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Microneedle-based glucose monitoring: a review
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from sampling methods to wearable biosensors
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Blood glucose (BG) monitoring is critical for diabetes management. In recent years, microneedle (MN)-
based technology has attracted emerging attention in glucose sensing and detection. In this review, we
summarized MN-based sampling for glucose collection and glucose analysis in detail. First, different prin-
ciples of MN-based biofluid extraction were elaborated, including external negative pressure, capillary
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force, swelling force and iontophoresis, which would guide the shape design and material optimization of
MNs. Second, MNs coupled with different analysis approaches, including Raman methods, colorimetry,
fluorescence, and electrochemical sensing, were emphasized to exhibit the trend towards highly inte-

rsc.li/biomaterials-science grated wearable sensors. Finally, the future development prospects of MN-based devices were discussed.
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1. Introduction

Diabetes mellitus (DM) is a group of metabolic diseases
characterized by a failure of regulation of blood glucose (BG)
levels in the body, and has become a challenging health
problem worldwide.! According to the latest statistics from the
International Diabetes Federation (IDF) in 2021, 537 million
people worldwide live with DM, and China tops the chart with
the highest number of diabetic patients (140.9 million)." Not
only does DM create secondary health complications, if uncon-
trolled, it can also lead to high chronic mortality rates.”® The
prevalence of this epidemic morbidity is ever-increasing and
seriously threatens global socio-economic welfare.
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Intensive diabetes treatment reduces the risk of compli-
cations, and glucose monitoring is a core component of suc-
cessful management in diabetes." Blood tests have long been
the gold standard for clinical diagnosis. The common method
of glucose monitoring involves sampling a small amount of
blood from a patient’s fingerstick. However, frequent blood
sampling can create pain and is inconvenient, with the poten-
tial risk for cross-contamination, which creates trypanophobia
in many diabetic patients. To avoid traditional BG monitoring,
numerous alternative techniques have been developed, from
invasive towards minimally invasive and non-invasive glucose
monitoring, which mainly includes non-invasive optical
methods,*® sampling from other sites instead of the fingertip,
and wireless continuous glucose monitoring (CGM).”*°

Sweat,>'"!? saliva,"® tears,'*'® and interstitial fluid (ISF)
are common alternative test samples for BG monitoring. In
comparison with the other peripheral biofluids, ISF contains
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abundant physiological information and exhibits a close corre-
lation with blood samples due to the transcapillary exchange
between the blood and the cells.'® ISF is contained in all layers
of the skin below the stratum corneum, accounting for 45% of
the skin volume (blood accounts for only 5%), with non-clot-
ting properties and high sensitivity to local tissue changes."”
Thus, ISF has gained popularity as a biomarker source to diag-
nose DM, owing to its ability to provide glucose trends and
fluctuations.'® However, relevant detection methods are
limited by the low permeability of the human skin to glucose
due to the outermost stratum corneum layer. A variety of
approaches have been suggested to enhance the extraction of
ISF (i.e. suction blisters, sonication, electric fields, or reverse
iontophoresis'®%); however, these methods would alter the
composition of the ISF, due to the local trauma caused by the
extraction process. Although a transdermal ISF extraction tech-
nique using ultrasound and vacuum offers the promise of non-
invasive, continuous, and real-time glucose monitoring, this
technique only extracts a minimal volume of ISF, which scat-
ters on the skin surface, making it unsuitable for ISF collec-
tion and measurement by using macroscale systems.

In recent years, microneedles (MNs) have gained significant
attention due to their micron size and minimal invasion.>*?*
MNs are been extensively exploited in biofluid extraction,>®
bacterial sensing,*® transdermal detection,””"*® as well as trans-
dermal drug delivery for various diseases including
diabetes.”®*® In particular, MNs are widely used in ISF
sampling and measuring unique biomarkers for disease diag-
nosis, prognosis, and treatment because of the painless experi-
ence and desired patient compliance. Zhang et al. developed
encoded MNs capable of detecting multiple biomarkers in
skin ISF.*! Yang et al. reported an MN array encapsulated with
programmed DNA hydrogels for the sensitive detection of
miRNA in ISF.>*> Wang et al. designed an MN patch for fast
in vivo sampling and on-needle ultrasensitive quantification of
target protein biomarkers in ISF.*?

At present, ISF direct extraction and electrochemical probes
are two types of MN-based technology applied in medical
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Fig. 1 Schematic illustration of different shapes of MNs, MN-mediated
biofluid extraction and diagnosis system for glucose monitoring.

sensing. In this review, we focus on the development and
application of MN-based sampling, detection and sensing
devices. First, we introduce the extraction principles to guide
the shape design and material optimization of MNs (Fig. 1,
top and middle panels). Second, we present the current per-
formance and potential scenarios of different types of MN-
based transdermal diagnosis approach, including Raman
method, colorimetry, and fluorescence (Fig. 1, bottom panel).
Later, the integration of MNs as probes or biofluid collectors
with electrochemical sensors (Fig. 1, bottom panel) for con-
tinuous glucose detection is highlighted to elaborate the trend
towards highly integrated sensors. Finally, the current chal-
lenges and the perspectives on future development are also
discussed to fulfill the great potential of MN technology.

2. MNs for biofluid extraction

MNs, as a sampling tool, construct a bridge between the bio-
fluids and the reservoir, allowing ISF and blood to be extracted
with the assistance of negative pressure, capillary force, swell-
ing force, or electroosmosis.’>® Four types of MN (solid MNs,
hollow MNs, porous MNs, and swelling MNs) have been exten-
sively used for transdermal sampling (Fig. 1, middle panel).
The collected biofluids can be transported out of the device
for analysis using established analytical methods. In the fol-
lowing we will introduce different principles of MN-based ISF
extraction, and illustrate the relevant shape design and
material optimization of MN systems (Table 1).

2.1. Negative pressure-based extraction

Negative pressure-based extraction drives the biofluid flow
through pressure differences between the skin and the MNs
(Fig. 1).*® The extraction is initiated with a vacuum actuator,
which is pre-stored or press-generated, and is usually com-

This journal is © The Royal Society of Chemistry 2023
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bined with a hollow MN. Generally, hollow MNs are relatively
brittle and require materials with higher mechanical strength.
Therefore, long hollow MNs (>1500 pm long) are usually a
single stainless steel needle for blood extraction,*® but short
hollow MNs can be made of various materials (titanium, Si,
glass, polymers) and can be arranged into an array for ISF
extraction. The elastic chamber made of polydimethylsiloxane
(PDMS) is a simple and desirable actuator as negative pressure
which can be readily induced by elastic deformation. Li et al.
presented a vacuum-pressure-aided blood extraction system
with a Ni hollow MN for a colorimetric glucose sensor
(Fig. 2A).*” They connected a hollow MN to a PDMS micro-
chamber, which was elastically deformable by a finger push to
evacuate the air inside, and the resulting negative pressure
drove the blood to the chamber, followed by capillary transport
of the blood through a filtering and glucose oxidase (GOx)-
immobilized paper channel; glucose levels were detected
through colorimetric changes in the paper. Moreover, the
control component could be fabricated by the injection-
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molding of plastics or rubbers such as acrylonitrile butadiene
styrene and thermoplastic elastomer. Blicharz et al. assembled
an MN-based tap-actuated device for painless blood collection,
and a solid MN array was used to pierce the skin and induce a
vacuum to withdraw blood (Fig. 2B).>> The device yielded
100 pl of heparinized whole blood by mixing the blood with
lithium heparin anticoagulant in the inner microfluidic
channel. This device is suitable for most frequently ordered
point-of-care testing (POCT).”> Interestingly, Miller et al.
described a vacuum-free stainless steel MN with a cylinder con-
centric substrate for pressure-driven ISF extraction (Fig. 2C)."®
The unique opening design generated a local pressure at the
tissue surrounding the insertion point, and consequently
transported about 1.5 pL ISF into a single MN without the
need for an additional vacuum.

Apart from MN-connected extraction, multiple insertions of
solid MN devices also encourage the biofluids to migrate to
the skin surface through the micropores, which were then col-
lected via vacuum suction or a well-absorbent film for sub-
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Fig. 2

ISF collection by negative pressure through hollow and solid MNs. (A) A single hollow MN combined with a PDMS switch and a paper-based

sensor for one-touch-activated blood multi-diagnosis. Adapted with permission from ref. 37. Copyright 2015, Royal Society of Chemistry. (B) One-
step collection of capillary blood samples with a tap device and solid MNs. Adapted with permission from ref. 25. Copyright 2018, Springer Nature.
(C) A single hollow MN with planar and cylinder concentric substrates for ISF extraction. Adapted with permission from ref. 16. Copyright 2018,
Springer Nature. (D) MN device and ISF collection by MN treatment compared with a suction blister. Adapted with permission from ref. 17. Copyright
2020, American Association for the Advancement of Science.
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sequent analysis. Prausnitz’s group utilized 700-1500 pm long,
glass MNs to penetrate the skin, and ISF was extracted from
the generated pores with vacuum pressure.*® Then 1-10 pL ISF
was extracted within 2-10 min for glucose measurements. The
same group then utilized 650 um long stainless steel MNs to
press the skin, and then blood-free ISF flowed to the skin
surface through the micropores.®® The ISF was then absorbed
through a thin strip of filter paper on the back of the MN
patch for subsequent analysis. This method can collect >1 pL
ISF within 2 min. Subsequently, they modified the method by
applying a vacuum to the pores after the MN had created a
pathway for the ISF (Fig. 2D)."” The vacuum was slowly
increased from 0 to —50 kPa over a course of ~3 min, collect-
ing 2.3 + 2.6 pL clear ISF without visual traces of blood within
20 min. In contrast, the traditional blister method collects ISF
from the blister by applying a vacuum at 40 °C for 1 hour, sep-
arating the epidermis from the dermis and filling the resulting
blister with liquid, which often leads to skin damage, infection
and bleeding,*® and requires a higher sample volume."®
Moreover, the pressure gradient can be generated by intro-
ducing a higher molecular weight osmolyte into the surround-
ing ISF. Zheng et al. designed osmolyte-powered hydrogel MNs
composed of osmolytes (maltose) and high-swelling methacry-
lated hyaluronic acid (MeHA).*® During the extraction process,
the dissolved osmolytes in the matrix provided an osmotic
pressure that increased the diffusion of ISF from the skin to
the hydrogel matrix. The MNs extracted 1.96, 3.11, 3.83, and
4.67 pL of ISF in 1, 3, 5, and 10 min, respectively, which were
around 1.5-fold those extracted by MeHA MNs. Through the
integration with the electrochemical glucose sensors, the
whole system permits a rapid quantification of glucose in vivo.

2.2. Capillary force-based extraction

Capillary force-based extraction could drive the blood or ISF
flow because of the solid-liquid interfacial interaction between
two lyophilic solid surfaces (e.g., in the narrow channel in
hollow MNs). In general, the sampling rate based on capillarity
can be expedited by reducing the contact angle () (Fig. 1), nar-
rowing the microchannel diameter, or inserting a “wick” into
the hollow MN.*' While the inner diameter of a hollow stain-
less steel MN is often too large (>60 pm) to provide sufficient
capillary force, silicon (Si) is mainly used to prepare ultra-fine
hollow MNs due to its accurate microfabrication technology,
endowing the hollow MNs with self-powered ability based on
enhanced capillarity.

Different from extracting blood with a single needle, an MN
array requires a certain density and size to extract enough ISF
for further analysis. Mukerjee et al. pioneered the extraction of
ISF from an array of 20 x 20 “volcano-like” hollow MNs (10 pm
in hole diameter) on a bulk Si wafer.** The extracted ISF took
15-20 min to be transferred to the back of the microfluidic
system with the aid of capillary action. Then commercial
glucose strips were used to measure glucose concentrations in
the collected ISF. However, such an extraction method could
cause measurement delays.*”> Strambini et al. fabricated a
silicon-based MN patch by etching oxidation (Fig. 3A); they
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Fig. 3 ISF collection by capillary action through hollow and porous
MNs. (A) SEM images of SiO, hollow MN arrays with a typical insulin
needle sitting on the top for comparison. Adapted with permission from
ref. 43. Copyright 2015, Elsevier. (B) SEM images of “snake fang” hollow
MNs. Adapted with permission from ref. 44. Copyright 2019, Springer
Nature. (C) Characteristics of a sponge-forming MN patch. Adapted with
permission from ref. 51. Copyright 2019, Springer Nature. (D) SEM
images of MNs embedded with glass microspheres and porous MNs
after etching by hydrofluoric acid. Adapted with permission from ref. 52.
Copyright 2021, Elsevier.

narrowed the inner diameter of each hollow MN to 4 pm and
increased the density to 1 x 10° needles per cm” in order to
enhance the capillary action.*® Li et al. prepared silicon hollow
MNs by a deep-reactive ion etching (DRIE) process, and
achieved a tip radius as small as 5 pm (Fig. 3B).** Such devices
allowed the sensing elements to be integrated either within
the needle borehole or on the backside of the device, relying
on capillary filling of the borehole with dermal ISF for trans-
porting clinically relevant biomarkers to the sensor sites.**
Interestingly, Ribet et al. developed a minimally delayed intra-
dermal CGM device using a single hollow Si MN-based system,
in which an ultra-miniaturized electrochemical sensing probe
was integrated into the lumen of the MN, and real-time
measurements can be performed entirely on molecular
diffusion over a short distance driven by passive capillary
lumen filling.*> In addition to hollow MNs, there are some
MNs with grooves on the surface for biofluid extraction®®

This journal is © The Royal Society of Chemistry 2023
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through capillary force. For example, You et al. demonstrated a
multi-groove MN array integrated with a paper-based glucose
sensor.’® The multi-groove MNs were prepared by a one-step
preparation method based on the refraction index variations of
poly(ethylene glycol)diacrylate (PEGDA) in the process of
photopolymerization. The glucose strip on the substrate could
show a color change about 2 min after puncture.

In addition, porous MNs can be considered as a hybrid of
solid and hollow MNs. The interconnected porous structure
can automatically draw liquid via capillary force, and the
resulting liquid is then collected by centrifugation for the sub-
sequent analysis of metabolites. As blood passed through the
porous structure, blood cells were trapped, leaving only
plasma for analysis. For example, Gholami et al. fabricated
microporous ceramic MNs by the method of centrifugal
casting, with adjustable porosity (up to 60%) and intercon-
nected micropores (of diameter ~1-1.5 pm).*” By extracting
glucose in simulative skin, the porous MNs with a higher poro-
sity, interconnection rate and specific surface area demon-
strated more accurate glucose detection. Due to the stringent
conditions during the manufacturing of a ceramic or metal
porous structure,’® polymers are mainly used to prepare
porous MNs owing to the simple micromachining process and
low cost; these include poly(glycidyl methacrylate) (PGMA),
poly(lactic acid) (PLA), poly(lactic-co-glycolic acid) (PLGA),
PDMS, cellulose acetate, and so on.* For example, sacrificial
pore-causing agents or templates are used to create pores in
the polymer matrix during the manufacture of porous polymer
MN. By using poly(ethylene glycol) (PEG) as a porogen, Liu
et al. prepared a porous MN array from PGMA which was syn-
thesized by photopolymerization in the presence of a PEG
solution.>® The water absorption speed and mechanical
strength can be modulated by varying the ratio of porogen.>°
Chen et al. prepared a sponge-forming MN patch composed of
polyvinyl formal (PVF) (Fig. 3C); the MNs can extract 3.6 =+
0.6 mg ISF in 5 min and retain their structural integrity
without leaving residues in the skin after usage.”® Zhao's
group prepared an aptamer-decorated porous MN array by
replicating the negative molds comprising glass microspheres
with UV-curable ethoxylated trimethylolpropane triacrylate
(ETPTA) (Fig. 3D).”* The porous MN arrays achieved a signifi-
cantly increased specific surface area, and thus vast aptamer
probes could be immobilized to directly and efficiently capture
biomarkers from ISF.

However, porous polymer MNs are physically brittle. One
attempt to obtain better mechanical strength is coating a
porous structure around the solid MNs. Takeuchi et al. con-
ceived a sponge-like porous MN made from hyaluronic acid
(HA) coated with a porous PDMS layer.”> The HA provided
sufficient mechanical properties for the MNs in the dry state,
and exhibited elastic porous MNs after its rapid dissolution, so
that it can absorb fluid by manual compression. Recently,
Puttaswamy et al. coated porous PLGA on the surface of
maltose MNs.>! The resulting core-shell MNs sustained ten
times the force required to penetrate the skin.** In addition,
considering the poor hydrophilicity and adhesion of porous

This journal is © The Royal Society of Chemistry 2023
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MNs, which limited the extraction rate of ISF, Liu et al. de-
posited a mixture of polydopamine (PDA) and PEG coating for
the hydrophilic and anti-adhesive modification of porous
polymer MNs, which can be extended to hydrophobic poly-
mers generally used in medical fields.>

2.3. Swelling force-based extraction

Hydrogel MNs, which are rigid in the dry state but swell into a
porous structure after liquid absorption, enable both effective
skin penetration and biofluid extraction. Since hydrogels
contain numerous hydrophilic groups (e.g.,, -NH,, -OH, and
-SO3;H),>® the swelling ability of hydrogel MNs acts like a
sponge and can extract ISF without additional force. When in
contact with ISF, the hydrogel surface is attacked by solvent
molecules and starts expanding, allowing for further molecule
penetration into the hydrogel network, until an equilibrium of
the swelling and elastic network retraction is reached.””® As
with porous MNs, the extracted ISF can be liberated from the
hydrogel MNs by centrifugation; however, the structural pro-
perties of the hydrogels make the recovery process of target
biomarkers time consuming due to a large amount of water
within the hydrogel structure. Nevertheless, the fabrication
process of hydrogel MNs by mold casting is relatively simple,
and they can effectively collect ISF due to the relatively large
capacity of the sampling volume.

Prausnitz’s group first proposed the use of hydrogel-
forming MN arrays for biomarker extraction and analysis by
their integration into conventional analytical microtubes and
microplates.>® MN patches were made of cross-linked hydrogel
composed of poly(methyl vinyl ether-alt-maleic acid) and PEG
by micromolding. The MN patches swelled with water up to
50-fold in volume depending on the cross-linking degree, and
collected ISF from the skin of rats. Donnelly’s group then used
the above MN arrays to assess glucose levels in volunteers fol-
lowing oral dosing with glucose powder, indicating their viable
application in BG monitoring in patients with diabetes.®

Interestingly, He et al. recently reported a hydrogel MN
patch made of polyvinyl alcohol (PVA) and chitosan (CS).**
After insertion to rabbit skin for 10 min, the MN patch can
extract 1.25 * 0.37 mg ISF. Meanwhile, the thermal degra-
dation of PVA facilitated the recovery of target biomarkers from
the MN array. In addition, PVA is also used with polyvinylpyrro-
lidone (PVP) to improve the overall swelling property of MN
patches, thus allowing the MN patches to extract ISF more
efficiently. For example, Xu et al. prepared a PVA/PVP MN
patch that was able to extract 4.4 mg ISF within 12 min and
recover ISF by mild heating.®*> Al Sulaiman et al. developed an
MN patch coated with an alginate-peptide nucleic acid hybrid
material for the sequence-specific sampling and isolation of
biomarkers, which can extract ~6.5 pL ISF within 2 min.%®
Recently, Laszlo et al. utilized superabsorbent acrylate-based
hydrogels to prepare an MN patch that successfully extracted
6 uL of ISF within 10 min.%*

At present, cross-linked hydrogel made of MeHA or gelatin
methacryloyl (GelMA) shows a shorter absorption time and
greater swelling ratio.®>®® The extraction ability is highly
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dependent on the concentration of monomer and the polymer-
ization time. Chang et al developed an MN patch using
MeHA, which can extract 2.3 + 0.4 mg of ISF in 10 min
(Fig. 4A).°° More importantly, the extracted ISF metabolites
can be efficiently recovered from the MN patches by centrifu-
gation for the subsequent analysis of metabolites such as
glucose and cholesterol.®® Zhu et al. prepared GelMA MN
patches with various crosslinking degrees and initial polymer
concentrations; by tuning these parameters, the swelling
(293%-423%) and other mechanical properties of the MN were
optimized for the rapid extraction of ISF, and then glucose and
vancomycin were quantitatively detected in ISF in an in vivo
study.®® Fonseca et al. constructed cross-linked GelMA MN
patches to extract and detect urea levels in ISF.®” The MN
patches were able to extract 3.5 + 0.1 mg ISF from the agarose
system in 30 min.

Recently, our group developed a dual-responsive hydrogel
for the visual detection of glucose (Fig. 4B).°® The hydrogels
were synthesized based on GelMA, pH-responsive nanogel and
GOx. The changes of the size and fluorescence intensity of the
hydrogel system in response to glucose allowed a quantitative
readout of glucose levels in solution and in diabetic mice.®®
Subsequently, we integrated the responsive hydrogel system
into MNs, combined with a transparent photocurable resin
substrate (Fig. 4C).®> When applied on the skin of mice, the
MNs can respond rapidly and sensitively to the glucose con-
centration in diabetic mice within 3-5 seconds, and quantitat-
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ive characterizations of glucose concentrations were achieved
through the change of MN height and expansion rate.

2.4. TIontophoresis-based extraction

Iontophoretic transport consists of the electroosmotic flow
(EOF) of the solvent as well as the electrophoresis of the
charged molecules themselves. Iontophoresis can employ a
continuous mild current to promote charged therapeutic
agents across the skin layer and even into the systemic circula-
tion and thus significantly facilitates the transdermal delivery
of the drugs.”®”" In contrast, the use of reverse iontophoresis
(RI) can electrically draw molecules (e.g., glucose, urea,
alcohol, etc.) through the epidermis to the skin surface, and
then these molecules can be measured via electrochemical
sensors.>”?

Glucowatch® biographer (Cygnus Inc.) was the first U.S
Food and Drug Administration (FDA) approved non-invasive
glucose monitor that electrochemically measured the glucose
concentrations in skin ISF extracted by RI. RI was carried out
by applying a mild current with two skin-worn electrodes to
induce ion migration across the skin.”> However,
GlucoWatch® was eventually withdrawn from the market due
to the skin irritation caused by the RI process, the long warm-
up time (2-3 hours), as well as the need for calibration using
standard BG strips. To this end, Joseph Wang and coworkers
demonstrated a wearable sensing platform prepared by a
screen-printed electrochemical path.”’ The platform achieved

GOx @ Glucose

Fig. 4

ISF collection by diffusion into hydrogel MNs. (A) Schematic representation of the rapid extraction of ISF by crosslinked MeHA MN patches.

The right panel includes an SEM image and overall photograph of an MeHA MN patch. Adapted with permission from ref. 66. Copyright 2017, Wiley-
VCH. (B) In vitro glucose sensing by GelMA/CMC-pHEA hydrogels, including optical and fluorescence images, respectively. Adapted with permission
from ref. 68. Copyright 2019, Elsevier. (C) Schematic illustration and responsive mechanism of an MN patch made by the hydrogels in (B) for glucose

monitoring. Adapted with permission from ref. 69. Copyright 2023, Elsevier.
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simultaneous noninvasive sampling and analysis of two
different biofluids. With sweat stimulation by transdermal
pilocarpine delivery at the anode, alongside the extraction of
ISF by RI at the cathode, the panda-looking tattoo patches can
detect real-time reliable changes in sweat-alcohol and ISF-
glucose.?" This platform is shown to be extremely attractive for
next-generation epidermal biosensing systems using RI.
Nevertheless, the barrier function of the stratum corneum
limits the formation of stable transdermal currents, and only
small molecules can be the candidates for transdermal deliv-
ery and collection.”® Therefore, other researchers combined
MNs with RI or iontophoresis to lower the transdermal resis-
tance and transport larger molecules. This technology has
been used to enhance ISF extraction and electronically con-
trolled insulin delivery.?>”>7%”> For example, Kusama et al.
report the application of ion-conductive porous PGMA MNs for
improving iontophoresis.”* The porous MN-generated EOF
greatly enhanced the transdermal molecular extraction, simi-
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larly to the flow induced by external pressure. This design
enhanced the efficiency of the EOF-assisted delivery of a model
drug (dextran) and the extraction of glucose in pig skin.
Furthermore, an enzymatic biobattery (fructose/O, battery) can
serve as the integrated power source to drive the EOF-assisted
transdermal iontophoresis, showing the possibility of EOF-
based wearable MN patches in the future. Meanwhile, Xie’s
group presented an integrated wearable closed-loop system
(IWCS) based on a mesoporous MN array for diabetes diagno-
sis and treatment (Fig. 5A).”> The IWCS consisted of an MN
glucose sensor based on MN-RI extraction and electrochemical
sensing, a flexible printed circuit board (FPCB) as an inte-
grated recording and control section, and a therapeutic com-
ponent (MN-iontophoretic insulin delivery by an electrical
trigger). After the mesoporous MNs pierced the skin, the
glucose in the ISF was extracted into the chamber via RI, fol-
lowed by detection via electrodes. Accordingly, the overall
system can release insulin to regulate hyperglycemia in a
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ISF collection by iontophoresis through porous and solid MNs. (A) A closed-loop system based on mesoporous MN-RI for diabetes treatment.

Adapted with permission from ref. 75. Copyright 2021, Wiley-VCH. (B) A touch-actuated glucose sensor fully integrated with solid MNs and RI for
diabetes monitoring. Adapted with permission from ref. 22. Copyright 2022, Elsevier.
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timely and intelligent manner, which makes it a promising
platform to improve the treatment efficiency. Subsequently,
the same group developed a touch-actuated glucose sensor by
effectively integrating a solid MN array, an RI sampling unit,
and a glucose electrochemical sensing unit (Fig. 5B).> The
solid MNs created uniform microchannels in touch-actuated
piercing and self-retraction mode, coupled with iontophoresis
which significantly enhanced the sampling efficiency and con-
sistency for ISF glucose. They further developed a smartphone-
based glucose electrochemical detection platform, making it
suitable for home care diabetic monitoring.

As discussed above, MNs as biofluid collectors have been
widely investigated for in vitro diagnostic systems. However,
sampling ISF using an MN-based system involves a complex
process, and most previous studies are limited by submicro-
liter sampling volumes and poor correlation of the measure-
ment of biomarkers.

It is reported that ISF extraction critically depends on the
transport mechanism, and an ideal ISF sampling system
should reliably sample >1 pL of ISF in <20 min,** which is
sufficient for multiple analytical assays and is without tissue
damage or irritation. The rank order of the ISF amount col-
lected by MNs is as follows: hydrogel MN (0.0030 pL per MN
(12 h insertion)) < paper-based porous MN (0.0033 pL per MN
(20 min insertion)) < hollow MN (0.01-0.03 pL per MN (20 min
insertion)).>* Accordingly, hollow MNs enable a sufficient
extraction of ISF, while the sampling rate of porous MNs is
limited by diffusion through the dermis. However, the porous
MNs provide advantages such as their applicability for bio-
degradable materials and the simple fabrication and assembly
with microfluidic systems, whereas the hollow MNs are gener-
ally made of non-biocompatible materials and fabricated by a
complex process which limits the microfluidic system design.
It seemed that ISF extraction by swelling force was not satisfac-
tory. Actually, the extraction amount of ISF had a considerable
relationship with the properties of the material itself rather
than the swelling force method itself. Therefore, it was impor-
tant to exploit the materials with good swelling properties.

Moreover, the pressure gradient across the skin layer can
collect a significant amount of ISF in a short period of time
compared with the other techniques. The applied vacuum can
provide a stable pressure gradient over a long period of time.
In addition, pressure differentials can also be generated by
introducing high molecular weight penetrants with low diffu-
sivity into the surrounding ISF. However, the tolerance of the
skin to pressure needs to be optimized, and progressive
pressure can result in much less skin damage. In addition,
many issues have not been fully studied, and further research
is required to unlock the maximum potential of MN-based
biosensors.

3. Integrated MN sensing systems

In the above investigations, ISF was first collected by the MN
device, and then most of the samples were analyzed in instru-

5736 | Biomater. Sci, 2023, 1, 5727-5757

View Article Online

Biomaterials Science

ments separately, which required an additional transfer step of
ISF. To meet the requirements for POCT or home testing, MNs
have been integrated with other devices or smart materials for
the direct extraction of biomarkers, rapid testing, and easy
readout.”® Generally, glucose biosensors rely on the monitor-
ing of the oxygen consumption or the chemical products
during the enzyme-catalyzed reaction (eqn (1)).

glucose oxidase
E——

Glucose + O, gluconicacid + H,0, (1)

In this section, we summarize the recent reports emphasiz-
ing the different glucose-sensing principles of MN systems,
including the surface-enhanced Raman scattering (SERS)
method, colorimetric method, and fluorescence method
(Table 2), whereas the electrochemical glucose-sensing mecha-
nism, which is most widely used in diabetes monitoring, will
be emphasized in section 4 separately.

3.1. SERS-based MN glucose sensors

Raman spectroscopy is a spectroscopic technique providing
more specific chemical information and unique vibrational
signatures of target biomolecules compared with mid- or near-
infrared spectroscopy.”” However, the Raman signal is intrinsi-
cally weak when measuring dermal components deeper than
700 pm, and the detection sensitivity is reduced by the small
Raman scattering cross-section (1072°-107*? cm?) of endogen-
ous biomolecules, which limits its application in biosensing.
Fortunately, SERS effectively overcomes this weakness due to
the dramatic enhancement of Raman signals by plasmonic
effects.”®”°

Combined with MNs, SERS has been used for the in situ
detection of glucose,®*®* pH,® redox potential,®® drug concen-
tration and bacteria®® in a painless, effective, and minimally
invasive approach, and the resulting signal is subsequently
enhanced by metal nanoparticles (NPs). Initially, Liu and co-
workers first proposed using MNs as a tool to solve the limit-
ation of Raman transmission depth in the skin.®® They pro-
posed an Ag-coated stainless steel MN-based SERS probe for
the sensitive detection of rhodamine 6G (R6G) and glucose at
a depth of more than 700 pm in simulative skin. This work
showed the potential of using MN for SERS measurements and
achieved larger penetration depths with augmented signals.
However, the use of stainless steel MNs caused a strong skin
immune response. To solve this problem, the same group sub-
sequently designed a hollow agarose MN coated with a silver
layer for the SERS detection of glucose molecules.®” The
agarose materials were more biocompatible than stainless
steel even if the MN was broken inside the skin. Even with a
slightly reduced measurement accuracy, the Ag-coated agarose
MN still quantified glucose inside the skin phantoms with a
wide range from 5 to 150 mM within 10 s. Unfortunately, Ag-
coated agarose MNs were not used to demonstrate direct
intradermal measurements in vivo. To promote the appli-
cation of Raman-MN technology for in situ measurements of
glucose, the same group developed a novel sensor based on a
poly(methyl methacrylate) (PMMA) MN array (Fig. 6).2* The

This journal is © The Royal Society of Chemistry 2023
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Table 2 Comparison of performance of different MN glucose sensors
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Microneedle Time
Principle Targets Sensing mechanism specifications Detection ranges consumptions Ref.
SERS Glucose N.R. Ag-coated SS HMNSs 5-150 mM N.R. 80
Glucose 1-DT Ag-coated agarose 5-150 mM 10s 81
HMNs
Redox, pH AQ, 4-MBA SS SMN with GNSs N.R. 5 min 85
R6G A thin strip of filter paper fixed SS SMNs N.R. 5 min 82
with PSS coated with AuNRs
pH 4-MBA Polymer MN coated 5-9 for pH N.R. 84
with AuNRs
Glucose 1-DT Ag-coated PMMA MNs  0-20 mM 15 min 83
E. coli Specific aptamer towards E. coli GNpops-coated polymer LOD: 143 CFU per g 3 min 86
MNs
Colorimetry  Electrolyte ions, Oxidase-based TMB and PVA/CS MNs 0-16 mM for glucose, 1 min 61
glucose, lactate, potassium iodide mixed 20-40 mM for chloride,
proteins solution, chloride assay kit, 5-30 mM for lactate,
lactate assay kit, Coomassie 28-194 mM for BSA
Brilliant Blue G-250
Glucose, Oxidase-based MADB TOPS SS MNs with a paper- 0-15 mM for glucose, 3 min 37
cholesterol colorimetric systems based multiplex sensor  0-17.8 mM for cholesterol
Glucose GOx-based TMB-HRP Photopolymer MNs 0.1-10 mM 30s 89
with a colorimetric
paper-based backplate
Glucose, lactate, Oxidases/HRP/three HA-MeHA MNs with a 0-16 mM for glucose, 11 min 92
cholesterol, pH chromogenic dyes systems, the sensing-reagent- 0-3.2 mM for lactate,
pH indicator bromocresol decorated test paper 0-12 mM for cholesterol,
green 5-8 for pH
Glucose GOx-based TMB-HRP PVA MNs with a 2.8-22.3 mM 10 min 94
colorimetric layer
Glucose GOx-MnO,@GO based TMB GelMA MNs with a GOx- 2.8-16.7 mM 5 min 95
MnO,@GO base and a
patch for glucose-
biosensing
PH, glucose, uric pH indicators, GOx/uricase- HA MNs 6-8 for pH, 1-10 mM for 10 min 91
acid, temperature  based TMB-HRP colorimetric glucose, 0.2-1.6 mM for
systems, and temperature- uric acid, 36-39 °C for
responsive solutions temperature
Glucose FPBA-based colloidal crystal Resin SMNs coated with 5.6-22.3 mM 5 min 90
colorimetric systems colloidal crystals
pH, glucose, PAM/FPBA/histamine aptamer- PEGDA and AM MNs LOD: 8 for pH, 1 mg mL™" 30 min 101
histamine based colloidal crystal with colloidal crystals for glucose, 2 ug mL ™" for
colorimetric systems histamine
Fluorescence Glucose Fluorescently labeled E. coli SS SMNs 3-40 mM 30s 107
GBP
Glucose, ATP, Fluorescently labeled aptamer =~ MeHA HMNs LOD: 1.1 mM for glucose, 2 min 104
L-tyrosinamide, probe 0.1 mM for ATP, 3.5 pM for
thrombin L-tyrosinamide, and 25 nM
for thrombin
Glucose PBA functionalized hydrogel Nanodiamond-based 0-36.1 mM N.R. 108
with fluorescent boronic HMN
nanodiamonds
Glucose Diboronic acid and anthracene  Silk MNs 2.778-25 mM 15-20 min 109

functionalized hydrogel

Abbreviation: N.R.: not reported; LOD: limit of detection; SMN: solid microneedle; HMN: hollow microneedle; SS: stainless steel;
PSS: poly(styrenesulfonate); AuNRs: gold nanorods; R6G: Rhodamine 6G; 4-MBA: 4-mercaptobenzoic acid; PMMA: poly(methyl methacrylate);
1-DT: 1-decanethiol; MB: methylene blue; E. coli: Escherichia coli; GNpops: gold nanopopcorns; TMB:tetramethylbenzidine; GNSs: gold
nanoshells; PAM: polyacrylamide; AQ: anthraquinone-2-carboxylic acid; FPBA: fluorophenylboronic acid; PBA: phenylboronic acid; GBP: glucose-
binding protein; ATP: adenosine triphosphate.

high light transmission of PMMA enabled laser light as well
as Raman signals to transmit through the MN, and the
PMMA MN was coated with a thin silver film to enhance the
Raman signals. After being modified with the glucose capture
agent of 1-decanethiol (1-DT), the functional MN array
achieved intradermal measurements of ISF glucose in dia-

betic mice.

This journal is © The Royal Society of Chemistry 2023

group invented

a plasmonic paper

by

However, during the MN insertion into the skin, the plas-
monically enhanced substrate may undergo biological con-
tamination and lose activity, therefore impeding the perform-
ance of SERS-integrated MN arrays.?” To this end, Prausnitz’s
immobilizing
poly(styrenesulfonate) (PSS)-coated gold nanorods (Au NRs) on

a thin strip of filter paper using plasmonic calligraphy.?” The
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Fig. 6 Schematic illustration of a PMMA MN array using SERS methods
for the transdermal detection of glucose. Adapted with permission from
ref. 83. Copyright 2020, American Chemical Society.

MNs collected ISF onto the plasmonic paper on the patch
backing, and then SERS spectra were obtained to detect and
quantify the R6G bound on the Au NRs. The plasmonic paper
paved the way for the integration of SERS-based detection with
MN arrays and wearable devices. Nevertheless, it took a long
extraction time for the small volume of ISF collected by the
stainless steel MNs to flow through the whole MN patch and
then spread into the paper reservoirs. Recently, Hsieh et al.
prepared a hydrogel MN patch that can extract sufficient ISF
rapidly, and then the ISF in the needles can be recovered into
a moist cellulose paper through spontaneous diffusion.®® The
paper can be functionalized with a plasmonic array or enzy-
matic colorimetric reagents, enabling a desired detection
capacity. The authors functionalized the cellulose paper with
Au nanoparticles (AuNPs) to serve as an ultrasensitive, label-
free SERS sensing platform.®® The excellent molecular finger-
printing ability through a portable 785 nm Raman spectro-
meter enabled the robust identification of various medications
and drugs in the ISF, even at ultralow concentrations (sub-ppb
level). This MN-assisted paper-based sensing system allowed a
rapid (<30 min), pain-free, minimally invasive monitoring of
biomolecules and drugs. Besides, the authors also demon-
strated the use of paper for colorimetric analysis.®*® They pre-
loaded the cellulose paper with specific oxidases and dye
reagents, according to the nature of the target biomolecule.
Then, the color readout would be in response to the target con-
centration, allowing rapid determination by the naked eye.*®

In brief, the Raman-MN technology passed its hurdle for
the in vivo detection of glucose, and the MN array-based SERS
biosensor has the potential to be developed for a new painless
wearable glucose detection instrument in the future.

3.2. Colorimetric MN glucose sensors

Based on the merits of easy fabrication, portability, cost effec-
tiveness and visual readout, colorimetric approaches enable a
qualitative and quantitative analysis, and are widely applied in
a wide range of POCT devices. Colorimetric data can be
directly distinguished with the naked eye, or captured by a
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smartphone camera, and finally analyzed through RGB value
processing for further quantitative analysis. The integration of
MN patches with colorimetric methods enables a highly
efficient extraction of biomarkers in ISF and rapid POCT.
Colorimetric signals are induced by changes in the chemical
structures, densities, orientations, morphologies, or sizes of
chromogenic agents during the interaction with the target sub-
stance. Based on different principles of color development, the
chromogenic agents could be classified as redox-responsive
agents®® and nanostructures.”® >

In terms of redox-responsive agents for colorimetric read-
outs, glucose can be firstly oxidized with a specific oxidase
(such as GOx) to generate hydrogen peroxide (H,0O,), which
could subsequently react with a H,O,-responsive chromogenic
agent (e.g., iodide solution, horseradish peroxidase (HRP)). For
example, He et al. fabricated a PVA/CS hydrogel MN patch and
realized a visual detection of electrolyte ions, glucose, lactate,
and proteins in a chromogenic reagent (Fig. 7A).°* Upon the
quick dissolving of the PVA at high temperature, the centrifu-
gation-free recovery of analytes from MNs was easily realized
within ~15 min; then, the analytes were detected according to
the color reaction between the ISF and the chromogenic
reagent of potassium iodide. This method enabled the detec-
tion of various health-related biomarkers. However, due to its
complicated manual operation, this analysis procedure should
be further simplified for health management at home by
nonprofessionals.

The paper substrate offers capillary action due to its pore-
rich structure, enabling the sample to spread throughout the
analysis area, and the huge surface area can be an ideal matrix
medium for fixing macro-molecules such as enzymes.
Therefore, colorimetric assays on paper are commonly used
after ISF extraction by MNs owing to the advantages of hydro-
philicity, portability, and cost effectiveness.’””* For example,
Li et al. designed a paper-mediated colorimetric MN system to
realize the dual identification of glucose and cholesterol levels
in rabbits (Fig. 2A).%” Blood was collected via a single hollow
MN. Glucose and cholesterol were oxidized by GOx and chole-
sterol oxidase on paper, and finally reacted with N-ethyl-N-
sulfopropyl-M-toluidine (TOPS) and N,N-bis(4-sulfobutyl)-3,5-
dimethylaniline disodium salt (MADB) to form purple and
green colors, respectively.’” Callan et al. designed a hollow MN
device with a colorimetry paper backboard containing a GOx,
HRP and tetramethylbenzidine (TMB) enzyme/dye combi-
nation.?® The device rapidly extracted the simulated ISF within
5 seconds, and produced glucose concentration-dependent
color changes within 30 seconds.’® The naked eye can dis-
tinguish glucose concentrations in the range of normal
(4-7 mM) and hyperglycemia (>7 mM).*° Similarly, Lee et al
designed a porous MN patch with a paper matrix for glucose
detection.”® The absorbed ISF flew through the porous MN
and reached the sensor layer due to capillary action. GOx
loaded on the sensor layer reacted with ISF glucose to produce
H,0,, which oxidized the TMB dye and showed blue color
development. Recently, Zhu et al. demonstrated a colorimetric
MN patch for the transdermal detection of multiple metab-

This journal is © The Royal Society of Chemistry 2023
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monitoring. (A) Extraction and recovery of target biomarkers from PVA/CS

MNs, and detection of biomarkers using the colorimetric method. Adapted with permission from ref. 61. Copyright 2020, Wiley-VCH. (B) Schematic
illustration of the test-paper upon MN patches for the detection of four biomarkers. Adapted with permission from ref. 92. Copyright 2022, Elsevier.
(C) Schematic of an all-in-one sampling and display colorimetric MN patch. Adapted with permission from ref. 94. Copyright 2020, Elsevier. (D)
Simultaneous detection of four biomarkers in vivo using colorimetric dermal tattoo biosensors. Adapted with permission from ref. 91. Copyright
2021, Wiley-VCH. (E) Schematic illustration of the mechanism of a glucose-responsive colloidal crystal-modified MN patch for naked-eye monitoring
of glucose concentrations. Adapted with permission from ref. 90. Copyright 2020, Elsevier.

olites, including glucose, lactate, and cholesterol, and pH
(Fig. 7B).°> A highly swellable MN was used to rapidly extract
ISF, and then a wax-patterned and sensing-reagent-decorated
test paper was combined to achieve the multiplexed colori-
metric detection of metabolites on the base of the MN patch.””

In addition to producing color on paper located upon MN,
different colors can be directly induced on the MN patch or
even on the skin surface. For example, Gu and coworkers
developed an transdermal colorimetric MN patch for the all-
in-one sampling and displaying of glucose in ISF (Fig. 7C).**
The PVA-based MN patch consisted of two layers: a GOx-
embedded bottom needle layer, and calcium phosphate-encap-
sulated HRP as well as TMB-immobilized upper layer. The
back of the patch turned blue once it met with glucose, and
glucose levels in type 1 diabetic mice were quantified by scan-
ning the color intensity of the MN back with a miniaturized
scanner.” Yang et al. developed an MN patch made of GOx-
conjugated MnO,/graphene oxide nanozymes (GOx-
MnO,@GO) and GelMA.”” ISF immediately diffused into the
MNs by the hydro-affinity of the hydrogel to produce H,O,,
which bound to MnO, and promoted the oxidation of TMB on
the patch, causing a color change in the MN patch from color-

This journal is © The Royal Society of Chemistry 2023

less to blue in hyperglycemia.’> Besides MN-based sampling,
the MN-based injection of diagnostic agents into skin ISF
gained great success for the simultaneous multiplexed detec-
tion of biomarkers in vivo (Fig. 7D).°" However, this colori-
metric sensor only realized a semiquantitative detection due to
the low sensitivity and accuracy, and moreover, the safety of
dermal tattoos is a controversial issue due to the leakage of
dye molecules and H,0, into the skin.

However, many of the above colorimetric systems based on
redox reactions contained enzymes and chromogenic sub-
strates, which can cause problems including enzyme denatura-
tion, color quenching, byproduct toxicity, and non-reusability,
while nanostructure-based colorimetric agents have recently
attracted emerging attention for biomarker sensing.’® Among
them, photonic crystals (PCs) are periodically arranged optical
materials,”” and structural colors result when the lattice con-
stant of PCs is smaller than or comparable to the wavelength
of visible light (400-800 nm). Featuring fascinating structural
colors, PCs can be mixed with stimulus-responsive hydrogels,
where the swelling or shrinking of the hydrogel with the stimu-
lus would lead to a shift in the spectrum or even a visual
change in the structural colors. These properties make the PC-
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integrated hydrogels promising as biosensors and other
tunable optical devices.

To date, several glucose-sensing PCs have been developed
in the form of implantable hydrogels, hydrogel dressings,
contact lenses, MNs, etc. Phenylboronic acid (PBA) was widely
used to form glucose-responsive hydrogels. PBA and its deriva-
tives have the capability of reversibly binding with glucose.
When combined with glucose, the anionic charged forms of
PBA increase, resulting in swelling of the hydrogels.”®
Crystalline colloidal arrays of highly charged monodisperse
polystyrene nanospheres were immersed with a PBA-modified
hydrogel matrix for glucose monitoring.’® PCs were also com-
bined with smart contact lenses to measure glucose concen-
trations in tears. For instance, Elsherif et al. prepared a photo-
nic microstructure on a hydrogel film functionalized with
PBA."* The glucose concentration in tears could be measured
with a sensitivity of 12 nm mM™" within a concentration range
of 0-50 mM. Gu et al. constructed colloidal crystals on the
shell of rigid resin MNs for the visualization of glucose
(Fig. 7E), where periodic nanostructures (SiO, NPs) were
encapsulated into a glucose-responsive fluorophenylboronic
acid (FPBA) matrix.”® Once in contact with ISF, glucose entered
the FPBA-SiO, colloidal crystals, and the expansion of FPBA
increased the distance between periodically arranged SiO,
NPs, resulting in a redshift of MNs from blue to green. This
MN patch with a glucose-relevant color display has broad
applications in glucose monitoring in POCT. Very recently,
Zhao et al. prepared structural color MN arrays with different
modules to detect three typical wound biomarkers simul-
taneously, namely pH, glucose, and histamine.'”" FPBA-based
hydrogel was added into the MN material to realize the revers-
ible detection of glucose, and the MNs showed a satisfactory
spectrum change upon glucose variation.™"

Nevertheless, these PC-based sensors developed so far
require a long reaction time as it often takes tens of minutes
or even hours to reach an equilibrium response, due to the
relatively long diffusion distance of glucose molecules into the
hydrogels. After a stringent process containing template fabri-
cation, monomer infiltration, polymerization, and the etching
process, reverse opal PCs were also available for glucose
sensing with the assistance of glucose-responsive polymers.'*>
Reverse opal PCs have interlinked voids to facilitate the
diffusion of the analyte, but still exhibit slow kinetics and hys-
teresis as the voids are occupied as the gel expands. Therefore,
Cai et al. reported probes of glucose-sensing photonic nano-
chains (PNCs), which were capable of continuously and reversi-
bly changing their structural color with glucose within a few
seconds, due to the significantly reduced diffusion length to
the analyte of glucose."®® The developed polymerization
technology may also provide an effective route to fabricate
functional polymer-based hybrid nanostructures.

3.3. Fluorescence-based MN glucose sensors

Fluorescence detection has been extensively explored in
disease diagnosis due to its high sensitivity and visual display.
Molecules that selectively recognize or interact with targets can
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be attached to fluorescent probes to realize a sandwich assay.
Common target recognition techniques include nucleic acid
hybridization,*® aptamer-target interaction®*'** antigen-anti-
body reaction,*** etc. The effective integration of fluorescence
detection and MNs can provide a sensitive and selective
sensing platform to obtain valuable physiological information
from ISF in a minimally invasive and painless manner. The
main function of MNs in a fluorescence-based sensing system
is to participate in the capture and enrichment of the target in
ISF, and therefore MNs with good ISF extraction ability are
often used for coupling with fluorescence-sensing systems.

Zhao and coworkers presented MNs integrated with PC bar-
codes for the multiplex detection of three inflammatory cyto-
kines (tumor necrosis factor-alpha (TNF-a), interleukin-1p
(IL-1B), and IL-6) in ISF.>! These probe-decorated PC barcodes
allow MNs to capture three different cytokines simultaneously,
and fluorescent-tagged antibody can identify these biomarkers
immobilized in MNs specifically. The relative content of bio-
markers can be read through the fluorescence intensity of the
barcodes; meanwhile, the species of these biomarkers can be
clearly distinguished by the reflection peaks of the PC bar-
codes. Recently, Wang et al. described a polystyrene MN-based
in vivo sampling and subsequent on-needle analysis for the
ultrasensitive and quantitative measurement of target protein
biomarkers in ISF.** Capture antibodies were coated onto the
surface of MNs for the direct capture of protein biomarkers.
Moreover, the quantification sensitivity was significantly
increased because of the use of an ultrabright fluorescent plas-
monic fluorophore instead of a conventional fluorophore.
Immunoassay procedures can be implemented on the double-
layer MNs directly, so minimally invasive collection and ultra-
sensitive protein analysis platforms have been employed in on-
the-spot field detection to facilitate rapid disease diagnosis.

Moreover, ligand-specific periplasmic binding proteins as
optical biosensors for measuring glucose have been explored
for noninvasive sensing, as well as sensing in clinically rele-
vant ranges. For example, E. coli glucose-binding protein (GBP)
can be used as an optical biosensor when a polarity-sensitive
fluorescent probe, acrylodan (Acr), was attached to a cysteine
mutation site responsive to glucose binding.'®>'% In the pres-
ence of micromolar glucose concentrations, the emission of
the bound Acr (510 nm) was quenched and a spectrophoto-
meter was used to observe the glucose-associated fluorescence
changes. Due to its high selectivity and specificity for glucose,
Brown et al. utilized stainless steel MNs to extract the ISF, and
then the samples were measured by a L255C mutant of the
E. coli GBP with an attached fluorescent probe.'®” The micro-
molar sensitivity of the biosensor reduced the ISF volume
required for glucose analysis and minimized the time required
for MN application (30 s).

MNs functionalized with antibodies and aptamers have
been recently reported for the specific capture of target bio-
markers in ISF, followed by ex vivo analysis.***> Although
these MN devices allowed for on-needle biomarker detection
in ISF, the sensors still needed postprocessing steps, such as
washing and adding detection reagents, to detect targets of

This journal is © The Royal Society of Chemistry 2023
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interest. Zheng et al. reported an MeHA hollow MN biosensor
based on a fluorescently labeled aptamer probe for the on-
needle and reagentless capture and detection of any bio-
markers of interest (Fig. 8A).'%* They employed a strand displa-
cement strategy where fluorophore-conjugated aptamers were
hybridized with a DNA competitor strand conjugated to a
quencher molecule. Rapid measurements (2 min) of glucose,
adenosine triphosphate, r-tyrosinamide, and thrombin were
demonstrated in vitro. Moreover, this assay enabled an accu-
rate and sensitive quantification of rising and falling concen-
trations of glucose in an animal model of diabetes, especially
in the severe hypoglycemia range, which cannot be detected
using commercially available glucose-monitoring devices."**
Furthermore, due to the strong photostability and biocom-
patibility of fluorescent nanodiamonds, Zhang et al. integrated
them into the FPBA-functionalized hydrogel, which can gene-
rate fluorescent signals in response to environmental glucose
concentrations (Fig. 8B).'°® Furthermore, they designed and
successfully loaded the hydrogel system into MNs with a
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Fig. 8 MN arrays using fluorescence methods for transdermal glucose
monitoring. (A) Schematic of a hydrogel MN-assisted assay integrating
aptamer probes and fluorescence detection. The bottom panel rep-
resents the fluorescence images of MNs after capturing varying concen-
trations of ATP and glucose, respectively. Adapted with permission from
ref. 104. Copyright 2022, American Chemical Society. (B) Fluorescent
nanodiamond-based boronic hydrogel MNs that can detect glucose
in vitro. The bottom panel shows the hydrogel exhibits significant fluor-
escence emission in vitro. Adapted with permission from ref. 108.
Copyright 2023, Wiley-VCH.
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porous hollow structure by porogen leaching technology.'®®
The porous structure can effectively enhance the extraction of
ISF by capillary action, reducing the lag time and facilitating
glucose monitoring in vivo. The device demonstrated remark-
able long-term photo- and signal stability in vivo with both
small and large animal models. This study presents a new
strategy of fluorescence-based CGM toward the treatment and
control of diabetes. Similarly, Sang et al presented a bio-
resorbable MN array for CGM, which can reversibly express fluo-
rescence intensity according to glucose concentration by using a
glucose-responsive fluorescent monomer (GF-monomer).'*® The
MNs consisted of two layers: a needle layer made of silk,
which contained a GF-monomer; and a PVA backing layer. The
GF-monomer was composed of a diboronic acid moiety, which
was a recognition site that bound to glucose, and an anthra-
cene moiety that emitted fluorescence. After attaching the
sensor to the human body, illumination of the MN sensor with
an excitation light (405 nm) led to its fluorescence reemission
at 490 nm. The BG concentration can be visually checked
based on the fluorescence intensity on the sensor, making
glucose level self-diagnosis possible.'”

The above examples demonstrate that the fluorescence-
based MN detection platforms exhibited improved sampling
efficiency, and a simplified analysis procedure. However, it is
difficult to achieve an accurate quantitative detection of bio-
markers in ISF, because the fluorescence signal is greatly
affected by light intensity, probe stability, the penetration
depth of the MNs, and human tissue variations. In addition,
intricate operations and the requirement for expensive optical
instruments are becoming the critical barriers for the future
translation of this technique. In the future, with the assistance
of miniaturized optical systems and smartphone-based porta-
ble equipment, the continuous visual detection of specific
target biomarkers using MN-based fluorescent sensing devices
will exhibit significant promise as a wearable platform.

4. Electrochemical MN glucose
sensing

In the above sections, we introduced MNs for minimally inva-
sive sampling and subsequent analysis by different sensing
principles, including surface-enhanced Raman scattering
(SERS), the colorimetric methods and fluorescence methods.
Moreover, MNs were widely integrated with electrochemical
glucose sensors for glucose monitoring in diabetes. Herein, we
briefly introduce different mechanisms of electrochemical
glucose sensing, and then illustrate their integration with MNs
for minimally invasive glucose monitoring.

Generally, the core principles of electrochemical glucose
sensors are converting the glucose levels into electronic
signals through a chemical reaction of glucose on the
electrodes.”'? Electrochemical glucose sensors can be broadly
classified into two types, namely (i) enzymatic glucose
sensors,""" and (ii) non-enzymatic glucose sensors.''>'"?
Moreover, modifying the MNs themselves with electrochemical
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sensors has been widely developed for glucose monitoring.
Various materials have been employed to modify the MNs,
enabling them to function as either enzymatic or non-enzy-
matic MN glucose sensors. Below we will discuss enzymatic
MN glucose sensors and non-enzymatic MN glucose sensors in
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zene, polypyrrole (PPy), poly(o-phenylenediamine), Nafion, and
so on.”'™ Meanwhile, materials such as metalized carbon,’
Prussian blue (PB),"'° carbon nanotubes (CNTs),""” and plati-
num nanoparticles (Pt NPs)"'® were employed to minimize the
interference by the preferential electrocatalytic detection of

detail (Table 3).

4.1. Enzymatic MN glucose sensors o, GOx (ox)
Glucose Acid

4.1.1. Enzymatic glucose sensors. According to the
different mechanisms of charge transfer, three generations of - § C ( (
enzymatic glucose sensor have been proposed (Fig. 9).>'** The < 3
first generation of enzymatic glucose sensors immobilized the w Glucose
enzyme (such as GOx) on the electrode surfaces, upon which H,0, GOx (red)
oxygen was used as oxidation mediator,"*> and the consump- Med (ox) GOx(0%
tion of oxygen or the generation of peroxide was measured Glucose Acid
during the enzymatic reaction (Fig. 9, eqn (1)). Therefore, the o
glucose concentration was related to the amperometric signals T K
from either the consumption of O, or the electrochemical oxi- N g C ) C ) C
dation of H,0, (eqn (2) and (3)). - Glucose

Med (red) GOx (red)
0, +4H" + 4~ — 2H,0 (2)
GOx (ox)
H,0, — O, + 2H" + 2e~ (3) Glucose Acid

This is the most commonly used mechanism for electro- = g
chemical glucose sensing. However, the first generation of > E
enzymatic glucose sensors were limited by electroactive inter- “ Glucose
ference and oxygen dependence.''* The problem of electroac- GOX (red)

tive interference was usually solved by using selectively per-
meable membranes, which were typically composed of
materials such as poly(1,3-diaminobenzene), 1,2-diaminoben-

Fig. 9 Schematic illustration of redox mechanisms for the three gener-
ations of enzymatic glucose sensor.

Table 3 Comparison of different MN-based electrochemical glucose sensors

Microneedle configuration Sensing mechanism Application  Analytical performance Stability  Ref.
GOx-PP, SMN Enzymatic (1% generation) In vivo LR: 0-30 mM 3-6h 129
GOx-PPD/SMN, HMN Enzymatic (1* generation In vitro LR: 0-14 mM, LOD: 0.1 mM N.R. 130
PVC/PEG;)A/G’OX-CS/PPD/Pt, SMN Engmatic El“ generationg In vivo LR: 0-40 mM: LOD: 0.32 mM 12h 27

Nafion/pTCA-GOx/Au/COC-PPy, SMN Enzymatic (1* generation) In vivo LR: 0.05-20 mM 72 h 143
Nafion/GOx-BSA/OPPy-Au NPs/Au/PLA, SMN Enzymatic (1* generation) In vivo LR: 0-2.6 mM, LOD: 40 pM 14 days 132
PVDF-Nafion/GOx-PANI/Pt NPs/Au NPs, SMN  Enzymatic (15: generation) In vivo LR: 0-20 mM, LOD: 0.1 mM 7 days 131
GOx/Pt NPs/PANI/Ti/Au, SMN Enzymatic (1°° generation) In vitro LR: 2-12 mM, LOD: 260 pM 4 days 133
GOx/PB/Au, SMN Enzymatic (1* generation) In vivo LR: 2-12 mM, LOD: 8.65 uM N.R. 134
PVC/CS/GOx/PB, HMN Enzymatic (1Stdgeneration) Invitro LR: 1-10 mM N.R. 135
Nafion/TTF/GOx, SMN Enzymatic (2" generation)  In vitro LR: 2-20 mM N.R. 136
TTF/GOx/CP, HMN Enzymatic (2™ generation)  In vitro LR: 5-25 mM, LOD: 0.1 mM 60 h 137
PEGDA-VF-Darocur-GOx, SMN Enzymatic (2" generation)  In vitro LR: 0-4 mM, LOD: 1 pM N.R. 138
MAP-GOX/FCA, SMN Enzymatic (2“2 generation) Invivo LR: 5.5-22 mM 7 days 139
GOx/Fc-PAMAMY/Si/Au, SMN Enzymatic (Z“d generation)  Invivo LR: 1-9 mM, LOD: 0.66 mM N.R. 140
FADGDH/FcSH/H-PG, SMN Enzymatic (Z“d generation)  In vzitro LR: 0.1-10 mM, LOD: 50 pM 20 days 141
FADGDH/MB/MWCNT/Au, SMN Enzymatic (2"d generation)  In vitro LR: 0.05-5 mM, LOD: 7 pM 12 days 142
PEDOT/Pt, SMN Enzymatic (2" generation)  In vitro LR: 2-24 mM 7 days 144
Pt NPs/MWCNTs/iron catalyst, SMN Non-enzymatic In vitro LR: 3-20 mM N.R. 164
Nafion/Pt black/parylene/Au, SMN Non-enzymatic In vivo LR: 0-36 mM, LOD: 50 yM 4 days 165
Nafion/Pt black/parylene/Au, SMN Non-enzymatic Invivo LR: 1-20 mM, LOD: 10 yM 7 days 167

Abbreviation: LR: linear range; LOD: limit of detection; N.R.: not reported; SMN: solid microneedle; HMN: hollow microneedle; GOx: glucose
oxidase; FADGDH: (FAD)-dependent glucose dehydrogenase; PPD: poly(o-phenylenediamine); PANI: polyaniline; PP: polyphenol; Pt NPs:
platinum nanoparticles; TCA: terthiophene carboxylic acid; COC: cyclic olefin copolymer; PPy: polypyrrole; BSA: bovine serum albumin; OPPy:
overoxidized polypyrrole; Au NPs : gold nanoparticles; PLA: poly(lactic acid); PB: Prussian blue; PVC: polyvinyl chloride; CS: chitosan; PEGDE:
poly(ethylene glycol)diglycidyl ether; TTF: tetrathiofuvalene; PEDOT: poly(3,4-ethylenedioxythiophene); CP: carbon paste; PEGDA: poly(ethylene
glycol)diacrylate; VF: vinylferrocene; MB: methylene blue; MWCNT: multi-walled carbon nanotubes; FcSH: 6-(ferrocenyl)hexanethiol; MAP:
mussel adhesive protein; FCA: ferrocene carboxylic acid; Fe-PAMAM: ferrocene-cored poly(amidoamine).
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H,O0,. In parallel, researchers also devoted work to conquering
the limitation of oxygen dependence. For example, oxygen-rich
carbon paste (CP) enzyme electrodes were developed to
provide an internal supply of oxygen.""®

Instead of using oxygen as a redox mediator, as in the first
generation, the second generation of enzymatic glucose
sensors employed artificial redox mediators to transport elec-
trons from the enzyme active sites to the electrodes (Fig. 9)."*°
The artificial redox mediators can accelerate the shuttling of
electrons between the active sites of the enzymes and the elec-
trode surface, therefore increasing the rate of enzymatic reac-
tion. For instance, conductive organic salts, ferrocene and its
derivatives, and ferricyanide®""" were commonly used as artifi-
cial redox mediators for GOx. In this generation of enzymatic
glucose sensors, the catalytic reaction involves three main
steps: (i) the reduction of GOx-bound flavin adenine dinucleo-
tide (FAD) (GOx(FAD)) to form FAD-dependent glucose dehy-
drogenase (FADGDH), facilitated by the transfer of electrons
from the glucose to the FAD reaction centers of GOx(FAD); (ii)
the transfer of electrons from the FADGDH centers to an artifi-
cial mediator, resulting in the reduction of Med (ox) to Med
(red); and (iii) the transportation of electrons through the arti-
ficial mediator to the electrodes.**

This electron transfer leads to the generation of a current
signal, which can be used for glucose measurement. The
efficient interaction between the enzymes and the mediators is
crucial to ensure the effective transport of electrons between
the redox active centers and the electrodes."”® Various strat-
egies have been proposed to optimize the mediators in elec-
trode-supported enzyme films, including the use of osmium
(Os) complexes as mediators, the functionalization of multi-
walled carbon nanotubes (MWCNTs), GOx and binding pro-
teins, and stabilizing artificial mediators."****?

Comparably, the third generation of enzymatic glucose
sensors relied on direct electron transfer (DET) between the
redox center of the enzymes and the surface of the electrodes
(Fig. 9)."** Heller and coworkers first proposed the fundamen-
tal concept of DET.'*® They established a covalent connection
between the active site of an enzyme and the electrode surface
using a redox polymer. Besides, numerous approaches have
been investigated to address the challenge of long electron
tunneling distances and facilitate the direct electrochemistry
of enzymes. For example, Jose et al. directly immobilized GOx
onto the surface of an electrode composed of Au-coated
MWCNTSs,"?® in order to enhance the direct electrochemistry
of GOx. In addition, Tasviri et al. developed amine-functiona-
lized TiO, coated carbon nanotubes for the adsorption of GOx,
and the resulting GOx-containing matrix was then utilized to
modify the surface of a glass carbon electrode, facilitating
direct enzyme electrochemistry.'*”

MNs integrated with enzymatic glucose sensors were
mainly based on the mechanism of the first and the second
generations, and we will illustrate their applications in detail.

4.1.2. MNs with oxygen as redox mediators. A considerable
number of MN-based enzymatic glucose sensors were devel-
oped based on the first generation of enzymatic glucose

This journal is © The Royal Society of Chemistry 2023
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sensors using oxygen as the redox mediator (Fig. 9)."** In
these applications, selectively permeable membranes were
used to prevent electroactive interference, including electropo-
lymerized films, particularly polyphenol (PP),"*° poly(o-
phenylenediamine) (PPD), and PPy. These membranes con-
fined GOx on the surface of the electrodes and improved the
selectivity of the sensors.

For example, Sharma et al. described a CGM sensor based
on an MN array electrode."®® The device consisted of four 4 x 4
MN arrays by the casting of an epoxy-negative photoresist,
where three arrays were metallized with Pt and served as the
working electrode (WE), and the fourth array was metallized
with Ag/AgCl and served as the reference electrode (RE). The
GOx was immobilized into an electropolymerised PP film,
enabling the functionalization of the electrodes in the MN
array. The sensor had a linear response to glucose concen-
trations ranging from 0-30 mM with a response time within 15
s, and the in vivo evaluation was in excellent correlation with
the measurements of a conventional glucose meter. Moreover,
Joseph Wang and coworkers described a minimally invasive
MN biosensor for glutamate and glucose monitoring."*°
Hollow MNs and solid MNs were firstly prepared by a light-
curing method. The hollow MNs were capped onto the Pt-
coated solid MNs to form a bi-component MN array electrode.
Glutamate oxidase (GluOx) and GOx were confined to the
surface of the solid MN by a PPD film. Chronoamperometry
analysis showed the device to have great selectivity for glucose,
and a highly sensitive and linear responsiveness in the physio-
logical range of glucose (0-14 mM)."*® Recently, the same
group reported a fully integrated wearable MN array equipped
with sensors for the real-time monitoring of multiple bio-
markers in tissues, including lactic acid, alcohol, and glucose
(Fig. 10A).>” The MNs were fabricated using PMMA. The WE
and the counterelectrode (CE) were formed by sputtering Cr/
Pt/Ag onto the MNs, while a portion of the MNs were chlori-
nated to produce Ag/AgCl as the RE. The innermost layer of
the MN sensor was coated with PPD, and the relevant enzymes
were incorporated into CS and crosslinked using poly(ethylene
glycol)diglycidyl ether (PEGDE). Finally, a polyvinyl chloride
(PVC) film was coated on the outer surface to limit diffusion
and reduce surface contamination. The obtained MN sensor
exhibited outstanding capability for the detection of three
target analytes even with temporal changes. In vivo testing on
human participants indicated that the MN biosensor provided
continuous, quantitative, and real-time monitoring data, and
therefore had significant clinical applicability. In addition,
Chen et al. reported an MN sensor using polyvinylidene fluor-
ide (PVDF)-Nafion nanomembranes as selectively permeable
membranes for CGM in vivo (Fig. 10B)."*" On the surface of a
stainless steel MN, Au and Pt NPs were decorated to improve
the conductivity between the enzyme layer and the electrode,
and polyaniline (PANI) nanofibers decorated with Pt worked as
a supporting structure by trapping GOx."*' The glucose sensor
had a linear sensing range of 0-20 mM and a response time
less than 30 s in vitro, and maintained a high stability for 7
days in mice. Recently, Guo’s group reported a PLA-based MN
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glucose sensor (Fig. 10C).” PLA MNs were sputter-coated
with a conductive layer of Au, followed by the deposition of
overoxidized polypyrrole (OPPy) and Au NPs. The MNs were
then functionalized with GOx-bovine serum albumin (BSA),
and coated with a layer of Nafion as a permeselective mem-
brane. The MN glucose sensor showed a good linear response
in the range of 0-2.6 mM, with a sensitivity of 8.09 yA mM™"
and a limit of detection of 40 uM in vitro, and showed a high
stability of 2 weeks in vivo.

Meanwhile, Jiang’s group developed a flexible MN electrode
array-based biosensor (MEAB) and a multichannel portable
electrochemical analyzer (MPEA) for the concurrent detection
of glucose and other target analytes.'*®> The MN electrode array
(MEA) was manufactured on a flexible substrate. The WE was
formed by sputter coating an Au/Ti film on the MEA, and the
subsequent electrodeposition of PANI nanofibers and Pt NPs.
GOx and other enzymes were immobilized onto the MEA to
complete the formation of the MEAB. The biosensor showed
an excellent sensing performance of glucose and other blood
metabolites.

Apart from Au and Pt NPs, PB can also reduce the operating
potential, while its high catalytic activity enhanced the stability
and selectivity of the sensor. For example, Cui et al. recently

5744 | Biomater. Sci, 2023, M, 5727-5757

demonstrated the efficacy of an integrated MN biosensor for
CGM in normal and diabetic mice (Fig. 10D)."** The sensor
showed a dual electrode configuration, in which the MNs
coated with Au served as the WE, and Ag/AgCl-coated MNs
were used for the RE/CE. A PB layer was deposited onto the
WE to broaden the linear detection range of the device. GOx
was immobilized on the WE to fully realize the glucose-
sensing ability. The sensor showed a linear range of detection
of glucose between 0.8-24 mM, with a limit of detection of
8.65 pM. Furthermore, the sensor was able to continuously
monitor the subcutaneous glucose levels accurately upon
implantation into the dermis of mice. Meanwhile, Joseph
Wang’s group developed an MN-based device for continuous
ketone body monitoring (CKM), along with the detection of
glucose and lactate (Fig. 10E)."*> A 2 x 2 hollow MN array was
prepared by micromachining. Two MNs were used as the WEs
for the simultaneous bi-component detection of
B-hydroxybutyrate (HB) and glucose or lactate after CP packing
and functionalization. The remaining two MNs served as the
CE and the RE, respectively. When the device was used to
detect a single analyte, only one MN was processed as the WE.
PB, GOx, CS, and PVC were sequentially modified at one WE
for glucose detection. The single analyte sensor showed a

This journal is © The Royal Society of Chemistry 2023
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linear dynamic range of detection of glucose between
1-10 mM in artificial ISF, with a high sensitivity of 0.036 pA
mM~.

4.1.3. MNs with artificial mediators as redox mediators.
Compared with the first generation of enzymatic glucose
sensors which used oxygen as an oxidation mediator, the
second generation of glucose sensors employed artificial
mediators to overcome the oxygen dependence (Fig. 9), and are
also widely integrated onto MNs for glucose monitoring.

Conductive organic salts have been widely used as elec-
tronic mediators in glucose sensors. For instance, Trzebinski
et al. presented a microfluidic platform that integrated MN-
based biosensors for glucose and lactate monitoring
(Fig. 11A)."*° The MN array was prepared using SU-8 resin and

A

Enzyme layer
Gold layer

Epoxy-PU membrane

Photoresist

View Article Online
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metallized with gold. GOx or LOx enzyme was fixed onto the
metallized MN array. Then the electron transfer mediator, tet-
rathiofuvalene (TTF), was deposited on the MNs. The MN array
was then integrated into a microfluidic chip. The sensor had a
linear response range to a glucose concentration of 2-25 mM
with a response time of 15 + 9 s and remained stable for 48 h.
Similarly, Joseph Wang’s group developed an MN-based self-
powered biofuel-cell glucose sensor.’*” First, an array of 3 x
3 hollow MNs was printed with light-curing resin. The first row
of MNs was modified with Pt black and used as the cathode,
and both the second and the third rows of MNs were
functionalization with GOx and TTF to serve as the anode. The
anode was based on the transfer of TTF shuttle electrons from
the enzyme to the electrode surface, while the cathode
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Structure of an MAP-GOXx/FCA/PET MN glucose sensor. Adapted with permission from ref. 139. Copyright 2019, Elsevier. (C) High-density Si MN
arrays as three electrodes and their application into skin. Adapted with permission from ref. 140. Copyright 2022, Wiley-VCH. (D) Working principle
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depended on the catalytic action of Pt black for oxygen
reduction. This sensor can detect different glucose concen-
trations from 5 to 25 mM.

Meanwhile, ferrocene and its derivatives are also commonly
used as electron transport mediators in glucose sensors. Calio
et al. developed a multi-analyte biosensor using a polymeric
MN array to monitor glucose and lactic acid levels in ISF."*®
The MN array electrode was fabricated using PEGDA doped
with enzyme (GOx or LOx) and the redox mediator of vinylfer-
rocene (VF). The VF transported the produced electrons from
the redox center of the enzyme to the electrode surface. The
MN-based electrode was used as the WE, and the sensors were
able to measure the glucose levels in PBS, with a linear
response of glucose from 0 to 4 mM, and a limit of detection
of 1 uM. In addition, Cha and coworkers developed a mussel
adhesive protein (MAP)-based enzymatic MN sensor for CGM
(Fig. 11B)."*° A carbon layer and a Ag/AgCl layer were deposited
on the front and the back of a polyethylene terephthalate (PET)
film to serve as the WE and RE, respectively. The PET film was
then laser-cut into a needle shape. Subsequently, the electron-
transfer mediator of ferrocene carboxylic acid (FCA) was de-
posited onto the WE, and the MAP acted as a bioadhesive to
immobilize the GOx to the WE. The obtained sensor exhibited
a stable glucose response in the range of 5.5-22 mM over 7
days in vitro, and its effectiveness was demonstrated in dia-
betic beagles, cynomolgus monkeys, and human volunteers.*°
Recently, Voelcker’s group reported a high-density silicon MN
array patch for transdermal electrochemical glucose monitor-
ing (Fig. 11C)."*° Two Au-coated MN arrays were used as the
WE and CE, and another Au-coated MN array was further
coated with AgCl as an RE. The WE was functionalized with
GOx and the redox mediator of ferrocene-cored poly(amido-
amine) (Fc-PAMAM) dendrimer. The MN array patch detected
glucose in ISF with a linear range from 1-9 mM, and showed a
strong correlation with the measurements with commercial
glucose meters. In addition, Bollella reported an enzymatic
sensor based on highly porous gold (H-PG) MNs for glucose
monitoring in artificial ISF."** The sensor contained four 4 x 4
MN arrays, two of which were coated with Au and used for
WEs, the third array was coated with Au and served as the CE,
and the last one was coated with Ag for the RE. H-PG MNs
were created by self-templating method, which involves two
steps: gold electrodeposition and gas bubbling as a self-tem-
plate.**! Then the surface of H-PG MNs was coated with 6-(fer-
rocenyl)hexanethiol (FcSH) as a redox mediator, and immobi-
lized with FADGDH for functionalization. Ultimately, the bio-
sensor detected glucose in artificial ISF with a linear range of
0.1-10 mM, and a long-term stability of 20 days. Meanwhile,
the same group also developed an MN biosensor array for the
minimally invasive and continuous monitoring of both
glucose and lactic acid levels in artificial ISF."*> MWCNTSs were
electrodeposited on the surface of WEs, and methylene blue
(MB) was deposited as the redox mediator. The FADGDHs and
LOx were fixed onto two WEs through drop-casting, respect-
ively. Both the lactate and glucose sensors had an excellent
performance in artificial ISF, where the glucose sensor showed
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a good linear range of 0.05-5 mM with a detection limit of
7 pM.

Enzymes can also be bonded to the surface of the polymer
MNs, allowing a direct transfer of electrons from the enzyme
redox site to the electrode through the polymer network. For
example, Kim et al. developed a minimally invasive wireless
biosensor for CGM."*? First, an MN array composed of a cyclic
olefin copolymer and PPy was coated with gold to form AuMN.
GOx was covalently bound with terthiophene carboxylic acid
(TCA) and then electropolymerized on AuMNs to form the WE.
The sensor exhibited a good linear response in the range of
0.05-20 mM glucose. By coupling the sensor to a wireless
transmitter, the measurements could be transmitted to a
mobile phone via bluetooth, and the data were consistent with
the measurement by fingertip sampling.

Moreover, the slight swelling of conductive polymers such
as poly(3,4-ethylenedioxythiophene) (PEDOT) in aqueous
media prevents the escape of enzyme, and therefore can serve
as both an electronic mediator for sensing and an immobiliz-
ation agent for the enzyme. For example, Anderson’s group
developed a conducting polymer-based MN patch for CGM."**
The stainless steel MNs were coated with Pt, and then PEDOT
was coated as an electrical mediator and immobilization agent
for GOx. The slight swelling of the PEDOT enhanced glucose
diffusing into the enzymes for signal transduction. The sensor
exhibited linearity over a range of 2-24 mM glucose and could
remain relatively stable for 7 days.

Besides the commonly used enzymatic sensing mechanism,
MNs based on self-powered solid-state supercapacitors (SPSCs)
were recently developed for CGM (Fig. 11D).'** Herein, both a
PDMS thin film and the substrate of PDMS MN platform were
coated with graphene oxide and electrolyte gel. The MN array
was further coated with an enzyme layer (GOx) and an elec-
trode layer of PEDOT:PSS. The assembly of the two surfaces
formed the SPSC (Fig. 11D). The GOx on the surface of the
MNs encountered the glucose in ISF, and electrons created by
glucose oxidation resulted in self-charging of the super-
capacitor. This capacitor can distinguish normal, pre-diabetic
and diabetic artificial skins in vitro.

4.2. Non-enzymatic MN glucose sensors

4.2.1. Non-enzymatic glucose sensors. As above described,
enzymatic glucose sensors possess great selectivity and sensi-
tivity in detecting analytes; however, enzyme immobilization
was relatively complex and their stability was limited, which
led to deactivation of the enzyme. Moreover, the results of the
enzymatic sensors were greatly influenced by external factors
such as temperature, humidity, and pH."**'"® Compared with
enzymatic sensors, non-enzymatic sensors show advantages
such as good stability and reproducibility, and are free from
oxygen limitation."**'*” Extensive studies have been explored
for non-enzymatic glucose sensors, generally through the
direct electrochemical oxidation of nanomaterials, such as
metals (Pt, Au, Ni, Cu, etc.), metal-oxides (NiO, CuO, etc.),
metal sulfides, metal-organic frameworks (MOFs), metal-

This journal is © The Royal Society of Chemistry 2023
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Most metals have great electrical conductivity. To date, pre-
cious metals including Au and Pt and transition metals includ-
ing Co and Ni have been extensively used in the design of non-
enzymatic glucose sensors.''>'*” Large bulks of Pt and Au
were the earliest electrode materials used in non-enzymatic
electrochemical sensors.'” However, Pt and Au electrodes
showed several shortcomings in the electrocatalytic oxidation
of glucose, including the adsorption of intermediate products,
lack of selectivity of analytes, influence of ions, and so on.'"’
To address these drawbacks, nanoscale precious metal
materials were prepared to enhance the specific surface area
and roughness, to mitigate the aforementioned challenges.*>°
In addition, alloy forms of precious metals are frequently used
for the development of non-enzymatic sensors."”"'>> These
alloys encompass various compositions, including precious-
precious metal combinations, precious metals combined with
other metals, and bimetallic and trimetallic alloys, et al.

Apart from precious metals, transition metals such as Ni
and Cu, along with their corresponding compounds, are exten-
sively employed in the fabrication of non-enzymatic glucose
sensors. In comparison with precious metals, transition
metals offer the advantage of being abundant in nature and
more cost-effective.'>® Previous study demonstrated the cata-
lytic potential of Ni NPs in organic reactions, including the
direct oxidation of glucose in alkaline environments.">*
Moreover, various nickel-based materials, such as NiO, Ni
(OH),, NizN, Ni,P, Niz(PO,),, Ni-MOF, and Ni alloys, are widely
employed in glucose catalysis.'>® The electrooxidation of
glucose took place on the surface of the nickel-based
materials, involving electron transfer between the Ni**/Ni**
redox couple, regardless of the initial form of the nickel-based
material.">® In parallel, Cu-based materials can facilitate the
electrical catalysis of glucose.'”” Metallic copper, CuO, Cu,0,
Cu(OH),, CuzN, CuS, and CuzP participate in the reaction in
various morphological structures, including nanorods, nano-
wires, nanoflowers, nanoflakes, and nanocubes. Given their
high aspect ratio, metallic copper is frequently employed in
the form of nanowires in electrochemical glucose
sensors.”””'*® The catalytic mechanism of copper-based
materials is mediated by the Cu®**/Cu®*" redox couple under
alkaline conditions.'*? In addition, other metals, such as Co,
Zn, Fe, Mo, Ag, Mn, etc. play an important role in the design of
non-enzymatic glucose sensors.'>®'®" Moreover, carbon-based
materials, including carbon dots, carbon nanotubes, carbon
fibers, graphene, and fullerenes, have attracted great attention
as catalytic materials for electrochemical sensors, due to their
unique physical and chemical properties.'®*'

4.2.2. MNs with non-enzymatic glucose sensors. The above
section highlights the mechanism of non-enzymatic glucose
sensors relying on diverse materials. Herein, we focus on the
detailed applications of MN-based non-enzymatic glucose
Sensors.

Yoon et al. developed a three-electrode integrated electro-
chemical sensor using MNs (Fig. 12A).'°* Iron catalyst was de-

This journal is © The Royal Society of Chemistry 2023
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posited on a part of a silicon MN array, which resulted in the
formation of the WE and CE. Subsequently, MWCNTs were
grown and Pt NPs were deposited on the iron catalyst-coated
MN array. Ag was deposited and chlorinated onto another part
of the MNs to form the RE. The sensor demonstrated a linear
amperometric response to a glucose concentration in the
range of 3-20 mM, with a sensitivity of 17.73 + 3 pA mM "
cm ™2, which surpassed the sensitivity of numerous enzymatic
sensors. %13

In addition, Lee et al. proposed an MN-based non-enzy-
matic biosensor for painless CGM (Fig. 12B).'®® The substrate
of a stainless steel MN array was electroplated with a layer of
gold, followed by passivation with a parylene coating. Then a
Pt black layer was coated on the tip of each MN. The obtained
MN array was employed as the WE, and Ag/AgCl was electro-
plated onto another MN array as the RE/CE. The sensitivity of
the sensor reached 1.62 pA mM ™7, it can detect glucose in a
range of 0-32 mM with a response time of 13 s, and the sensor
was able to function for 4 days upon attachment onto rabbit
skin.

Similarly, Cho’s group proposed an MN-based ampero-
metric non-enzymatic glucose sensor for CGM (Fig. 12C)."°°
The preparation and treatment of the MNs were similar to the
above work.'®® In the three-electrode configuration, the MN
electrode was employed as the WE, while a Pt coil served as
the CE, and Ag/AgCl was utilized as the RE. In the double-elec-
trode configuration, the Ag/AgCl MN was utilized as the CE.
The sensor with three electrodes had a linear response within
a larger range (1-40 mM), whereas the sensor with two MN
electrodes exhibited a greater sensitivity (205.57 + 48.65 pA
mM ™' ecm™?), and a lower detection limit (6.0 + 1.0 uM). More
recently, the same group optimized the MN electrode by
porous Pt black, and the sensor exhibited a lifespan of 7 days
when applied into the skin of rats."®’”

4.3. Other MN-integrated electrochemical glucose sensors

In the above sections, MNs themselves were modified to serve
as electrodes for electrochemical glucose sensing. However, in
other cases, MNs were only used for the sampling or extraction
of ISF as described in section 2, and then electrochemical
sensing mechanisms were integrated with the MN system for
glucose monitoring.*>*>'*® Herein, we briefly describe the
applications of these types of MN integrated with electro-
chemical glucose-sensing mechanisms.

Jina et al. reported an MN-based CGM device, which used a
hollow silicon MN array to extract ISF, and the electrochemical
glucose sensor was placed on the back of the MN array.'®®
Strambini et al. proposed an MN-based self-powered biosensor
for the painless, high-precision measurement of glucose in
ISE.** Hollow silica MNs were used to efficiently collect ISF by
capillary action, and were coupled with external electrode
sensors on the back of the MN patch. The sensors showed an
excellent sensing performance of glucose in synthetic ISF.*?
Ribet et al. proposed a CGM device consisting of a single
hollow MN and a sensing probe assembled inside the lumen
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Fig. 12 Non-enzymatic MN glucose sensors. (A) Preparation of a three-electrode MN-based non-enzymatic glucose sensor. Adapted with per-
mission from ref. 164. Copyright 2013, MDPI. (B) Fabrication of a 3D MN array with Pt black catalytic layer for a non-enzymatic glucose sensor.
Adapted with permission from ref. 165. Copyright 2016, Elsevier. (C) Non-enzymatic detection of glucose based on a Pt black coated MN array. (i-v)
Preparation process of a Nafion/Pt black/parylene/AuMN electrode. (vi) Working mechanism of the MN glucose sensor. Adapted with permission

from ref. 166. Copyright 2018, Springer Nature.

of the MN. The system provided minimally invasive, rapid, and
trustworthy CGM for patients with diabetes.**

In addition, the iontophoresis mentioned in section 2.4 was
also an effective method for sampling that can be integrated
with electrochemical glucose sensors.”””*”> Furthermore, Xie’s
group developed an integrated MN theranostic platform
(MNTP) inspired by the animal masticatory system (Fig. 13A)."*
The MN array penetrated into the skin layer using a circuit-con-
nected pressing belt allowing for the exudation of ISF, and the
subsequent detection of glucose and other biomarkers was
carried out by a planar multielectrode array located underneath
the MN array. The sensing results were then transmitted to a
drug delivery device, thereby enabling the realization of a
closed-loop system. Besides, Zheng et al. prepared a wire elec-
trode-embedded MN patch for glucose detection in skin ISF or
plant ISF (Fig. 13B)."”® The MNs were prepared by a silk fibroin
solution, and the electrode wires were embedded in the MNs
before solidification. The sensor exhibited a sensitive linear
response in the range of 3-18 mM glucose in the skin ISF and
30-180 mM in the plant ISF.
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Tooth —— MN

Taste Electrode
buds 7/ array

Sensing of glucose,
Na+t, K+, etc.

ISF exduation

B .\~‘~
™ \\‘*LJ
csthos .\ I, '\\,

T [

H,0, \ "_\_,‘,y o
~Kict. M

et o fled

Fig. 13 Integration of MNs for sampling and glucose sensing. (A)

Illustration of transdermal sensing of an MN theranostic platform.
Adapted with permission from ref. 169. Copyright 2022, American
Association for the Advancement of Science. (B) Working mechanism of
wire electrode-embedded MN patches. Adapted with permission from
ref. 170. Copyright 2022, Elsevier.

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3bm00409k

Open Access Article. Published on 27 Qasa Dirri 2023. Downloaded on 23/07/2025 1:50:42 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Biomaterials Science

5. Conclusion and perspectives

In this review, we summarize MN-based glucose detection and
sensing devices in detail. MNs served as a sampling tool to
facilitate the extraction of ISF and blood by means of an exter-
nal negative pressure, capillary force, swelling force, or ionto-
phoresis, which play an important role in ISF detection
coupled with in vitro diagnostic systems.

Raman methods, colorimetry, fluorescence, and electro-
chemical sensing mechanisms have been integrated with MN
systems to enhance the development of MN sensors.
Compared with traditional BG monitoring, MNs have the
advantages of a minimally invasive, painless, rapid readout,
and miniaturization, and thus the integration of these detec-
tion technologies enables the MN system’s sampling, sensing
and monitoring functions, making this a promising platform
for biomedical applications. MN glucose sensors are important
parts of wearable technologies, owing to their self-powering
capability, non-invasive nature, and there is no need to inte-
grate a signal transmission system.

In recent years, electrochemical MN glucose sensors have
been the dominant type of wearable glucose sensor. With the
integration of electrochemical systems and wireless communi-
cation technologies, the collected data can be transferred to a
platform for analysis and application, enabling data visualiza-
tion. Numerous studies have met the need for intelligent, min-
iaturized, wearable glucose sensors. As a result, electro-
chemical MN glucose sensors hold significant promise for use
in CGM systems.

In future research, the development of the sensors will
focus on the enzyme stability of enzymatic glucose-sensing
systems and the biofouling problems of sensing systems.
Optimizing the power supply and addressing the need for real-
time calibration, detection, and analysis will be crucial to
advancing the field of CGM. Additionally, the combined detec-
tion of multiple analytes is necessary to obtain comprehensive
disease-related biomarker information. Designing the layout of
the MNs and integrating compound types of sensor can realize
all-in-one MN-based biosensors for the simultaneous and mul-
tiplexed detection of analytes.

With further technique crossovers and numerous reliable
clinical trials, MN-based devices could pave the way for person-
alized diabetes care and self-health management for millions
of people worldwide.
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