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Abstract
Microneedles provide unique advantages in biomedical areas, particularly biosensing, because of their opportunities for 
minimally invasive and convenient detection. This review introduces concepts of electrochemical microneedle-based sensors 
for minimally invasive analysis together with insights into skin compartments for designing successful microneedles. We 
discuss requirements for developing microneedle-based biosensors, including electrical and electrochemical behaviors of 
materials (such as metals, nanomaterials, and conducting polymers) which are the key factors for sensitive biosensors. We 
further emphasize immobilization strategies to attach biorecognition elements to electrode materials. Moreover, we detail 
advanced techniques that require state-of-the-art fabrications and materials to realize porous, biodegradable, and antifoul-
ing materials to enhance biosensing performances. We also emphasize studies of cytotoxicity and damage to the skin to 
elucidate biocompatible potentials. Furthermore, we highlight the latest advances in microneedles published from 2019 to 
2022. This review also includes an overview of key remaining obstacles and opportunities where developments will push 
the advances continuously. The conclusion and outlook on the status of laboratory and commercial availability are added. 
We prospect that microneedle sensors will be integrated into a closed-loop system biodevice for diverse applications, e.g., 
detection and therapy.
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Introduction

The ability to access human bioinformation through 
dynamic changes of metabolites and chemicals in bioflu-
ids is of importance to the advancement of biomedicine. In 
particular, continuous monitoring of significant metabolites, 
such as glucose in severe diabetes patients [1–8] or lactate 

monitoring for a critical patient [9–15], is crucial because 
it provides beneficial data for medical personnel to make a 
decision and manage treatment plans in real time [16].

Several approaches have been developed to access and 
detect levels of biomolecules in biofluids in the last few 
decades [17]. The very first wave of technology involved 
collecting samples from patients (such as blood, cerebro-
spinal, fluid, and urine); the collected biosamples were then 
transferred to large, expensive, and complex equipment in 
a clinical laboratory for analysis [5]. Subsequently, the next 
technology has shifted to miniaturize the standard laboratory 
procedures into a small chip to allow investigation of the 
health condition at bedside, called “lab-on-a-chip” or “point-
of-care” testing devices [5]. Such technologies can reduce 
the complexity of traditional lab experiments and provide 
rapid results. However, the samples including blood, plasma, 
and serum must be taken out of a patient’s circulation sys-
tem, thus creating a large barrier that hinders real-time and 
continuous monitoring.
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Currently, technological advancements enable the fabri-
cation of micro- and nano-scaled objects, which micronee-
dles have emerged. Microneedles are micron-scaled needles 
that have been widely exploited for two major aspects of the 
medical field.

First, medical treatments where microneedles are engi-
neered to release specific substances onto the human body 
through the skin in different approaches. The medical treat-
ments can include (1) vaccine injections [18, 19] that pro-
vided promising results when compared to normal injections 
(e.g., measles and rubella [20], influenza [21], and poliovi-
rus vaccine [22]), (2) drug delivery [4, 23, 24] (e.g., insulin 
delivery), and (3) cosmetic treatments (e.g., employing hya-
luronic acid [25, 26] and magnesium [27] for anti-wrinkle 
treatments).

Second, another intriguing benefit of the micronee-
dle is diagnostic biosensing [4, 23, 24]. Researchers have 
expressed interest in electrochemical microneedle-based 
biosensors because these needles can detect target analytes 
in dermal interstitial fluid (ISF) by directly inserting the 
micron-scaled sensor beneath a skin layer. Microneedles 
offer several advantages, such as painless insertion into the 
skin, causing no rash or irritation [28] and being infection-
free [29]. These properties, therefore, allow the insertion of 
the microneedle into the epidermal surface to detect biomol-
ecules or chemical substances continuously and in real time.

We can observe growing numbers of microneedles for 
biosensing applications; however, the use of a microneedle-
based biosensor in medicine remains several challenges. 
First, physical properties involve a critical concern about 
the geometry of the needle, such as diameter and tip sharp-
ness, and a distortion of the microneedle structure while 
inserting. Therefore, we need to reflect on the strength of 
the microneedle shaft and the geometry [30–35]. Second, 
microneedles could lead to immunological risks as the nee-
dle is penetrated the skin during detection [10, 30]. Third, 
for the suitable electrode, microneedle modification can 
be utilized to improve electric and electrochemical prop-
erties, while immobilization is also necessary to increase 
specificity.

This review describes the concept of a microneedle-based 
biosensor for minimally invasive detection in ISF as shown 
in Fig. 1A. It also includes key considerations of (1) geo-
metrical designs that enhance biosensing performances, (2) 
mechanical properties to avoid unintentional penetrating 
failure, and (3) electrochemical properties to be employed 
for biosensors. Furthermore, we discuss challenges pertain-
ing to the advanced techniques and materials for enhancing 
biosensor performances, such as fabrication techniques to 
obtain porous microneedles, advanced biodegradable mate-
rials to protect biorecognition layers, as well as anti-fouling 
agents. We highlight representative research papers that 
illustrate the utilization of microneedle-based biosensors to 

detect (1) metabolites, e.g., glucose and lactate, (2) early 
stage of cancer, and (3) drugs or chemical substances in the 
ISF or the human skin. These studies are mainly original 
research articles published from 2019 to now, representing 
a fascinating insight into the research field.

Concepts of electrochemical 
microneedle‑based sensors for minimally 
invasive analysis

The term “microneedle-based biosensor” is used to describe 
a medical analytical tool with a thin and sharp tip that can 
detect and report the level of an analyte of interest in bio-
fluids available under the human skin. The concept of using 
a microneedle-based sensor is to insert the needle which 
integrates a sensing function through the outermost layer 
of the dermal to access a biofluid flowing beneath our skin 
[2, 9, 36, 37] (Fig. 1A). Therefore, the microneedle’s tip is 
designed to be strong enough to pierce through the stiffest 
layer of the outermost layer of the skin (stratum corneum) 
in order to reach the dermal layer, which carries full of ana-
lytes. The dermal layer consists of 5% volume of blood [38] 
and about 45% volume of interstitial fluid (ISF) [36]. It is 
noted that the ISF is mostly found in the dermis layer [39]. 
Intriguingly, the ISF carries rich biochemical information, 
such as dynamic metabolic activities. For example, the glu-
cose level in ISF is very related to blood in a stable stage 
[36, 38], despite the lagging time for about 4–10 min delay 
[36], while the protein composition is 93% matches as in the 
serum and blood [36], Therefore, ISF has gained tremendous 
attention for under skin detection.

Electrochemical detection is one of the simplest analyti-
cal approaches, providing both quantitative and qualitative 
information [4, 36, 37]. It is usually a low-cost, rapid, and 
portable device that requires no expert to be used. The basic 
principle of the electrochemical biosensor is based on reac-
tions or interactions between the biorecognition elements 
(such as enzyme, DNA, and antibody) and a specific analyte. 
Consequently, the products of the reaction/interaction from 
the analytes and biorecognition elements provide or use 
electrons which are detected by a transducer—the electrode 
converting one form of bio/chemical energy into another 
such as electricity and voltage—that is fabricated by differ-
ent materials (e.g., metals or conductive polymers) as shown 
in Fig. 1B. The signals detected by the transducer can pro-
ceed with different techniques (such as amperometry, cyclic 
voltammetry, electrochemical impedance spectroscopy, and 
differential pulse voltammetry; Fig. 1C) and display in a 
friendly way.

Although the micron-sized structure of a microneedle-
based biosensor limits pain and provides a noninvasive fea-
ture, the tip of the microneedle is required to insert into 
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the skin. The materials used to fabricate microneedles and 
strategies to prepare microneedle-based sensors are carefully 
considered (Fig. 2). The basic requirements of the materials 
in terms of microneedle features include (1) dimensions that 
can affect the pain and the performance to access the target 
analyte in the human biofluids, (2) mechanical properties to 
avoid any unexpected cracking of the microneedle, and (3) 
biocompatibility for cell friendly ecosystem to reduce immu-
nological risks that may cause. The requirement in terms of 
biosensors includes (1) electrical and electrochemical behav-
iors to transduce the chemical signal to quantifiable signals, 
(2) biorecognition element to specify the biosensor function, 

(3) biodegradable, porosity, and antifouling to enhance elec-
trochemical performances such as sensitivity and selectivity.

Considerations when developing wearable 
microneedle‑based electrochemical sensors

Geometry

Many designs and shapes of microneedle-based biosensors 
have been fabricated to pierce through the skin layers and 

Fig. 1   Microneedle-based electrochemical sensors for minimally 
invasive monitoring. A A transdermal microneedle sensor penetrating 
the skin. The zoom-in image shows dermal layers. B The principle 
of a microneedle-based electrochemical biosensor. PGMA, AuNPs, 
and PEDOT:PSS stand for poly(glycidyl methacrylate), gold nano-

particles, and poly(3,4-ethylenedioxythiophene):poly(styrenesulfon
ate). C Electroanalytical signals obtained from different electrochemi-
cal techniques including (1) cyclic voltammetry, (2) electrochemical 
impedance spectroscopy, (3) amperometry, and (4) differential pulse 
voltammetry
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perform electrochemical biosensors. Different geometries of 
the microneedle offer different features.

The primary consideration for designing the micronee-
dle-based biosensor is the location of the analyte which we 
require to reach and detect. As briefly mentioned earlier in 
“Concepts of electrochemical microneedle-based sensors for 
minimally invasive analysis,” the ISF is a common source 
of the analyte among the biofluids in the dermis. To access 
the ISF, the working area of the microneedle is required to 
be the place where the ISF resides. Hence, an understanding 
of skin anatomy is mandatory.

Skin compartments comprise three main layers: (1) epi-
dermis, (2) dermis, and (3) hypodermis or subcutaneous 
tissue. The outermost layer of skin is the stratum corneum, 
which protects an interchanging between body fluid and 
foreign matters (such as harmful chemicals, and bacteria) 
[37]. The stratum corneum also prevents the loss of liq-
uid from the body with its hydrophobic nature [37]. The 
thickness of the stratum corneum is about 10–40 μm [36], 
while the rest of the epidermis is around 75–150 μm depth 
[37, 40, 41] and up to 600 μm on palms and soles [42, 43]. 
The dermis layer is beneath the epidermis and is normally 
1000–2000 μm thick but can reach up to 4000 μm on the 
adult back skin [36–38, 42]. From all layers of skin com-
partments, the interstitial fluid (ISF) is found at around 
45% [36–38, 42] while the blood available is only 5%. The 
ISF is found mainly in the dermis than in hypodermis and 
can also be found in serum or cell materials. ISF resides 
in the interstitium which is the space between cells and 
vessels. The interstitium is composed of collagen, glycosa-
minoglycan, and elastin [38].

Sharpness is another key requirement to be carefully engi-
neered because the needle must pierce the human skin, which 
is protected by the hard stratum corneum [12, 44–46]. The 
sharpness is described by the tip angle or radius, which can 
also be determined by the thickness or the aspect ratio. The 
penetration capability of a microneedle depends on the sharp-
ness of the needle. Previous studies showed that the force at 
an initial drop to insert microneedle with tip radius between 
5 and 37 μm linearly increased from 20 to 167 mN [47]. 
Additionally, the force at the initial drop of microneedle with 
a tip radius larger than 80 μm increased exponentially [48].

In addition, an aspect ratio is a proportional relation-
ship between a microneedle’s width and height, indicating 
microneedle integrity. The lower the aspect ratio (e.g., a 
small height and a large diameter of the needle base), the 
greater the stiffness of the microneedle obtained. However, 
a small aspect ratio has a trade-off because a small aspect 
ratio decreases the sharpness of the microneedle. Thus, these 
parameters should be optimized. For instance, a study dem-
onstrated that the optimal aspect ratio is 12:1 for the material 
with 3 GPa of Young’s modulus [49].

One of the ultimate features of microneedle-based biosen-
sors is minimizing pain [50–52] during the penetration of the 
needle to lessen anxiety and a phobia about using the needle 
[53]. Two major factors affecting pain experiences while 
inserting the needle into the skin are microneedle length 
[53] and number [54]. The correlation between length and 
pain of microneedle is demonstrated. A study examined the 
pain score when inserting microneedles with three distinct 
microneedle lengths: 1000, 1500, and 2000 μm. The pain 
scores range from 0 to 10, where 0 represents no pain and 
10 represents the highest pain level. The study found that 
the insertion of 1000-μm-length microneedle showed no 
pain, while the pain scores of 0.21 ± 0.49 and 0.71 ± 1.11 
were obtained from longer needles (i.e., 1500-μm and 2000-
μm needles, respectively) [53]. Another study revealed that 
30% of volunteers reported painlessness when using 490-
μm and 700-μm microneedles, whereas only 10% reported 
painlessness when using a 1490-μm microneedle. The study 
concluded that when increasing threefold of microneedle 
length, the pain score would be increased by sevenfold [55]. 
In addition, the pain of microneedle insertion was increased 
2.5-fold while the number of microneedles was increased 
tenfold [55]. Other factors such as thickness, tip angle, and 
aspect ratio did not result in a significant increase in pain 
[55]. Special designs for the microneedle are introduced to 
enhance the microneedle’s ability. Commonly, the surface 
of the microneedle is designed to be flat and smooth. There-
fore, when applying a microneedle to the real living sample, 
a constant force is required to press the microneedle to fix 
the microneedle position. A special architecture of a spike 
microneedle has recently been introduced to overcome this 

Fig. 2   Basic requirements and potential strategies to improve 
microneedle biosensor performances
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limitation. An example of a microneedle is printed by 3D 
printing technology, where some barbs (points backward 
from the main tip) are added at the top of its shaft. When 
inserting this needle, the barb helps to fix the microneedle 
to a steady position (Fig. 3A) [56]. Furthermore, tiny drop-
liked nodes inspired by a bug scent organ were added onto 
the microneedle surface to expand the area and increase the 
liquid flow on the microneedle’s surface (Fig. 3B) [57]. Fig-
ure 3C shows the microneedles with hollow [58] which can 
offer various purposes, such as being a microfluidic channel, 
loading drugs [59–61], and as holding electrode materials 
[62, 63]. Magnetorheological drawing lithography (MRDL) 
offers a promising method to fabricate microneedles for bio-
sensors. In brief, curable magnetorheological fluid (CMRF) 
can be dropped on the substrate, and the magnetic field is 
then assisted to draw the droplet into the desired shape of 
the microneedle, as shown in Fig. 3D.

Mechanical properties

A microneedle-based biosensor typically accesses the inter-
stitial fluid which is found at the epidermis and dermis layers 
of human skin by penetrating the stratum corneum layer. 
Mechanical properties are important when engineering elec-
trochemical sensing systems for on-body applications [66]. 

The stiffness of the microneedle-based biosensor is carefully 
designed based on skin mechanical properties to ensure no 
breaking of microneedle during the detection. Human skin 
possesses several important mechanical properties which 
vary from different factors such as age, gender, and area of 
the body [67, 68]. Viscoelasticity is another essential prop-
erty that provides the elongation of the skin stretching range 
to prevent injuries or damage when forces are applied to the 
skin [69]. The viscoelasticity of skin offers two different 
mechanical behaviors, including viscosity and elasticity at 
the same time.

To measure skin mechanical behavior, four important 
techniques can be employed for instance tensile testing [70], 
suction testing [71], torsion testing [72, 73], and indentation 
testing [68, 74, 75]. The indentation testing is essential for 
microneedle penetration testing as this characterization way 
measures a force that is applied onto a small area of skin 
vertically [76].

Several studies about indentation testing of micronee-
dles have been investigated to predict the insertion force 
(determining a force required to break the skin) [32, 48, 77]. 
The demonstration of skin displacement and the insertion 
force behavior are reported [32, 48, 77]. Figure 4A displays 
a graph showing the relationship between the displacement 
used to insert the microneedle (that has a design with a 

Fig. 3   Geometrical designs of microneedles. A The SEM images 
of microneedles with lateral spines. Adapted with permission [64].  
Copyright 2020, WILEY–VCH Verlag GmbH & Co. KGaA, Wein-
heim. B Drop-liked nodes on a microneedle surface bioinspired by a 
scent organ of European bugs. Adapted under the terms and condi-
tions of the CC-BY [57]. Copyright 2019, Cristina Plamadeala et al., 

published by Springer Nature. C Hollow microneedle designs with 
(1) pyramidal and (2) cone shapes. Adapted under the terms and con-
ditions of the CC-BY [58]. Copyright 2019, Anika Trautmann et al., 
published by Springer Nature. D A sharp microneedle fabricated by 
using magnetorheological drawing lithography (MRDL). Adapted 
with permission [65]. Copyright 2019, published by Elsevier
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constant slope throughout the whole needle length as shown 
in Fig. 4B (top)) and the resulting force. The force–displace-
ment plot in Fig. 4A indicates that the mechanical behav-
ior of inserting such a needle can be divided into 3 phases. 
Initially, after pressing the microneedle into the skin, the 
resistance force gradually increases in phase 1, demonstrat-
ing the stiffness of the skin. In phase 2, the resistance rapidly 
decreases to a certain point when the tip of the microneedle 
first breaks through the stratum corneum. Consequently, 
the resistance rapidly increases when the microneedle is 
constantly penetrated further in phase 3 [77]. However, the 
mechanical behaviors of the microneedle with the other 
design (shown in Fig. 4B (bottom)) react differently. Simu-
lation of the microneedle insertion using a finite element 
model demonstrates two peaks of insertion force which are 
responsible for tip insertion and shaft insertion respectively 
[78]. On the contrary, another study also measured the frac-
ture force (a microneedle failure force) to ensure the stiffness 
of the microneedle, avoiding failure insertion.

Figure 4C displays the observable images obtained from 
the mechanical test using polymeric microneedles made of 
poly(lactic-co-glycolic acid) (PLGA) and polyvinylpyrro-
lidone (PVP) by spraying these polymers into a PDMS mold. 
The microscopic images show the results after the distinct 
force applied to the tip of the microneedle ranging from 0.06 
to 0.56 N. The PLGA/PVP microneedle offers no cracking 
when applying vertical 0.56 N force on its tip [79].

In addition to the insertion forces and microneedle dis-
placement, it is essential to evaluate a safety margin which 
is the relationship between insertion and fracture force [60]. 
The safety margins depend on the types and materials of 
the microneedle. For example, the safety margin of a solid 
silicon microneedle is between 6 and 9, while the polymeric 
hollow microneedle ranges from 5 to 20 [48, 60]. The study 
added that the insertion force of the microneedle increased 
linearly correlated with the contact area between a micronee-
dle and skin (tip dimension). The insertion forces from the 
study ranged from 0.08 to 3.04 N [48], while another study 

Fig. 4   Mechanical testing of microneedles. A (Left) Schematic 
of metallic hollow microneedle insertion into the skin. (Right) The 
graph showing the insertion force of a microneedle during penetra-
tion displaying the force required to allow the microneedle tip to 
pierce the skin. Adapted under the terms and conditions of the 
CC-BY [77].  Copyright 2016, Sahan A Ranamukhaarachchi et  al., 
published by Scientific Reports. B (Top) Microneedle with a constant 
slope throughout the whole needle length and (bottom) a tip slope-
shaped microneedle. C Microscopic images indicating a mechanical 
feature of polymer microneedle fabricated by spraying poly(lactic-
co-glycolic acid) (PLGA) and polyvinylpyrrolidone (PVP) strength 
against various vertical forces, ranging from 0.00 to 0.56  N. Scale 

bar: 200 μm. Adapted under the terms and conditions of the CC-BY 
[79]. Copyright 2019, Seok Chan Park et al., published by MDPI. D 
Microneedle penetration testing on porcine skin using trypan blue as 
a marker. (Top right) The optical image of microneedles and (bot-
tom right) the marks caused by microneedles and trypan blue. Scale 
bar: 2  mm. Adapted under the terms and conditions of the CC-BY 
[80]. Copyright 2019, Kevin J. Krieger et al., published by Springer 
Nature. (E) The optical images before and after insertion of the 
microneedle fabricated from composite maltose (Mal) and meth-
acrylated hyaluronic acid (MeHA) with different concentration ratios. 
Scale bar: 500  μm. Adapted with permission [81]. Copyright 2020, 
WILEY–VCH Verlag GmbH & Co. KGaA, Weinheim
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shows insertion forces of 0.104–0.111 N (human skin) and 
0.083–0.118 N (porcine skin) [77].

Ex vivo insertion capability is typically confirmed using 
animal skin penetration testing. Porcine skin is one of the 
most popular models to mimic human skin, as porcine skin 
offers comparable mechanical behaviors. Furthermore, the 
freshly prepared porcine skin provides better mechanical 
properties than the frozen human skin [77]. Figure 4D dem-
onstrates a skin penetration schematic on porcine skin. The 
microneedle is applied to the porcine skin (step 1) and 
removed (step 2). The trypan blue is added (step 3), fol-
lowed by normal saline washing (step 4). A tape is applied 
to remove the stratum corneum (step 5). Eventually, the 
remaining trypan blue on the next layer of skin is observed 
(step 6) [80].

In addition to the observation of the trace left on the skin, 
it is essential to investigate the integrity of a microneedle. 
We should observe the microneedle shape before and after 
insertion onto the skin to confirm whether the structure of 
the needle integrity is suitable for penetration under expected 
operations. Figure 4E shows the hydrogel-based micronee-
dle from the mixture of maltose (Mal) and methacrylated 
hyaluronic acid (MeHA) with different mixture w/w ratios 
(including 0.2:1, 0.5:1, 1:1, 2:1, and 4:1). Figure 4E shows 
the microneedle integrity before and after insertion into 
porcine skin. All mixture ratios of Mal-HeMA micronee-
dle offer successful penetration. The 900-μm microneedles 
are capable to pierce to 400–500 μm depth which allows 
access to ISF in the dermis layer. The penetration testing 
of the Mal-HeMA microneedle shows no difference in the 
mechanical property which can be observed from the needle 
form after inserting [81].

Electrical and electrochemical properties 
when engineering microneedle‑based electrodes

An electrochemical biosensor requires an electrode to serve 
as both a solid support as well as a transducer. The basic 
considerations are electrical conductivity, electron move-
ment capacity, and potential window.

Electrical conductivity is mandatory for building elec-
trodes to receive an effectively transferred electron from the 
bio/chemical reaction or interaction between biorecognition 
elements and target substances [82]. Electrochemical bio-
sensors have been developed from the basic glucose sen-
sor, which fixed the glucose oxidase (GOx) enzyme on an 
electrode. The biosensor should be engineered to allow high 
selectivity toward glucose by using a semipermeable mem-
brane and the operation condition in the presence of oxygen. 
Instead of using oxygen in the original generation of the 
enzymatic biosensor, the mediator could be used in the sec-
ond generation of the biosensor to facilitate electron transfer 
from the enzyme to the electrode. The third generation of 

the electrochemical biosensor is known as direct electron 
transfer (DET) [83, 84], in which the electron percolation 
was transferred from the biorecognition element, such as an 
enzyme to the electrode. However, note that there is an argu-
ment that refuses the DET behavior of glucose oxidase at 
some electrodes such as carbon nanotubes or graphene [85]. 
In many cases, the working electrode relying on conducting 
materials play an important role in the microneedle-based 
biosensor design as a transducer, as well as in determining 
sensitivity and selectivity [83].

A range of electrical potential without the major presence 
of the faradaic reaction taking place is called a “potential 
window” which is another important feature of material 
consideration. The potential window depends on the natural 
characteristics of materials and biofluids. The suitable poten-
tial window would allow the stability of materials and prevent 
material corrosion (such as in the case of metal oxidization).

Metals have been used as electrodes for decades. Cu and 
Ni have been employed as electrically conductive compart-
ments due to their electrical conductivity. From the point 
of view of electrochemistry, Cu and Ni offer a potential 
window between 0.0 and 0.6 V vs SCE [86]. Metals, such 
as stainless steel (ferrous alloys), Ni, Ti, Pd, and Cu, were 
employed as microneedles [87]. However, expensive metals, 
such as Pt and Au, are outstanding alternative electrodes 
due to their wider potential windows. The window of Pt 
ranges approximately from − 1.0 to 1.5 V vs Ag/AgCl with 
a reduction peak around 0.4 V, while Au also offers a large 
window potential between − 0.5 and 1.7 V vs Ag/AgCl with 
0.2 V reduction peak. Besides, Au is employed to fabricate 
electrodes in numerous studies due to its distinctive proper-
ties, such as high electrical conductivity which enhances 
electron transfer from biorecognition elements to electrode 
surface [83]. In addition, the nature of the Au surface is 
favorable for the immobilization of biorecognition elements 
(via strong thiol chemistry as discussed later in “Immobiliz-
ing biorecognition layers on microneedle-based electrodes”) 
and maintains the element activities.

Figure 5A shows a microneedle-based biosensor that 
employs metals as a transducer. The 9 × 9 microneedle array 
is prepared. The 20-nm titanium (Ti) and 200-nm gold (Au) 
are consequently sputtered onto the desired surface of the 
microneedle array, leaving the three bared columns in the 
middle. The silver (Ag) is deposited on a side to serve as 
a precursor support for the subsequent process to fabricate 
a suitable AgCl surface to serve as a reference electrode. 
On the other side, Prussian blue covers the Au-sputtering 
surface to provide a sensitive layer for H2O2 in the glucose 
oxidation pathway of the biosensing mechanism. On top of 
that, the different types and sizes of metal provide distinct 
properties. Gold nanoparticles (AuNPs) are a tiny size of 
Au which offer a high surface-to-volume ratio and reduce 
the distance between the enzyme and the electrode surface. 
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These properties enhance biosensing performances and elec-
tron transfer without aiding additional mediators.

Alternatively, carbon-based materials are introduced to 
offer a broad potential window. Examples of carbon-based 
materials are glassy carbon (GC) and boron-doped diamond 
(BDD) that display large potential windows from − 1.2 to 2.0 
and − 1.3 to 2.4 V, respectively, while these electrodes pre-
sent no reduction and oxidation peaks in the ranges. Many 
allotropes of carbon-based materials, including graphene, 
graphite, and carbon nanotubes, are conductive, which is 
useful for building electrode materials for electroanalytical 
applications [92–96]. These carbonaceous polymorphs also 
offer similar desirable properties such as biocompatibility 
and stiffness [97]. Of those promising potentials, carbon-
based materials are employed for an electrochemical biosen-
sor as a substrate and an electrode.

Graphene and its derivatives have been tremendously 
studied in electrochemical biosensors owing to their out-
standing properties. They offer rapid electron transfer [98] 
and favorable electroanalytical performances such as sensi-
tivity and selectivity [94, 97]. For example, the application 

of graphene for fabricating the human cardiac troponin I sen-
sor can allow a low limit of detection (LoD) at 0.07 ng mL−1 
[98]. In addition, graphene provides high stability and repro-
ducibility. Importantly, the large surface area from the gra-
phene nanosheet offers a good condition for the immobiliza-
tion of biorecognition elements [97, 98].

Graphene possesses high electrical conductivity (108 S 
m–1) [97, 99]. Graphene provides a surface area up to 2630 
m2 g–1 [100, 101], which is a large effective surface area 
for immobilization. However, unmodified graphene has no 
functional groups, which limits the immobilization process 
of attaching biorecognition elements. To overcome this 
limitation and add new functional groups on the carbon 
surface, oxidant and strong acid treating are exploited to 
add carboxyl and hydroxyl functional groups onto a gra-
phene sheet. This approach converts pristine graphene into 
graphene oxide (GO) [95, 97, 102]. By adding such oxy-
gen-containing functional groups onto a graphene sheet, 
the GO becomes hydrophilic and enhances biocompatibility 
potential [97, 103]; however, the electrical conductivity of 
the GO decreases (down to around 5.7 × 10−6 S m−1 [94, 

Fig. 5   Materials providing desirable electrical and electrochemi-
cal properties for microneedles. A 3D printing microneedles coated 
with Au. The arrays are divided into three different areas, including 
Prussian blue coated (working electrode), bare Au (counter elec-
trode), and Ag/AgCl (reference electrode). Adapted under the terms 
and conditions of the CC-BY [88].  Copyright 2021, Yiqun Liu 
et al., published by Springer Nature. B (Left) An optical image of a 
microneedle biosensor coated with AuNPs and (right) the schematic 
illustration showing layers of the microneedle-based biosensing elec-
trode. Adapted with permission [89]. Copyright 2020, Elsevier. C 

Fabrication of porous microneedle-based biosensors with gold plating 
and an SEM image of the microneedle surface. Adapted with permis-
sion [90]. Copyright 2020, Wiley Periodicals, Inc. D SEM images of 
single porous PLGA microneedle before (1) and after (2) salt leach-
ing. Adapted under the terms and conditions of the CC-BY [91]. 
Copyright 2020, Chinnadayyala et al., published by Nanomaterials. E 
(Left) Optical and (right) SEM images of Au microneedle electrodes 
before and after the deposition of porous platinum black. Adapted 
under the terms and conditions of the CC-BY [1]. Copyright 2020, 
Somasekhar R. Chinnadayyala and Sungbo Cho, published by MDPI
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95]) because of the oxygenate insulation [97]. In regards 
to the electric conductivity, reduced graphene oxide (rGO) 
is introduced, which removes some oxygenated functional 
groups from the GO, providing a promising high electri-
cal conductivity (102–105 S m−1 [104]). Some oxygenated 
functional groups remain to offer immobilization potential 
[82, 95, 97], allowing an attachment of molecules, e.g., pro-
tein, enzyme, polymer, and DNA [105]. An rGO has been 
reported to be used for a microneedle-based biosensor [97]. 
They demonstrate as follows: a conductive metal micronee-
dle is prepared and immersed in the GO-contained solution. 
The microneedle is consequently left dry. The adsorbed GO 
on the microneedle surface is then reduced by ascorbic acid 
(vitamin C); the result converts GO into rGO. By coating the 
rGO on the conductive metal microneedle, the sensitivity of 
the H2O2 sensor increases [97].

Although the variety of potentials of graphene and its 
derivatives, the application faces challenges on various 
fronts. The drawbacks are that the synthesis method of gra-
phene has no gold standard to control its size and layer, and 
some defections from the synthesis are still observed [94, 
106].

Conductive polymers have attracted enormous interest in 
biosensor applications. In comparison to conventional met-
als, conductive polymers provide favorable properties, such 
as ease of processing, printing availability [82], and stability 
in the air that prevents forming of an insulating oxide layer 
[106]. On top of that, the chemical structure of conductive 
polymers as an electrode produces specific catalytic sites 
that improve electrocatalytic reactions, such as O2 reduc-
tion [106]. Furthermore, conductive polymers’ capabilities 
enhance many properties of biosensors. For example, they 
can act as the supporting material for biomolecule immo-
bilization to improve the selectivity of microneedle-based 
biosensors. Moreover, hosting biorecognition elements by 
using conductive polymers can ensure the stability of the 
sensor. Using conductive polymers can also increase charge-
transferring efficiency from biochemical reactions [107], 
thus increasing sensitivity [11, 82]. Importantly, the biocom-
patibility of conductive polymers to biological molecules 
allows biomolecule immobilization with no activity loss as 
well as no harm to skin, resulting in noticeable capability 
for continuous monitoring of analytes or drugs in human 
biological fluid in vivo [108].

Interestingly, a combination of different types of materials 
can enhance the performance of electrodes and biosensors. 
Figure 5B displays the deposition layers of a microneedle-
based biosensor containing the conducting layer overoxi-
dized polypyrrole (OPPy)-AuNP layer which enhances the 
physical and electrochemical properties of the electrode. The 
Cr and Au were sputtered respectively onto the surface of 
the microneedle to maximize conductivity. The pristine PPy 
is then electrodeposited onto the conducting microneedle; 

subsequently, overoxidation of PPy (OPPy) is performed to 
offer stability and surface smoothness of PPy. The OPPy, 
moreover, reduces AuNPs aggregation as can be seen in 
the study that shows the distribution of AuNPs deposition 
evenly onto OPPy layer [89, 109].

Advance materials and techniques 
for improving biosensor performances

Porosity

The electrode with a larger surface provides a wider elec-
troactive surface area. The large area can offer high sen-
sitivity for biosensors. Increasing the size of the electrode 
could increase the area of the electrode; however, this way 
is not practical when we want to achieve a micron-sized 
microneedle. There are several strategies to overcome 
this limitation by using special materials such as AuNPs, 
MWCNTs [110], and functionalized multiwalled carbon 
nanotubes (f-MWCNTs) [111] which are previously men-
tioned in “Electrical and electrochemical properties when 
engineering microneedle-based electrodes.” On top of that, 
some fabrication methods are capable to increase the surface 
area of microneedles by creating porous structures in the 
microneedle’s body [1, 90, 91, 98, 112, 113]. As shown in 
Fig. 5C, a porous microneedle was fabricated using a particle 
leaching method. The microneedle structure was prepared 
by using the monomer (i.e., glycidyl methacrylate (GMA)) 
and the crosslinkers (i.e., trimethylolpropane trimethacrylate 
(TRIM) and triethylene glycol dimethacrylate (TEGDMA)). 
Additionally, the porogen, i.e., polyethylene glycol (PEG) 
in 2-methoxyethanol, was added to the prepared polymer 
to create a porous in the microneedle. A photoinitiator was 
added to the mixture to enhance polymerization by light. 
The well-mixed solution was poured into the PDMS mold 
and exposed to UV light to cast the microneedle as shown 
in Fig. 5D(1). Consequently, the porogen was washed using 
1:1 methanol/water. After dissolving of the porogen, the 
microneedle became thinner, and porous could be observed 
as seen in Fig. 5D(2). The Au layer was electroplated on 
the porous surface of the microneedle to enhance electrical 
conductivity [113].

Additionally, Au microneedle modified by highly nanopo-
rous gold (h-nPG) can also increase microneedle-based bio-
sensor performances to detect catecholamines (CAs) which 
is the monoamine compound of the nervous system includ-
ing dopamine (DA), norepinephrine (NEP), and epinephrine 
(EP) [114, 115]. In brief, the 4 × 4 array of Au microneedles 
was prepared. Highly nanoporous gold (h-nPG) was then 
deposited on the Au microneedle surface by using a 10-mM 
HAuCl4 solution containing 2.5 M NH4Cl with a scan rate 
of 50 mV s−1 for 25 cycles. The potential was sweeping 
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between + 0.8 V and 0 V vs Ag/AgCl. Subsequently, − 2 V 
vs Ag/AgCl potential was applied to induce hydrogen bub-
bling and allow the formation of the highly nanoporous 
gold (h-nPG). The h-nPG-modified Au microneedle-based 
biosensor can detect NEP as low as 100 nM of LoD with a 
response time lesser than 4 s. Furthermore, the microneedle-
based biosensor showed no effect from interferences includ-
ing 5 mM of glucose and 500 μM of L-cysteine, L-lysine, 
urea, citric acid, NaCl, and folic acid [116].

Another work introduces a fabrication method to func-
tionalize the porous platinum black (Pt-black) on the 
microneedle tips [1, 117]. First, the bare Au electrode was 
fabricated by electroplating Au onto the stainless steel sup-
port. This Au-coated stainless steel sheet was punched by 
using a jig and bent vertically against the substrate to create 
the microneedle-shaped (as shown in Fig. 5E). Before Pt 
deposition, the microneedle’s tips and contact area were cov-
ered with PDMS and parafilm. A parylene with 5 μm thick 
was coated on the remaining area. Subsequently, the PDMS 
was removed, and microneedle tips were electrodeposited 
using 2.5% hydrogen hexachloroplatinate (IV) hexahydrate, 
lead diacetate trihydrate (0.05%), and HCl (0.01 M) in an 
electrochemical bath by applying a current of − 2.5 mA cm−2 
for 400 s vs the Ag/AgCl reference electrode. This reaction 
allows the deposition of porous Pt black on the tip of the 
microneedle which can be observed as shown in Fig. 5E. 
The current peaks for detecting glucose obtained from bare 
Au microneedle vs Pt-black modified Au microneedle are 
significantly different. Both porous electrodes offered higher 
sensitivity for the detection of glucose in comparison to the 
smooth electrodes without porous structures.

Biodegradable materials

As mentioned earlier, microneedle-based biosensors have 
been developed by employing engineered materials to 
enhance biosensing performances. The use of metals and 
rigid materials is introduced to avoid fractions on the 
microneedle body and reduce the damage to the microneedle 
surface. Additionally, nanoparticles are modified on the sur-
faces of the microneedles to enhance electrical and electro-
chemical properties, while the biorecognition elements are 
also immobilized on the surface to increase the selectivity 
of analytes. However, during the insertion of microneedles 
into the skin, the modification layers might be mechanically 
damaged by the skin which could lead to a decrease in bio-
sensor performance. Therefore, protecting the modified layer 
during the penetrating process could preserve the biosensing 
performances of the microneedle-based sensor. To overcome 
this obstacle, the use of dissolvable polymers is proposed 
[97]. For instance, dissolvable polymers, such as polysaccha-
ride hyaluronic acid, and many polymerization degrees of 
poly(vinyl pyrrolidone) (PVP), could be employed owing to 

their biocompatible properties [118]. An example is apply-
ing PVP. First, the vertical ZnO nanowire (vNW)–coated 
microneedle is fabricated. Then, the dissolvable PVP solu-
tion is sprayed onto the microneedle surface and left in a 
vacuum to allow drying of the PVP. Upon applying the 
microneedle, the PVP layer could be rapidly dissolved in 
the ISF. A study reveals that PVP could protect the vertical 
ZnO nanowire (vNW) layer which is coated on the surface 
of stainless-steel microneedles (ssMNs) and resin micronee-
dles (rMNs). The optical results confirm that the vNW layer 
remains on the surface of the microneedle after micronee-
dle insertion. Advantageously, the PVP-coated micronee-
dle offers 3-folded sensitivity higher than that of uncoated 
microneedle [119].

Antifouling materials

In the operation of microneedle-based biosensors that require 
in situ detection, the working electrode directly contacts the 
biofluid, typically ISF, where analytes are detected. There-
fore, nonspecific adsorption or fouling processes might occur 
during operation at the working area of the electrode. Chal-
lengingly, the undesired aggregation of a foulant layer might 
be caused by the adsorption or polymerization of proteins, 
polysaccharides, and lipids as well as biomolecules (such as 
cells or DNA). Additionally, the fouling agent might be due 
to the product of a mediator [14, 120, 121]. This fouling layer 
obstructs electrochemical behaviors by creating an imperme-
able layer, which can lessen the selectivity and sensitivity of 
biosensor performance [14, 120, 121]. Therefore, anti-fouling 
agents should be included in the microneedle-based biosen-
sor concept to maintain the signal of the microneedle-based 
biosensor in the presence of various interferences.

The oxidation of biomolecules at a high voltage can also 
generate a foulant. For example, the oxidation of NADH 
can form radical intermediates. Such products could alle-
viate the electrochemical signal by up to 70% after 1800s 
when using the bare carbon electrode and applying a poten-
tial of 0.75 V. However, using N-butyl-N-methyl pyro-
lydinium bis (trifluoromethylsulfonyl) imide (C4mpyr)
(NTf2) ionic liquid (IL), MWCNTs, and the oxidation 
product of NAD+ tightly attached on the carbon-based 
surface could reduce the signal attenuation down to 15%, 
owing to their ability to increase electron transfer kinetics 
and decrease the applied potential (down to 0.10 V) [14, 
121]. The decrease of operation potential (from 0.75 to 
0.10 V) could avoid the unwanted generation of radical 
intermediates and their dimerization during the oxidation 
of NADH. Therefore, this represents another example to 
minimize the undesired passivation on the electrode sensor, 
particularly for biosensors that rely on NAD+/NADH sys-
tems (such as dehydrogenase-based enzymatic biosensors).
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Additionally, antifouling agents are employed to mini-
mize the biofouling on the microneedle surface [14, 121]. 
A study on development of enzymatic and nonenzymatic 
dual-working electrodes demonstrates the effect of Nafion 
coating on the stability of the microneedle-based biosensor 
in the presence of an ISF environment. The result showed 
that after 2 h of detection, the enzymatic and nonenzymatic 
signals decreased by 11% and 14%, respectively [122].

Immobilizing biorecognition layers 
on microneedle‑based electrodes

In addition to the previously mentioned requirements, an 
electrode requires other capabilities, such as electrocatalytic 
activity. A crucial approach to add the desirable bioelec-
trocatalytic function to the microneedle is immobilizing 
biorecognition elements. Immobilization is a process in 
which biorecognition elements (such as enzymes) are fixed 
to or within solid supports (such as microneedle-based 
electrodes), thus creating a heterogeneous immobilized 
biorecognition element system. The immobilized form of 
enzymes mimics the natural mode exiting in living cells, 
where most of such natural catalytic systems are attached 
to the cellular cytoskeleton, membrane, and organelle 
structures.

Immobilization of biorecognition elements is one of the 
important parts of biosensor fabrication. Typically, oxidation 
or reduction reactions could occur on electrode materials 
when a particular potential has been applied to the elec-
trodes. The electrochemical reaction could provide an elec-
tron transfer that could be detected at the transducer. This is 
important for designing electrochemical microneedle-based 
sensors. However, the detected signals are useful for elec-
troanalysis only if the signals are related to a specific analyte 
in a biofluid that also contains other complex contaminants 
and admixtures. To avoid the unwanted signal from interfer-
ing species, the use of biorecognition elements is important. 
An enzyme is one of the most crucial recognition elements 
to produce a signal from the targeted analytes. In addition to 
enzymes, other biorecognition elements such as antibodies 
[123–126] and DNA [127–131] can be employed.

Additionally, enzyme immobilization provides many 
advantages. The solid support systems generally stabilize 
the structure of the enzymes and, therefore, maintain their 
catalytic activities. Thus, as compared to free enzymes in 
solution, immobilized enzymes are more robust and more 
resistant to environmental changes. In addition, heterogene-
ous immobilized enzyme systems allow the easy recovery 
of both enzymes and products, multiple reuses of enzymes, 
continuous operation of enzymatic processes, rapid termina-
tion of reactions, and a greater variety of bioreactor designs.

However, not all surfaces of the electrodes are capable 
of immobilizing the enzymes, and improper immobiliza-
tion could also damage biorecognition molecules. Elec-
trode’s surface modification would play an important role 
in immobilization. Chemical modifications to add essential 
functional groups enhance several potentials: (1) allow-
ing chemical bonding between the electrode surface and a 
biorecognition element (such as an enzyme) which increas-
ing stability of the biosensor, (2) offering controllable ori-
entation and density of the immobilized biorecognition 
element (such as an enzyme) [84, 132], and (3) preventing 
denaturation of a biorecognition element by adding a bio-
compatible intermedium layer between the transducer and 
the biomolecule [133].

Immobilization of biorecognition elements can be estab-
lished with many methods. The simplest way is adsorption 
which is based on the interaction between electrode surfaces 
and biomolecules by weak bonds such as Van der Waal, 
electrostatic, and hydrophobic [134–136]. The adsorption 
strategy is an easy and inexpensive approach as it requires 
no further reagents while avoiding damage to the biomol-
ecules. However, weak bonds provide unsteady interaction 
between the electrode and biomolecules which could cause 
leakage and denature of immobilized molecules when the 
environment changes [137]. Another common immobiliza-
tion method uses covalent bonding which offers a strong and 
stable bond between an electrode surface and a biorecog-
nition element [138, 139]. This bonding could also sup-
port self-assembling monolayer (SAM) before performing 
immobilization. To achieve successful covalent immobili-
zation, a large number of molecules and many reagents are 
required. The activity of some biorecognition elements is 
also interrupted due to the newly formed covalent bonds 
[140]. Entrapment is another common enzyme immobiliza-
tion method used for biosensors owing to their stability. The 
entrapment could be done by polymerization in the pres-
ence of biorecognition elements; the molecule is confined in 
polymer and attached to the electrode surface. This immobi-
lization method offers strong constraining of the molecules 
which reduces the leaching of biorecognition elements. 
However, the polymers used to entrap could obstruct the 
molecule’s activities [141].

Figure 6A shows synergistic coordinations of materials 
used in a microneedle-based biosensor for continuously 
detecting ketone bodies by the analysis of β-hydroxybutyrate 
(HB) and glucose. The electrode was fabricated using a 
combination of carbon paste, 1-ethyl-3-methylimidazo-
lium bis(trifluoromethylsulfonyl)imide (ionic liquid, IL), 
and phenanthroline dione (PD) mediator. The IL used in 
this system assists in the adsorption of biomolecules: 
β-hydroxybutyrate dehydrogenase (HBD) HBD coupled 
with NAD+ into the tiny pores of the underlying carbon-
based electrode. The biomolecules are also crosslinked by 
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glutaraldehyde (GA) and coated with chitosan and polyvinyl 
chloride (PVC) to immobilize the microneedle [14].

Figure 6B shows the layers of covalent enzyme immo-
bilization by using glutaraldehyde (GA) and N-ethyl-N′-
(3-(dimethylamino)propyl)carbodiimide/N-hydroxysuccin-
imide (EDC/NHS) as crosslinker. The microneedle is first 
coated with Au. The –COOH functional group on the Au 
surface is then formed by using a self-assembled monolayer 
(SAM) of 3-mercaptopropionic acid. The EDC/NHS then 
links a bond between the carboxyl group on the activated Au 
and the Fc-PAMAM. GOx is then covalently bound onto the 
next layer of the microneedle’s surface by GA crosslinking. 
The Fc derivative and crosslinkers in this study also act as 
a mediator to facilitate the electron from the active site to 
the transducer.

Figure 6C displays a way to attach an anti-HER2 mono-
clonal antibody onto the surface of a microneedle-based bio-
sensor. This antibody contains an amino functional group 
that is important for covalent attachment. The formation 
of SAM on an Au-coated microneedle electrode is carried 
out by 3-mercaptopropionic acid and 2-mercaptopropionic 

acid. The –COOH functional group is then activated by 
EDC/NHS. The antibody is then covalently added to the 
microneedle, and the excess NHS is replaced by PEG-
diamine to reduce the remaining active sites.

Concerns of toxicity and damage to the skin

Microneedle-based devices are required to be compatible 
with the human body [144]. According to the International 
Organization for Standardization (ISO) 10,993, all medical 
devices, especially direct-contacted instruments, are required 
to pass a series of biocompatible tests, such as genotoxic-
ity, hemocompatibility, cytotoxicity, irritation, sensitization, 
and immunotoxicity [145], before entry to the clinical trial 
[145–148]. Therefore, microneedle-based biosensors are 
also required to be safe for users [145–148]. For instance, 
the insertion of the microneedle-based biosensor should not 
release any hazardous substances or cause any harm (such 
as irritation) to human skin [28], flammable [145, 147], and 

Fig. 6   Immobilization of biorecognition layers on microneedles. A 
The schematic illustration showing the immobilization of micronee-
dles with (left) β-hydroxybutyrate dehydrogenase (HBD), nicotina-
mide adenine dinucleotide (NAD+), glutaraldehyde (GA) followed 
by chitosan and PVC layers for the β-hydroxybutyrate (HB) sensor 
and (right) Prussian blue, glucose oxidase (GOx), and GA, followed 
by chitosan and PVC layers for glucose sensor. Adapted with per-
mission [14].  Copyright 2019, American Chemical Society. B The 
schematic diagram showing immobilization of a silicon microneedle 
with (1) Au layer, (2) self-assembled monolayer of 3-mercaptopro-
pionic acid and 3-mercaptoethanol, (3) activation of N-ethyl-N′-(3-

(dimethylamino)propyl)carbodiimide/N-hydroxysuccinimide (EDC/
NHS), (4) ferrocene-cored poly(amidoamine) (Fc-PAMAM) immo-
bilization, (5) glutaraldehyde (GA), and (6) glucose oxidase (GOx) 
immobilization. Adapted with permission [142]. Copyright 2021, 
Wiley–VCH GmbH. Adapted with permission [142]. Copyright 2021, 
Wiley–VCH GmbH. C The schematic illustration showing immobili-
zation of a microneedle using of self-assembled monolayer of 3-, and 
2-mercaptopropionic acid (MPA), followed by EDC/NHS activation, 
anti-HER2 immobilization and PEG-diamine addition to react the 
excess NHS sites., respectively. Adapted with permission [143]. Cop-
yright 2021, Elsevier
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immunological risk [149], to the biological environments, 
including cells, tissues, and biofluids [147].

Metals, such as gold, silver, titanium, and chromium, 
are commonly used for biosensors due to their promising 
electrochemical behavior and biocompatibility. Recently, 
conducting polymers, e.g., polyaniline (PANI), polypyrrole 
(PPy), and poly(3,4-ethylenedioxythiophene) (PEDOT), 
have been used as electrodes for biosensors, thanks to their 
low cost, managing simplicity, and also biocompatibil-
ity [150]. Additionally, some conducting polymers allow 
biomolecules to be immobilized on their surfaces without 
negative effects [107, 108]. Decreasing immunological risks 
while also promoting biomolecule immobilization is essen-
tial for biosensing applications.

However, before using the microneedle-based device 
in animal or human models, in vitro assays are typically 
employed for primary screening, for instances, cell viabil-
ity [147], MTT assay [148], and inflammation marker [142, 
148, 151, 152]. These in vitro assays, moreover, are simple 
and cheap ways while offering more sensitivity in compari-
son to a study in animal models [142, 147, 148, 151, 152].

In vitro cytotoxicity testing of the releasing agents from 
microneedle materials is demonstrated. The microneedles 
made of three different types of cyclic olefin polymers 
(COPs) were incubated to obtain eluates. The eluates were 
separately mixed with the cell medium to achieve testing 
media. Each testing medium was then used to incubate 
endothelial cells and keratinocytes at 37 °C for 24 h. Fig-
ure 7A and B show the cell viability of endothelial cells and 
keratinocytes, respectively. Both figures show that COPs 
have no effect on the cell proliferation and the medium 
result, whereas the control experiment (using H2O2) causes 
severe damage to the cells. Additionally, no inflammation 
markers including E-selectin, ICAM-1, and HLA-A/B/C 
were observed after 7 days of incubation [147]. Another 
study in Fig. 7C displays the test of cell cytotoxicity, using 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) assays. This assay is important to investigate 
the effect of the microneedle-based biosensor (made of 
AuNW hydrogel) on HeLa cells. The cell viability graph 
shows that the AuNW hydrogel microneedle-based biosen-
sor offers good biocompatibility (cell viability over 85%) 
after 28 h of incubation [148].

Skin cross-sectioning and color staining are employed 
to ensure that a microneedle can successfully pierce skin 
for accessing biofluids underneath. Figure 7D shows SEM 
images, trypan blue staining, and cross-sectioning of pig-
let skin before and after microneedle penetration. Trypan 
blue staining obviously demonstrates the microneedle 
marks as the blue dots are easily observed after applying 
the trypan blue, whereas the cross-sectioning shows the 
depth of the microneedle holes caused by the penetration 
of the microneedle. The damage and effect of microneedles 

to skin are consequently confirmed after the screening 
tests by in vivo studies. These in vivo tests are to ensure 
that there will be no negative effect to patient skin. In this 
regard, animal models are introduced to such examinations 
[142, 148, 151]. Hairless mice can be employed to study 
the consequence of two different polymeric microneedle 
insertion. Microneedles are inserted into the skin for 24 h 
before being removed with a frequency of once a week for 
five consecutive weeks. The report shows that the weight 
of all individual mice increased throughout the experi-
ment, elucidating a good health of mice. The microneedle 
marks disappeared before the next insertion. Additionally, 
tumor and inflammation biomarkers are not detectable in the 
experiment [151], indicating good biocompatible potential. 
Additionally, Fig. 7E shows erythema of human skin after 
the insertion of the microneedle for 6 h. The results show 
that the microneedle’s mark gradually disappeared after 1 h 
of removal and completely disappeared after 12 h [19].

Advanced applications 
of microneedle‑based biosensors

Monitoring metabolites

Glucose biosensors have been extensively studied over 
the last few decades. In fact, continuous glucose monitor-
ing (CGM) is commercially available on the market [8, 
153–155].

For managing diabetes, the vast majority of wearable bio-
sensors rely on glucose monitoring. In addition to glucose, 
other biomarkers are also important to diagnose problem-
atic situations of patients. Hyperglycemia and metabolic 
acidosis can be dangerous. Acidic compounds known as 
ketone bodies can accumulate during complicated diabetes. 
Life-threatening metabolic complications diabetic ketoaci-
dosis (DKA) are interesting to be monitored by detecting 
the level of β-hydroxybutyrate (HB) [156–158]. In addition 
to detecting glucose alone, one study introduces the dual-
analyte microneedle-based biosensor that can detect both 
levels of glucose and β-hydroxybutyrate (HB) simultane-
ously (Fig. 8A). The microneedle substrate in this example 
is fabricated by using CNC-milling technique containing two 
hollow microneedles for reference and counter electrodes 
while remaining another two for working electrodes. The 
first working electrode is designed for glucose detection. The 
glucose-sensing electrode exploits carbon paste with mineral 
oil for creating a transducer, followed by Prussian Blue as a 
mediator and the catalytic GOx layer crosslinked by gluta-
raldehyde (GA). The other working electrode is engineered 
for HB detection. The ionic liquid (IL) and phenanthroline 
dione (PD) mediator synergistically cooperate with carbon 
pasted to play as a transducer for the HB-sensing electrode. 
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IL used here plays roles for this biosensor: first, to constrain 
the biorecognition molecule by possessing tiny pores as 
well as to adsorb the NAD+ with hydrogen bond; second, to 
increase the sensitivity for the detection of NADH. The next 
layer containing the biorecognition element relies on the 
combination of β-hydroxybutyrate dehydrogenase (HBD) 
and NAD+ which were crosslinked with GA. Both work-
ing electrodes are coated with chitosan and PVC to pro-
tect the sensor from foulant agents, while the Triton X-100 
serves as surfactant and avoids leaching of all functionalized 

layers. The detection range of HB for this microneedle-based 
biosensor ranges from 0.2 to 10.0 mM, which is covering 
the necessary range of HB detection for normal HB level 
(0.6–1.5 mM), high risk (1.5–3.0 mM), and critically DKA 
patient (> 3.0 mM). Furthermore, HB detection is highly 
selective against species found in the ISF, such as 200 μM 
for ascorbic acid (AA), uric acid (UA), and acetaminophen 
(AP).

Lactate is also an indicator related to cell metabolism 
which is useful information in an intensive care unit [159, 

Fig. 7   The investigation of using a microneedle-based electrode 
in biological environments. A, B Immunofluorescent images of A 
endothelial cells and B keratinocytes: Live cells showed as green 
color (Calcein AM-stained), and dead cells showed as red color 
(EthD-1-stained). The upper row shows the cell viability of cells with 
different materials; lower row shows cell viability in control medium 
and H2O2. The graph shows the dead area of both cells with differ-
ent conditions compared to H2O2. Adapted under the terms and con-
ditions of the CC-BY [147].  Copyright 2019, Klaudia Schossleitner 
et  al., published by Wiley Periodicals, Inc. C The effect of differ-

ent ratios of the AuNW hydrogel microneedle on cell viability and 
D images showing piglet tissues before and after the insertion of the 
microneedle, trypan blue showing blue color of microneedle marks, 
and the H&E staining show the cells and its compartments that were 
applied by microneedle. Adapted with permission [148]. Copyright 
2019, American Chemical Society. E Applying site of microneedle-
based biosensor on human forearm and the development of mark 
immediately after removal, 1 and 12 h after removal. Adapted under 
the terms and conditions of the CC-BY [19]. Copyright 2019, Timo-
thy M Rawson et al., published by Elsevier
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160] and sport activity [161–163]. Microneedle-based 
biosensors for lactate detection have been widely studied 
recently. One example of a microneedle-based biosensor 
for simultaneously detecting glucose and lactate is devel-
oped by using a solid substrate microneedle coated with 
different layers [10]. The microneedle substrate is fabri-
cated using an injection molding technique to obtain four 
arrays of 4 × 4 microneedles, including two working elec-
trodes for glucose and lactate separately and counter and 
reference electrodes. Both working electrodes are coated 

with Au, followed by Au-MWCNTs electrodeposition, 
and methylene blue is subsequently electropolymerized. 
Afterward, working electrodes are functionalized with 
enzymes for recognition events. The glucose biosensor is 
modified by FAD-glucose dehydrogenase (FADGDH), and 
the lactate working electrode is functionalized by lactate 
oxidase (LOx) by drop casting method. This dual-analyte 
detection system offers 0.05–5.0 mM and 0.01–0.1 mM 
linear ranges for glucose and lactate detection, respec-
tively. The sensitivity of glucose detection is around 

Fig. 8   Mechanisms and electrochemical signals of microneedles for 
measuring different analytes. A Carbon-pasted microneedle biosen-
sor for HB and glucose sensors and amperograms toward monitor-
ing HB and glucose with inset calibration curves. Adapted under the 
terms and conditions of the CC-BY [14].  Copyright 2020, Rupesh K. 
Mishra et al., published by American Chemical Society. B An optical 
image of a flexible microneedle-based biosensor and an amperometric 
graph along with inset calibration curves toward detecting glucose, 

uric acid, and cholesterol. Adapted with permission [65]. Copyright 
2019, published by Elsevier. C The application of a microneedle 
biosensor onto the back of a mouse and amperometric responses of 
glucose before and after glucose administration by intramuscular 
injection. Adapted with permission [142]. Copyright 2021, Wiley–
VCH GmbH. (D) DPV of a microneedle-based ErbB2 sensor, cover-
ing a range from 10 to 250 ng mL–1 with the inset calibration curve. 
Adapted with permission [143]. Copyright 2021, Elsevier
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405.2 mA cm–2 mM–1 and the sensitivity of lactate detec-
tion is around 797.4 mA cm–2 mM–1 [10].

An example of multianalytes detecting microneedle-
based biosensor is shown in Fig. 8B. Three arrays of 
f lexible microneedle electrode array-based biosensor 
(MEAB) are fabricated each array for different analytes, 
including glucose, uric acid, and cholesterol which pro-
vide linear ranges of 2.0–12, 0.1–1.2, and 1.0–12 mM, 
respectively [65]. Figure 8C-top shows in vivo detecting 
of glucose in an alive mouse. The mouse was shaved 
on its back, and the microneedle-based biosensor was 
applied. The result shows different current responses 
before and after injection of glucose as shown in 
Fig. 8C-bottom; intriguingly, the glucose response time 
was less than a minute. This in-vivo experiment with 
promising response time is a good step in microneedle-
based biosensor development [142].

Another integrated sensor for measuring pH, nitrate, and 
phosphate in one microneedle-based device was prepared 
by modifying hypodermic needles. The needle was coated 
with carbon nanotube/cellulose nanocrystal (CNT)/CNC), 
followed by silver nanoparticles (AgNPs) to obtain a nitrate 
sensor (LoD 0.008 mM nitrate). Additionally, the polyani-
line (PANI) was coated to achieve pH measurement (linear 
range covering pH 3–10), and ammonium molybdenum 
tetrahydrate (AMT) was modified to create the sensor for 
phosphate detection (LoD 0.007 mM) [164].

On-body performances using a microneedle-based bio-
sensor have been examined. Another example of a micronee-
dle sensor composed of a reusable electronic system and a 
disposable microneedle, which were integrated into a porta-
ble device to detect metabolites such as glucose, lactate, and 
alcohol [13]. This system of a microneedle-based biosensor 
was engineered to be continuously monitored on a smart-
phone through mobile application wirelessly. In this work, 
the participants were advised to perform different tasks (such 
as doing exercise, consuming food, and drinking alcohol) to 
measure different metabolites. To measure lactate, the par-
ticipants were asked to do an exercise. The result showed 
that moderate-intensity of exercise the lactate was increasing 
from the resting state (1–2 mM lactate) without reaching the 
peak, while after 4 min of high-intense exercise, the lactate 
level reached the peak (11.8–18.1 mM lactate) and moder-
ately declined to the resting state. Glucose concentration was 
monitored while assigning the participants to eat a meal. The 
glucose signals rose to the peak after eating meal for some 
period and then gradually declined to the resting state. Alco-
hol monitoring could also provide continuous monitoring in 
real-time. The alcohol reached its peak at 0.012 to 0.034% or 
(2.6–7.4 mM). Interestingly, the dual-analyte detection sen-
sors could be performed simultaneously. In order to detect 
alcohol and glucose simultaneously, alcohol and glucose 
sensors were integrated on the same microneedle patch. At 

the early time of the experiment, the participants were asked 
to drink alcohol. The alcohol signal rose to its peak and 
declined moderately, while the glucose signal was steady. 
Once the human subject took a glucose-rich meal, the glu-
cose signal increased to the peak and gradually declined, 
while the alcohol signal was steady. Similarly, the dual-
analyte lactate-glucose sensor was also tested. The human 
subject was asked to do exercise with high-intensity and eat 
glucose-rich meal after a period. After exercising for 4 min, 
lactate levels reached their peak and declined, while glu-
cose levels reached their peak after eating. The results from 
alcohol-glucose and lactate-glucose showed no interferences 
of detecting two analytes continuously.

Early diagnosing cancer

Apart from the metabolite measurement, electrochemical 
techniques can be employed for early diagnosis of diseases 
with high sensitivity, such as cancer [143, 165–168], mela-
noma cancer [169], and an infectious disease involving HIV-
related DNA [170]. Microneedle-based biosensors have been 
developed for early detection of cancer and some other bio-
markers such as levodopa [122], cystatin C [171], K+ [172], 
and β-lactam antibiotics [173].

One example of an electrochemical immunosensor for 
breast cancer is proposed as a demonstration for early 
diagnosis of cancer by microneedle-based biosensor. The 
breast cancer detection system relying on a microneedle-
based biosensor is designed to detect human epidermal 
growth factor receptor 2 (ErbB2, also called HER2) level, 
the important biomarker for breast cancer, that is bound 
with anti-HER2. The microneedle is fabricated by using a 
silicon substrate coated with Au as a transducer. The Au is 
activated by EDC/NHS followed by anti-HER2 antibody. 
The breast cancer microneedle exploits differential pulse 
voltammetry (DPV) to detect the different concentrations of 
ErbB2. The microneedle offers detection of ErbB2 between 
10 and 250 ng mL–1 range in artificial ISF while providing 
50–250 ng mL–1 in the phantom gel (a mimic skin layer) 
(Fig. 8D). The LoD of the microneedle tested in artificial 
ISF and phantom gel is 4.8 ng mL–1 and 25 ng mL–1, respec-
tively. On top of that, with the antibody-antigen principle, 
the microneedle can capture the biomarker as well as per-
forming electrochemical detection simultaneously.

Another example of cancer screening using micronee-
dle-based technology is microneedle for melanoma detec-
tion. This biosensor is designed to detect tyrosinase (TYR) 
enzyme which is one of the most important biomarkers for 
screening melanoma cancer. The TYR is detected indi-
rectly using the catechol (CAT) oxidation; catechol, which 
is immobilized onto the detection area, is oxidized by TYR 
to benzoquinone (BQ). Consequently, the BQ concentration 
is measured by using an amperometry technique. Hence, the 
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TYR level could be implied according to the correspond-
ing signal of BQ. This sensor exploited a hollow micronee-
dle. The CAT-filled agar is functionalizing onto the carbon 
paste electrode surface that is packed into the hollow for 
microneedle electrode. This biosensor provides the detection 
of TYR on both surface and beneath the skin layers [169].

The detection of drugs and toxic substances

Using a microneedle-based biosensor is a technology 
that has also been exploited for detecting drugs and toxic 
substances, such as fentanyl, opioid [174], and levodopa 
(L-Dopa) [63, 122]. Fentanyl is one of the synthetic opioids 
that has been used for pain relieving drug. Overintaking of 
this drug can lead to drug addiction and cause serious mor-
tality effects [175, 176]. However, the symptoms of opioid 
overdose and nerve agent poisoning are difficult to be dif-
ferentiated because of their similarity. A concept to leverage 
a microneedle-based biosensor to provide information about 
fentanyl and opioid level has been introduced as shown in 
Fig. 9A. Four microneedles with hollow structures to allow 
the packing of the electrode material for the detection of 
such analytes are fabricated for the integrated sensing system 
containing two working electrodes. The first working elec-
trode is a nonenzymatic biosensor that is packed with carbon 

paste. This nonenzymatic electrode to detect fentanyl using 
a square-wave voltammetric (CSWV) technique provides a 
linear range from 10 to 200 μM. Simultaneously, the first 
working electrode can also detect morphine over a range 
of 20 − 140 μM. The second working electrode relies on an 
enzymatic recognition layer which immobilizes organophos-
phorus hydrolase (OPH) coated with Nafion on the carbon 
paste transducer. This enzymatic microneedle-based biosen-
sor can detect organophosphate (OP) nerve agents over a 
range of 10 − 160 μM, with LoD of 10 μM. In addition, to 
achieve a low LoD of OP nerve agents, the researchers also 
used the combination of carbon paste and CNT on the first 
layer, followed by AuNPs, and rGO respectively as a trans-
ducer. With this electrode, the LoD of OP nerve agents can 
be lowered down to 50 nM.

Another example of a microneedle-based biosensor for 
continuous monitoring of drug levels is L-Dopa biosensor. 
L-Dopa is a precursor to dopamine [177–179]. The L-Dopa 
has been recognized as a gold standard for the patient 
with Parkinson’s disease (PD) treatment [178]. The dose 
of L-Dopa treatment can vary, depending on the progress 
of the disease [23, 180]. However, diagnosing a disease by 
only observing symptoms can be difficult and inaccurate. In 
this regard, a group of researchers introduces a microneedle-
based biosensor using electrochemical techniques to analyze 

Fig. 9   Schematic illustrations and electrochemical signals of 
microneedle for determining drugs and toxic substances. A Mecha-
nisms to monitor fentanyl and a nerve agent by using carbon-pasted 
microneedles. Square wave voltammetric (SWV) curves of fentanyl 
with the inset calibration curve over 10–200  μM range (oxidation 
peak is observed at 0.7 V) and CV of morphine with various concen-
trations over 20–140  μM range; the inset calibration curve of mor-
phine shows oxidation peak at 0.2 V. Adapted with permission [174].  

Copyright 2020, American Chemical Society. B Hollow micronee-
dles for L-Dopa detection in phantom gel. SWV in the scan potential 
between − 0.4 and 1.0 V (WE1), and amperometric perform at − 0.6 V 
vs Ag/AgCl reference electrode (WE2) to detect L-Dopa in different 
concentrations ranging from 50 to 250  μM with 50  μM increment. 
Adapted with permission [122]. Copyright 2019, American Chemical 
Society
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the concentration of L-Dopa. The first working (WE1) elec-
trode contains non-functionalized carbon paste coated with 
Nafion, as a transducer. Square-wave voltammetry (SWV) 
was carried out to detect L-Dopa on this site. The second 
working electrode (WE2) uses the Nafion-coated tyrosinase-
modified carbon paste employing chronoamperometric tech-
nique Fig. 9B. This microneedle-based biosensor offers good 
performances of the L-Dopa biosensor such as high sensi-
tivity, good stability, and biocompatibility. The combina-
tion of dual-sensing in one microneedle-based biosensor, 
performing in skin mimicking phantom gel, shows a wide 
range detection of L-Dopa concentration, i.e., between 50 
and 250 μM, whereas up to 360 μM, when performs in arti-
ficial ISF [122]. This advanced system can play an important 
role in biosensing part of wearable devices in the near future 
[181].

Conclusions and perspectives

A microneedle-based biosensor is an intriguing and useful 
technology in biomedical and sport fields. The tiny size of a 
microneedle offers unique potential for biosensing devices, 
such as painless and minimally invasive. Interestingly, the 
on-body detection basis of using the microneedle-based 
biosensor could break through the barrier of conventional 
discontinuous one-time detection into continuously moni-
toring. Despite many studies having been published, very 
few microneedle-based biosensors have been commer-
cially available due to some limitations. For instance, a pri-
mary concern is pertaining to mechanical properties of the 
microneedle while inserting the sensor. Many materials are 
carefully recruited to provide a strong microneedle. Some 
materials (e.g., PLA, polycarbonate, and biocompatible 
polymer) are used as a substrate, while others (e.g., metals 
and conductive polymers) can be used as both substrate and 
conducting materials.

Although the geometrical surface of a microneedle is 
larger than the flat surface electrode, the net active area of 
the microneedle is very limited. Various studies employ spe-
cial materials such as nanomaterials [182, 183] or develop 
outstanding methods, for example, adding porosity to 
increase the surface area or roughness of the microneedle-
based electrode for enhancing biosensor sensitivity. Utiliz-
ing dissolvable polymers could protect the working area of 
the microneedle, which increases stability and sensitivity 
of the biosensor. The correlation of biomarkers between 
blood and ISF is also in the spotlight. In spite of the cor-
relation between levels of biomarkers and proteins in blood 
and ISF, the lagging time it takes to reach the equilibrium 
of analyte distribution in a human physiological system 
remains an interesting question. This concern directly affects 

the response time of the microneedle-based biosensor that 
detects the analyte information from the ISF.

Currently, just a few microneedle-based biosensors 
are commercially available on the market. The “Free-
Style Libre 14 days” device offers the coin-sized and 
thick microneedle-based biosensor that could conveni-
ently attach to patient’s skin while monitoring glucose for 
14 days continuously [88, 126, 155]. The Dexcom G6 also 
provides continuous glucose monitoring system; the detec-
tion patch is attached to the skin for up to 10 days [88, 126, 
155]. Both devices contain the detecting and monitoring 
parts wirelessly. The glucose results could be displayed 
on the mobile apps. Moreover, the Dexcom G6 contains a 
cloud system that could monitor the results remotely. The 
K’Watch is another continuous glucose monitoring device, 
which contains a micro-point patch sensor attached under 
the watch structure for monitoring glucose and lactate. The 
K’Watch contains a display monitor like the other common 
smartwatches that could easily access [184].

Many microneedle-based biosensors focus on develop-
ment to achieve high performance of biosensors. However, 
microneedle-based biosensors aim to facilitate use and maxi-
mize benefits for medical management as well. To achieve 
this goal, integrations with other technologies are intro-
duced. Integration of microneedle-based biosensors with 
smart devices [13, 185] and Internet of things (IoTs) can help 
microneedle-based biosensors to be accessible anywhere, 
anytime, and any devices. Furthermore, a minimally invasive 
sensor can collect information that can be analyzed to aid 
medical organizations in preventing and managing diseases 
in the community. Additionally, the real-time detection capa-
bilities of microneedle-based biosensors can be integrated 
with drug delivery technology so that a closed-loop device 
can both detect biomarkers and provide personalized feed-
back of medications, such as the close loop of glucose and 
insulin. [186–188]. All of these potentials above could open 
up a new era of medical biosensing that minimizes health-
care costs and maximizes quality of life through easily and 
convenient approaches by using microneedle-based devices.
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