma cells into a MNs array. When
topically applied to the skin, which was the greatest immunolog-
ical organ in the human body, melanin MNs stimulated an im-
mune response, leading to a quicker immune system reaction to
melanoma cells and enhancing the efficacy of the response. By
exposing therapeutic patches to NIR light, the heat generated lo-
cally induced a fever-like condition in the skin, which enhanced
the release of lysates from MNs and successfully attracted and ac-
tivated immune cells. The heightened temperature additionally
facilitated the localized augmentation of blood and lymphatic cir-
culation, hence fostering the movement of immune cells. This
enhanced immune response improved the body’s capacity to rec-
ognize and react to lysates, more effectively inhibiting the devel-
opment of melanoma.

Besides, Zhao et al.[?"®] conducted a study on MN-mediated
treatment of melanoma by utilizing the ferroptosis pathway
(Figure 10D). They employed porous silicon (PSi) loaded
with dual nanozymes, which were integrated with MNs
patches. Nanozymes can effectively infiltrate the dermis, where
melanoma is situated, by utilizing reversible microchannels
formed inside MNs. The combined catalytic characteristics of
several nanozymes were anticipated to counteract the adverse
effects of the complex TME, hence delivering effective and un-
complicated treatment of tumors. This offered a promising ap-
proach to the clinical management of melanoma. In a B16-
F10 tumor nude mice model, the external photothermal effect
caused by NIR radiation can greatly enhance the catalytic effi-
ciency of nanozymes. The findings demonstrated that, during
a 14-day treatment period, only the group of nude mice sub-
jected to NIR stimulation exhibited uncontrolled tumor growth.
The combination of HA MNs and NIR stimulation effectively
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Figure 10. Stimulus-responsive MNs-mediated multimodal synergistic therapy. A) The novel synergetic system of chemotherapy and photothermal
therapy to treat A431 tumors by the combination of near-infrared responsive GNR-PEG@MNs and MPEG-PDLLA-DTX micelles. Reproduced with
permission.[”%l Copyright 2017, American Chemical Society. B) Schematic of multidrug-integrated silk fibroin microneedle patches for in situ treatment
of glioblastoma. Reproduced with permission.[®1] Copyright 2022, WILEY. C) Schematic illustration of MN-based transdermal vaccination. Reproduced
with permission.[”®] Copyright 2017, AAAS. D) Schematic illustration of microneedle integrated with PSi loaded with bifunctional nanozymes to induce
ferroptosis of subcutaneous melanoma through nanocatalytic strategy. Reproduced with permission.2'*] Copyright 2020, WILEY.

suppressed tumor development. Partial inhibition of tumor
growth can be achieved by modulating the levels of endogenous
H,0, and GSH. In vivo, the augmented peroxidase response of
PTT can effectively hinder the progression of melanoma. And,
the majority of tumors in the MNs + NIR group experienced a
significant reduction or total regression within 2 weeks, exhibit-
ing a Tumor Growth Inhibition value of up to 98.8%. The MNs +
NIR group exhibited the most potent cytotoxicity against cancer
cells and effectively suppressed their proliferation. This was at-
tributed to the significant downregulation of GPx-4, suggesting
that the reduced expression of GPx-4 triggers ferroptosis, leading
to anti-tumor actions. The aforementioned findings revealed that
the synergistic therapy of multi-nanozyme therapy combined
with MNs can effectively treat melanoma through the ferroptosis
pathway.
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4. Current Challenges and Outlook

Recently, as a local drug delivery system, MNs patch has become
a popular research direction in anti-tumor therapy. Researchers
have combined the characteristics and advantages of MNs with
clinical needs to develop functional MNs with good biocompat-
ibility, intelligent responsiveness, and multi-mode collaborative
therapy. Through the design of matrix materials, researchers
have endowed smart MNs with various physical and chemical
properties to adapt to specific tumor microenvironments and re-
alized the anti-tumor purpose of combining chemotherapy, im-
munological therapy, gene therapy, targeted therapy, photother-
apy, and other approaches through the combination of different
types of encapsulated therapeutic agents. In particular, multi-
modal collaborative anti-tumor smart MNs can not only achieve
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Figure 11. Future prospects of stimulus-responsive MNs in antitumor therapy.

local drug delivery and target tumor tissues, but also reduce the
amount of anti-tumor drugs, systemic toxicity, and drug resis-
tance. At the same time, this kind of drug delivery platform can
activate the systemic immune system and achieve systemic anti-
metastasis, which may be an important trend for future research.
Although stimulus-responsive MNs are particularly appealing
for tumor treatment, they have rarely been commercialized or en-
tered into the stage of clinical trials. Among them, there are sev-
eral reasons that hinder the clinical transformation of smart MNs
for cancer treatment: 1) the production procedure for stimulus-
responsive MNs is complex and incurs high costs, so there are
great challenges for bulk production and quality control; 2) due
to lack of specific quality control standards and management cri-
teria in the industry, the product consistency and biosafety is still
a major problem; 3) lack of high-quality in vivo pharmacokinet-
ics and pharmacodynamics evaluation experiments; 4) the prepa-
ration and production process of smart MNs need strict asep-
tic conditions, and the investment in disinfection and steriliza-
tion technology and aseptic workshop is relatively high; 5) the
drug loading of MNs isn’t sufficient for sustained treatment; 6)
the sensibility and specificity of smart MNs to stimulus signals
need to be improved. In short, the design of stimulus-responsive
MNss should be based on easy clinical transformation, rather than
blindly pursuing complex structures or emerging methods.
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What is noticeable is that preclinical studies of stimulus-
responsive MNs have overwhelmingly focused on rodents. Com-
pared with mouse skin, human skin exhibits a thicker epider-
mis and dermis, along with less densely packed hair follicles. In
future transformation studies, it is imperative to further refine
the size, morphology, and mechanical characteristics of the MNs
arrays, taking into consideration the practicality for human ap-
plications. Obviously, there is a significant imbalance in the re-
search development of responsive MNs based on different stim-
uli. Researchers are often limited by the characteristics of the tu-
mor microenvironment to design smart MNs, so that some types
of responsive MNs are rarely studied (e.g., magnetic response,
mechanical response, etc.). In view of the above problems, re-
searchers need to consider the sustainable development of smart
MNs from many aspects in the near future, including availabil-
ity and stability of smart materials, soft and painless wearability,
diversity, accuracy and sensitivity of responsive mode, excellent
biocompatibility and safety, technics iteration and upgrading, fea-
sibility and economy of easy mass production, uniform guide-
lines and consensus and so on. Figure 11 shows future prospects
of stimulus-responsive MNs in antitumor therapy, which is dis-
cussed from the prospects of stimulus-responsive MNs at the
technology, process, quality control, cost, study design, and vali-
dation levels, respectively.

© 2023 Wiley-VCH GmbH

85U8017 SUOWIWOD A0 3edljdde au Aq pausenob aJe Sejone YO ‘@SN Jo S8 10} A%eid18ulUQ A1 UO (SUORIPUOO-pUe-SWLRY/LIOO" A3 1M AfeIq 1 Ul |UO//SdNY) SUOIIPUOD pue sw.e | 8yl 88s *[£202/2T/.2] uo AriqiTauliuo Ae|im ‘4O uonmipsu| Builieg-sed Aq SGyTOEZ0Z PIWS/ZO0T OT/I0pA0D A8 |IM Aeiq Ul UO//:Sd1y WOy papeojumoq ‘0 ‘80969952


http://www.advancedsciencenews.com
http://www.small-methods.com

ADVANCED
SCIENCE NEWS

small

methods

www.advancedsciencenews.com

5. Conclusion

In summary, the rapid advancement in biological functional ma-
terials and manufacturing techniques opens up boundless oppor-
tunities for the growth of stimulus-responsive MNs systems. Un-
der biochemical (enzyme, glucose, pH, oxygen, etc.) or physical
(ultrasound, light, electricity, temperature, force, magnetic field,
etc.) stimulation, these smart MNs undergo a series of changes,
such as the release of cargo caused by the phase transformation
of MNs, thermal ablation and oxidative stress reaction of local ac-
tion site, and finally achieve the purpose of treatment. As a user-
centered intelligent carrier that takes the actual changes of the
disease condition as the trigger signal to play the therapeutic ef-
fect, it is a unique “closed-loop” treatment mode, which makes
the treatment effect more accurate and controllable. Compared
with ordinary MNs, smart responsive MNs can reduce local or
systemic complications caused by overtreatment or overmedica-
tion. Overall, a smart MNs system has the advantages of being
tiny and lightweight, soft and wearable, painless and minimally
invasive, safe and efficient, on-demand and controllable, and eco-
nomic and environmental protection. Although the clinical trans-
formation of smart MNs is facing difficulties and obstacles, smart
MNss have a broad application prospect and considerable market
value.
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