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Significant advanced have been made in exploiting microneedle-based (MN-based) diabetes devices for minimally
invasive wearable biosensors and for continuous glucose monitoring. Within this emerging class of skin-worn MN-based
sensors, the ISF can be utilized as a rich biomarker source to diagnose diabetes. While initial work of MN devices focused
on ISF extraction, the research trend has been oriented toward developing in vivo glucose sensors coupled with optical or
electrochemical (EC) instrumentation.
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| 1. Introduction

Diabetes mellitus is increasingly recognized as a serious worldwide public health concern; looking back at the growth rate
of patients over the past 40 years, it can be expected to double by 2030 compared to that in 2015 L&, One of the main
roadblocks to disease control requires sensitive and reliable point-of-care testing (POCT) technology and should be able
to provide quantitative results for disease diagnostics and monitoring El. Tight glycemic control is widely accepted for the
diagnosis and monitoring of diabetes. Up to now, many types of techniques have been developed to measure blood
glucose in all stages of treatment and disease management of diabetic patients 4EIEl Most of the above methods require
the frequent withdrawal of fresh blood from the fingertip, which creates pain and is inconvenient with the potential risk for
cross-contamination. Moreover, it cannot keep up with the demand for the real-time monitoring of blood glucose where the
frequency of puncture is necessary daily, and the physiological signals which are missed may delay the medical treatment
in time. Wearable sensors can alert the user regarding health abnormalities and are actively being developed by scientific
researchers and medical diagnostics companies to achieve continuous monitoring of diseases 4. Blood &, sweat [,
saliva 29, and interstitial fluid (ISF) 1 are common detection samples in the design of wearable biosensors. In
comparison with the other peripheral biofluids, the ISF contains abundant physiological information and exhibits a close
correlation with blood samples due to the transcapillary exchange between blood and cells. Thus, the ISF can be utilized
as a biomarker source to design the wearable biosensor to diagnose diabetes 121,

In the past few decades, microneedle (MN) patches have attracted extensive attention for their unique advantages for the
collection of ISF samples 3. The MN patches in micron-scale sizes of less than 1500 um in length are normally arranged
in an array form with up to hundreds of pieces 4. In comparison with the hypodermic needles, the penetration by MN
through the superficial skin usually does not reach the nerves and blood vessels in the deeper layers of the dermis, thus
enabling painless and blood-free ISF collection devices 28l Such convenient and efficient extraction ISF process
promotes the development of a variety of biosensors, such as blood glucose 18], electrolyte 24, pH 8] drug metabolism
19 etc., 29, When the MN device is indwelled under the skin, it opens a test window on the skin after being combined
with optical, electrical, and other detection technologies to achieve real-time monitoring of the biological target
components in the ISF 29, Since non-invasive biosensing systems remain an elusive goal to date, the MN may be an
ideal device to fabricate minimally invasive wearable biosensors at this stage of development. Innovative fabrication
techniqgues MNs have been developed so far with various materials such as silicon, glass, ceramic, metal, polymers,
carbohydrate etc., (2. To realize particular functional requirements, people have also prepared microneedles of different
shapes such as solid MN, hollow MN, dissolving MN, swellable MN, and coated MN (221 Nevertheless, the research of
wearable glucose biosensors faces considerable challenges. On the one hand, the strong mechanical strength,
biocompatibility, complex manufacturing, and difficult integration with the test technologies are perceived as the four main
obstacles to the development of MN wearable glucose sensors. On the other hand, the skin is sensitive, and it is easy to
cause skin eruption by allergic reactions when the MN indwelling in the skin, the leaking of tissue fluid, and sweating
cause interference with the detection sensitivity of wearable sensors. Therefore, there is still an urgent need that the MN-
based wearable biosensor to be worn on the skin for a long time without discomfort and would provide timely feedback to
patients’ diagnosed information.



| 2. Overview of Fabrication of MN

From the start of work in 1976, many strategies have been developed for the preparation of MN, such as lithography,
molds, etching 23, and three-dimensional printing [24. The MNs can be classified into different groups based on materials,
shape, and application orientation. The different materials that were selected so far for the preparation of the MN are
silicon, glass, ceramic, metal, polymers, and carbohydrates. Based on their working principle, MNs are currently
manufactured as solid, hollow, dissolvable, and swellable.

2.1. Materials for MN Fabrication
2.1.1. Metals

Metal is the most common material for the preparation of the MN due to its ease of fabrication. Among them, stainless
steel and titanium have attracted much attention because of their good mechanical strength and controllable structure 231,
Chen’s lab has developed a simple, rapid, and inexpensive strategy to fabricate hollow metal MN arrays using chemically
etched silica needles as templates. In addition to that, some noble metals such as gold and silver are usually applied in
MN to improve the performance of the sensor or drug delivery 28, Liu’s group reported a strategy for preparing the
stainless-steel MN (Admin Patch 1200, AdminMed, Sunnyvale, CA, USA), which is coated with silver (Ag) to detect
analytes at a depth of more than 700 mm below the surface of a skin phantom [24. The Ag layer in the Ag-coated
stainless-steel MN is found to be effectively enhancing the Raman signal. However, the wide use of these metal and

stainless-steel needles would yield sharp waste and the potential biohazardous of used MN without adequate sterilization
[28]

2.1.2. Silicon

Silicon is a very important material for preparing non-metallic MN due to its excellent mechanical strength and shape
plasticity [2329 Different lengths and shapes of silicon-based MN are reported by deep reactive ion etching and
photolithography methods BY. Yan and Gale used a deep reactive ion etching technique to fabricate solid silicon MN
arrays where the needle densities ranged from 400 to 11,900 needles/cm B[22, sych silicon-based MN exhibited better
performance for diagnosis and drug delivery. However, some part of silicon-based MN is easy to break under the skin,
which causes potential biological risks [32l. Moreover, the expensive instrument to prepare MN is a key factor that limits its
wide application 241,

2.1.3. Polymer

Some very promising technology is focused on polymers MN since they are biocompatible, biodegradable, mechanically
strong for skin insertion, and easy to manufacture. The most common method for producing polymer MN is the reverse
mold method, as shown in Figure 1B. A wide variety of polymers including poly (methyl methacrylate) (PMMA) B2, poly
(lactic-co-glycolic acid) (PLGA) B8 polyglycolic acid (PGA) B2, cyclic-olefin copolymer, poly (vinylpyrrolidone) (PVP) B8,
poly (vinyl alcohol) (PVA) B9 methacrylate hyaluronic acid (MHA) 2 and SU-8 49 are reported for MN preparation.
Different from metals and silicon-based materials, polymers can be prepared by dissolving and swellable MN, which has
unigue advantages in the application of transdermal delivery and body fluid extraction.

Dissolving polymer MN have a unique application in the drug delivery field, which can dissolve within minutes or days and
completely reabsorb in the skin, resulting in no biohazardous sharps 4. Dissolving polymer MN gives a new way to
improve the drug or biomolecular loading rate and accurately control the loading dose in comparison with the solid MN B4
(42143 The preparation process of dissolving polymer MN is relatively simple and needs a two-stage mild fabrication
process; the polymer is filled into the MN mold, then using a long centrifugation time to overcome the constraints of
surface tension and solution viscosity B4145146] |t js much safer compared with metals and silicon MNss.

The swellable MN has gained significant interest because they swell by absorbing ISF under the skin, and the MN body is
maintained without dissolving 2448 Sych swelling behavior of the MN provides a new strategy for drug delivery and body
fluid extraction 2. Karp’s group first discusses the change of shape, such as swellable tip interlocking with tissue. In this
process, the cone-shaped needles can be inserted into the tissue in a dry (stiff) state; once the needle tips are in contact
with the water in the tissue, the swollen needle tip localized in the tissue B, Xu’s lab developed a swellable MN platform
based on meth-acrylated hyaluronic acid (MHA) crosslinked by ultraviolet (UV) exposure that can rapidly and efficiently
extract ISF, which greatly facilitates the subsequent offline timely analysis of metabolites 22!, In comparison with the
dissolving polymer, swellable MNs exhibited strong potential application in the precise extraction of body fluid field.

2.1.4. Temperature-Dependent Materials



Carbohydrate-based materials are typical temperature-dependent materials, and they can be employed to make MN by
micro-molding in high processing temperatures and drawing lithography, including the chitosan B, sugar B2, galactose
B3l polysaccharide B4, and galactose 2 which are widely used in the fabrication of MN. The carbohydrate-based MNs
usually have a fundamental part in wellness management, which provides stimulating revolutions in drug delivery 221581 |t
must be pointed out that carbohydrates with an approval history in US Food and Drug Administration (US FDA) and
classified as “generally recognized as safe” (GRAS) B8l Xy's lab first prepared a cry-MN (cryonics) patch. The patch
was fabricated by step-by-step cryogenic in predesigned MN molds containing pre-suspended cells. The cryonic MNs can
easily pierce the skin and deliver loaded living cells into the skin. This work provides new ideas for improving MN
technology to intervene in the higher-level precision of the medical field.

2.2. Shape of MN
2.2.1. Solid

Solid is the most common shape of MN, and it is easy to prepare and usually has strong mechanical strength 22, Solid
MNs are usually used to create micro holes in the skin. The solid MNs are mostly applied to create microchannels in
porcine. Different from other needles, the MN tip depth of solid MN does not reach the pain receptor. Thus, this process
could be painless and improve patient compliance B, The microchannels created by the solid MN provide a simple way
to diffuse drugs and extract ISF. The solid MN are regarded as devices so far for cosmetology, vaccination, drug delivery,
etc., [B3IM4BI61I6263]  However, the solid MN bears limitations for drug delivery and ISF extraction due to the low drug
loading rate and low efficiency of extracting body fluids. Therefore, hollow and coating MN has been successively
developed to solve the above problems.

2.2.2. Coated MN

The coated MNs are based on solid MNs, macromolecules 84!, small molecules, vaccines 85, or micron-size particles 53!
that have close contact with the body of the needle €8, In order to successfully create coatings on MN, different coating
methods have been reported, such as dip coating €&, immersion coating 82, inkjet Printing €8], drop coating €9, and
layer-by-layer coating /9. Among them, the dip-coating method is the most utilized, but it has the problem of inherently
suffering from poor drug delivery efficiencies. Therefore, if the dip-coating approach is used for layer-by-layer coatings,
higher drug delivery efficiencies could be achieved 172, More importantly, such coated MN gives the MN new functions,
such as significantly improving its optical performance and expanding the application of the microneedle in the field of
biosensing (28, Van Duyne’s Lab used the active gold nanorods coated on the MN array surface to design a pH-sensitive
biosensor; this sensor can quantitate pH over a range of 5 to 9 and can detect pH levels in an agar gel skin phantom and
human skin in situ (23],

2.2.3. Hollow MN

The hollow MN has been developed because it allows aqueous drugs to flow through the lumen and into the skin, leading
to faster rates of drug delivery than solid MN, which relies on the diffusion of drugs in the skin 45, |t must be noted that
hollow needle fabrication is significantly difficult, and those possessing a high aspect ratio lack the internal support
structure common to solid needles 8. In addition, the less mechanical strength and non-uniform insertion of the hollow
MN may cause transverse bending and limit their potential for drug delivery and extracting biological fluids through the
skin. However, embedding open channels on hollow MN is a novel approach, providing a passage through the skin for
light, which provides a new idea for collecting light signals under the skin. Liu's lab proposed a hollow agarose MN with
the pipette tip as the hollow mold and adopted Tollen’s method to form the thin silver layer as the SERS-active film hollow
MN-SERS device, expanding the application of microneedles in the field of biosensing 28],

| 3. Microneedle Used for Glucose Monitoring

In the early stages, MN has mainly been used for the extraction of ISF or blood, on which the glucose level was measured
by offline analysis technology. ISF can readily be extracted from the micro-hole created by MN; the concentration of
glucose in the ISF is similar to it in the blood sample due to the energy transfer between blood and ISF 48], Despite the
good correlation, glucose monitoring in ISF is challenging due to its diffusion gap from capillaries to skin /2. This provides
a new way for the future development of wearable biosensors that can be worn for a long time.

3.1. Colorimetric-MN Glucose Sensor

E.V. Mukerjee et al. reported the fabrication of a silicon MN array used for the ISF extraction from the skin in 2004, each
needle of the 20 x 20 MN array has a 200-350 ym tall needle shaft along with a base diameter of 120 ym on 300 pm



centers. However, there exists an initial 20—30 min latent time that is required to generate ISF that is enough to fill the
bore hole of the MN. Then, then the color change from clear to deep blue shows that there is around 80 to 120 mg/dL in
the extracted fluid Y, In 2017, a novel MN sensing concept was developed by Xu et al. where they designed and
fabricated a novel swellable MN platform based on the meth acrylated hyaluronic acid (MeHA); the obtained MN can
rapidly and efficiently extract ISF from the skin, extract =1.4 mg ISF within 1 min. The extracted skin ISF can be recovered
from the MN patch by centrifugation for the subsequent offline colorimetric glucose analysis. This proof-of-concept
research opens a new avenue for the progress of MN-based microdevices, which has the potential application of sampling
ISF as well as detection of minimally invasive metabolites. Kim et al. designed and fabricated a platform with porous MN
on a paper substrate (PMP) for the quick analysis of absorbed samples. The paper-based sensors, as well as porous
MNs, have a perpendicular through-whole fluidic channel: where the absorbed sample via MN flows to the sensor. The
MN, which is biodegradable, has interconnected pores of 5-10 pm in diameter. The colorimetric method is used to
indicate the glucose concentration by the TMB dye oxidization, and blue color development occurs in the presence of
hydrogen peroxide (1],

The Gu’ lab designed a glucose-responsive colloidal crystal (GCC) patch for minimally invasive, uncomplicated as well as
naked-eye recognizable glucose colorimetric monitoring. To realize the application of this material in situ detection of
glucose, they developed a secondary modification strategy that integrated the GCC with MN. Such core-shell MN
structure by the assembly of the soft GCC on hard MN can be used to maintain the stimulus-responsive property of the
GCC as well as support sufficient mechanical strength of MN to prick the skin. The skin showed very less inflammation
after GCC-MN insertion in comparison to the untreated skin, which clearly proves the biosafety of the GCC-MN patch (L8,

Xu and Li et al. reported an ingenious colorimetric dermal tattoo biosensor, which was manufactured by an MN patch for
parallelly detecting the multiple health-related biomarkers ex vivo as well as in vivo. Then these MN patches transfer the
reagents of colorimetric reaction into the dermis with very less invasion, which can form dermal tattoo biosensors. This
biosensor reveals a change in color with respect to differences in pH, glucose, uric acid, as well as the temperature of the
body. These alterations can be read by naked eyes for qualitative detection as well as captured using the camera of a
smartphone. Such kind of colorimetric dermal tattoo biosensor is very helpful not only in health management but also in
monitoring the disease.

3.2. Electrochemical-MN Glucose Sensors

The electrochemical-MN (EC-MN) glucose biosensor perfectly combines the MN with electrochemical detection
technologies, which produces a series of glucose biosensors with excellent performance. The EC sensor is widely used
for the development of glucose biosensors, comprising enzymatic and non-enzymatic sensors as shown in Table 1. The
concept of enzyme-based glucose electrochemical sensors is dependent to monitors the oxygen consumption according
to the enzyme-catalyzed reaction. However, the non-enzymatic EC glucose sensors are depended on the direct
electrochemical oxidation of glucose 2. The combination of MN patch technology paves another avenue for the
development of a novel device for the in vitro and in vivo measurement of glucose in the ISF.

Table 1. Comparison between the different electrochemical-MN performances for the detection of glucose.

Analytical Analytical

MN Description Type Sensor Technique Parameters Application Ref.
. . Linear range: 0-14 mM [83]
Solid, Hollow/PPD/GOx Enzyme EC Amperometric LOD: 0.1 mM None
. . Linear range: 0-25 mM [84]
Solid, Au/GOx Enzyme EC Amperometric LOD: 0.1 mM ISF
Hollow/carbon paste/GOX/TTF Enzyme EC  power density Linear range: 5-25 mM Artificial ISF [8s]
LOD: 0.1 mM
Solid/IPEDOT/GOx Enzyme EC Amperometric Linear range: up to 396 mg/dL None [88]
(dry 7 days)
. Linear range: 0-20 mM . [87]
PVDF-NfIGOx Enzyme EC Amperometric LOD: 0.1 mM Mice
Au/MPAIGOX Enzymeec  SVelic Linear range: 0-400 mg/dL ISF (8]
voltammetry
Solid/Au/FcCOOH/GOx Enzyme EC Amperometric Linear range: 2-13.5 mM None [89]

Hollow/Pt/GOx Enzyme EC Amperometric up to 500 mg/dL Volunteer [20]



L Analytical Analytical L
MN Description Type Sensor Technique Parameters Application Ref.
Solid/FAD-GDHIFcSH/h-PG/Au Enzyme EC Amperometric Linear range: 0.1-10 mM Artificial ISF EXY
AuMN/pTCA-GOx Enzyme EC Amperometric Linear range: 0.05-20 mM Volunteers (02
. . Linear range: Up to 2.6 mM (93]
Solid/Au/OPPy/AuNPs/GOXxINf Enzyme EC Amperometric LOD: 0.04 mM None
Solid/Silk/polyols/GOD Enzyme EC Amperometric Linear range: 1.7-10.4 mM None o4
. . Linear range: 3-24 mM . [26]
Solid/Au/GOD Enzyme EC Amperometric LOD:0.048 mM Mice
Solid/Au-Si-MNA/Fc- . . . . [95]
PAMAMI/GOX Enzyme EC Amperometric Linear range: 3.6-6.0 mM Mice
Solid/ICNTs/Pt NPs :gn-Enzyme Amperometric Linear range: 3-20.0 mM None (261
. Non-Enzyme . Linear range: up to 36 mM . [07]
Solid/Pt black EC Amperometric LOD: 0.05 mM Rabbit
. Non-Enzyme . Linear range: 1-40 mM [98]
Solid/Au/Pt black/Nf EC Amperometric LOD: 0.023 mM blood serum
Solid/MN/Au/Pt black/Nf :(o:n-Enzyme Amperometric Linear range: 1-20 mM Rat 9]
. Non-Enzyme . MARD = 9%, 96.6% in Zone A 100
Solid/Pt EC Amperometric and B(CGM) volunteer
Solid/IMAPIGOXx Enzyme EC Amperometric Linear range: 100-400 mg/dL Beagle 10
volunteer
Solid/Au/GOx Enzyme EC Amperometric Linear range: 1-40 mM rat volunteer 102
Solid/Pt/PPD/GOXx- . . . 103
Chitosan/PVC Enzyme EC Amperometric Linear range: 0-40 mM volunteer
Table Abbreviation, poly(o-phenylenediamine) (PPD), Glucose oxidase (GOx), tetrathiafulvalene (TTF), poly(3,4-

ethylenedioxythiophene) (PEDOT), Nafion (Nf), Polyvinylidene fluoride (PVDF), 3-Mercaptopropionic acid (MPA),
ferrocene monocarboxylic acid (FcCOOH), flavin adenine dinucleotide glucose dehydrogenase (FAD-GDH), terthiophene
carboxylic acid (TCA), overoxidized polypyrrole (OPPy), glucose oxidase (GOD), MN array (MNA), ferrocene cored
poly(amidoamine), dendrimers (Fc-PAMAM), Multi-walled carbon nanotubes (MWCNTSs), mussel adhesive protein (MAP),
poly-o-phenylenediamine (PPD), polyvinyl chloride (PVC).
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