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ABSTRACT

Similar to blood, interstitial fluid (ISF) contains exogenous drugs and biomarkers and may therefore
substitute blood in drug analysis. However, current ISF extraction techniques require bulky instruments
and are both time-consuming and complicated, which has inspired the development of viable alterna-
tives such as those relying on skin or tissue puncturing with microneedles. Currently, microneedles are
widely employed for transdermal drug delivery and have been successfully used for ISF extraction by
different mechanisms to facilitate subsequent analysis. The integration of microneedles with sensors
enables in situ ISF analysis and specific compound monitoring, while the integration of monitoring and
delivery functions in wearable devices allows real-time dose modification. Herein, we review the
progress in drug analysis based on microneedle-assisted ISF extraction and discuss the related future
opportunities and challenges.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of Xi’an Jiaotong University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Given the safety risks posed by improper drug dosing, the
quantitation and monitoring of ingested pharmaceuticals is a task
of high practical significance [1]. Drug testing is frequently per-
formed using blood samples, and the blood concentration range is
commonly employed as a dosage guide because of the correlation
between blood concentration and treatment outcome [2,3]. This
administration method is superior to empirical dosing and allows
for timely dose and dosing interval adjustment, thus helping to
reduce the incidence of inappropriate dosing-induced adverse ef-
fects while improving therapeutic efficacy. However, invasive blood
collection poses the risk of infection and is, in some cases, un-
comfortable and challenging to carry out, while blood collection,
transportation, and handling are time-consuming and expensive
processes. These drawbacks have prompted the search for alter-
native body fluids (e.g., urine, saliva, and tear fluid) as blood sub-
stitutes for drug testing, with interstitial fluid (ISF) currently
showing the greatest promise [4-7].
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ISF contains biomarkers comparable to those found in blood and
can therefore be extracted for drug or biomarker analysis to
monitor disease conditions and change dosage regimens for
customized treatment [7]. However, as current ISF extraction
methods are time-consuming and require specialist handling and
bulky equipment, reliable and user-friendly ISF extraction tech-
niques have to be developed [8,9].

Acupuncture, a frequently employed traditional Chinese medi-
cine therapy, is an effective method of ISF sampling and can be
carried out using many kinds of needles, including filiform and
plum-blossom ones [10,11]. In acupuncture, “microneedle” refers to
a tiny needle device and (broadly) to any of the nine types of
needles. Herein, the term “microneedle” refers to micron-sized
structures with sharp needle-like tips and needles with lengths of
hundreds of microns [12].

In view of the limited loading capacity of a single needle, several
needles are typically placed on a base to create organized arrays for
user convenience. In 1998, Henry et al. [ 13] presented microneedles
as a new form of transdermal drug delivery and showed that this
approach allows one to greatly enhance transdermal drug
permeability.

Microneedles offer the advantages of low production costs and
minimally invasive procedures [14,15]. Furthermore, unlike that of
injection and blood collection needles regularly used in clinical
practice, the administration of microneedles is painless, simple to
conduct, and can be performed by patients themselves, which
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benefits patient compliance [16]. In view of these advantages,
microneedles are highly competitive and are frequently employed
in cosmetics and transdermal medication delivery [17]. Moreover,
recent publications suggest that microneedles can be used for ISF
extraction [18]. Regarding real-time monitoring, one study evalu-
ated the concentration of glucose in microneedle-extracted ISF,
showing that this approach allows diabetic patients to monitor
their blood glucose levels more easily [19]. A patch sensor inte-
grating porous poly(lactic acid) microneedles and an immuno-
chromatographic assay allowed the rapid (within 3 min) detection
of severe acute respiratory syndrome coronavirus 2 immunoglob-
ulin G and M antibodies in ISF and thus enabled the rapid diagnosis
of Corona Virus Disease 2019 (COVID-19) [20].

This review describes the progress in microneedle-based ISF
extraction for drug analysis, with the focus on the combined use of
microneedles and sensors for in situ ISF extraction and the subse-
quent analysis of specific substances [21—23], microneedle-based
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home monitoring [24—26], and wearable microneedle devices
with integrated monitoring and delivery functions [27,28].
Furthermore, we discuss the microneedle-based extraction of plant
ISF for target compound monitoring and the potential of this
method for the quality evaluation of herbal medicines [29—31].

2. Microneedle types and working principles

Microneedles can be produced by using molding, laser pro-
cessing, 3D printing, and other methods [32—35]. Silicon, metals,
and polymers are frequently used as microneedle materials, with
mechanical strength and biocompatibility typically prioritized in
material selection [36—38].

The development of processing technologies has enabled the
fabrication of many types of microneedles to satisfy diverse re-
quirements, as exemplified by porous and core-shell microneedles
[39,40]. Most commonly, microneedles are classified into solid,
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Fig. 1. Microneedle (MN)-assisted drug administration technologies. Microneedle-based delivery of (A) drugs to the intestinal tract [52], (B) cardiac stromal cells to the heart for
myocardial infarction treatment [53], (C) active pharmaceutical ingredients to the oral cavity [54], and (D) predatory bacteria to the eye to treat infection [55]. (E) Delivery of drugs to
blood vessels by a microneedle mesh [59]. (F) Delivery of an adeno-associated virus expressing human vascular endothelial growth factor (VEGF) to the brain of a photothrombotic rat by
gelatin methacryloyl (GelMA)-MNs to promote angiogenesis and functional recovery after stroke [60]. (G) Through-skin drug delivery to cells by microneedles [51]. (Reprint from Refs.

[51-55,59,60] with permission.)
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hollow, coated, hydrogel, and dissolving types [41—45], but can also
be categorized according to other factors such as delivery method,
material, and degradability.

Microneedles can deliver various substances (e.g., chemicals,
vaccines [46—49], high-energy photons [50], and cells [51])
through diverse biological barriers, which are not limited to the
skin and also include the gastrointestinal tract [52], heart [53], oral
cavity [54], eyes [55—58], blood vessels [59], and brain tissue
[60,61] (Fig. 1) [51—55,59,60].

Microneedles are also used in diagnostics and can be integrated
with sensors to realize the direct monitoring of physiological pa-
rameters, medications, and biomarkers. Alternatively, microneedles
can be used to sample different body fluids and identify and
quantify the compounds contained therein.

Fig. 2 illustrates the working principles of different types of
microneedles. Solid microneedles pierce the skin to create a
microincision that is then used to collect body fluids and deliver
actives to the target of action [41]. As their name suggests, coated
microneedles feature a surface-coated core. In the case of drug
delivery, this coating is often a combination of a drug and a poly-
mer. In the case of drug analysis, the coating resembles a semi-
permeable membrane and is used to collect bodily fluids [62].
Additionally, coated microneedles can be integrated with sensors
for drug and biomarker monitoring and collection [63]. The internal
channels of hollow microneedles are employed to deliver medica-
tions to tissues or collect fluid from the same [42]. Dissolvable
microneedles dissolve after their insertion into tissues, and ISF
escapes through the holes formed on the tissue surface [64,65]. The
material of hydrogel microneedles has good swelling capabilities
and forms a gel after water absorption but does not disintegrate,
allowing drug administration or fluid aspiration [66].

Particular types of microneedles are preferred for both delivery
and diagnostic purposes, as different microneedles absorb and

Solid microneedles Coated microneedles

Hollow microneedles
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transport chemicals according to distinct principles. Notably,
although microneedles have been extensively used on humans or
animals such as mice and pigs, they have not been widely applied to
plants.

3. Use of microneedles for drug analysis
3.1. Drug analysis and monitoring

The advent of modern medicine and the accompanying
enhancement of living standards have made people more mindful
of their health and inspired the development of precision therapy
[67].

The therapeutic effect of a given medicine is affected by its
pharmacokinetic and metabolic characteristics. As these charac-
teristics can greatly vary between individuals, drug administration
therapy should be tailored on an individual basis. Such individu-
alized drug administration can boost therapeutic effects and clin-
ical efficacy while lowering the probability of adverse side effects
(e.g., toxicity and drug resistance) and enhancing medication
safety. For instance, inadequate antibiotic dosing may cause resis-
tance. One requirement for achieving personalization is the ne-
cessity to monitor the dose of the administered drug in the
patient's body.

Therapeutic drug monitoring (TDM) is the process of measuring
drug plasma concentration, comparing it to the target concentra-
tion, and applying pharmacokinetic principles to guide dosing
based on the obtained results. To date, TDM has been used to guide
the administration of many medications, such as p-lactam antibi-
otics, antiepileptics, and infliximab, and therefore has substantial
implications for the treatment of numerous disorders [68—71] and
is viewed as a crucial auxiliary for achieving individualized medi-
cation delivery [72].

Hydrogel-forming
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Fig. 2. Structures of different microneedles and schematic diagram of the related extraction mechanisms.
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3.2. Suitability of ISF for drug analysis

Although the blood is commonly used for medical diagnostic
analysis, it has several drawbacks. For example, blood sampling
necessitates venipuncture by medical professionals, which is
especially challenging in newborns, babies, and patients with frail
veins, and may result in dread and anxiety [73]. In some nations
and places, blood collection needles are reused without steriliza-
tion, which increases the danger of disease transmission [74]. Blood
drawing can pose health risks to some patients. In some cases, the
test is performed on plasma or serum, requiring pre-processing of
the blood sample by centrifugation, etc. In such cases, many mil-
liliters of blood are taken from the patient, while only a few mi-
croliters of the sample are actually used for the test, resulting in
sample wastage [75]. Addition of anticoagulant to the collected
blood, followed by centrifugation, is important to obtain plasma,
which is devoid of blood cells. When no anticoagulant is added,
clotting factors in the blood initiate the clotting pathway, causing
the conversion of soluble fibrinogen to insoluble fibrin,and result-
ing in division of the blood into clots and serum [76] (Fig. 3A) [42].
Incorrect use of anticoagulants, leaving the blood sample for too
long, improper handling during blood collection, or ingestion of
some medications will cause the blood to clot and the test results
will no longer be accurate, requiring resampling [77]. In view of the
above, alternative fluids for testing are highly sought after.
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ISF is distributed between cells and is the medium for the
exchange of substances between blood and tissue cells [78]. Fig.
3B illustrates the body fluid circulation process: water in the
digestive tract is absorbed into the capillaries, and at the arterial
end of the capillaries, water and small molecules (such as glucose,
amino acids, urea, sodium, chloride, electrolytes, and fat-soluble
substances) in the plasma, except large protein molecules, can
filter through the capillary wall and enter the intercellular space
by diffusion to form ISF; at the venous end of the capillaries, most
ISF components can be returned to the blood while a few leak into
the capillary lymphatic vessels, and the lymphatic fluid enters the
vessels of the left and right subclavian veins [79,80]. In other
words, ISF is formed from blood plasma and returns to blood
plasma, completing the exchange of substances between blood
and ISF.

Moreover, there is a correlation between ISF and the concen-
tration of some biomarkers in the blood. As shown in Fig. 3C, the
composition and content of ions in ISF and blood are similar under
physiological conditions [81]. Proteomic analysis comparison of ISF
with plasma and serum was performed in rats, and almost 100% of
the 2855 proteins identified in blood-derived samples were also
detected in ISF, with the same qualitative analysis results but
different quantitative results (Fig. 3D) [42]. Metabolomic assays
using healthy human volunteers as samples showed that the
number of metabolites specific to plasma was limited; most
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Fig. 3. Comparison of component testing in interstitial fluid (ISF) and blood. (A) Separation of plasma and serum from blood. (B) Circulation of plasma, ISF, and lymph fluid, focusing
on the source and destination of ISF. (C) The composition and concentration of ions in ISF and blood. (D) Results of proteomic analysis of ISF, plasma, and serum [42]. RBC: red blood

cell; WBC: white blood cell; PLT: platelet. (Reprint from Ref. [42] with permission.)
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Table 1

Metabolites that are more abundant in interstitial fluid (ISF) compared to plasma and their effects.
Name Role of the metabolite Uniqueness Refs.
Urocanic acid Have immunosuppressive effects and may play a detrimental role in photocarcinogenesis Unique to ISF [82,83]
Spermidine Associated with anti-aging mechanisms [82,84]
Phosphocreatinine and creatine A potential biomarker of mitochondrial diseases [82,85]
Hypoxanthine and inosine Biomarkers for cardiac ischemia [82,86]
Glycerophosphocholine Biomarker for breast cancer [82,87]
3-methylsulfinylpropyl isothiocyanate As a compound with potent anti-inflammatory effects Unique to ISF [82,88]

substances were detected qualitatively in both plasma and ISF; and
several metabolites, such as homocysteine and betaine, were
positively correlated between ISF and plasma, which suggests that
their levels in ISF may reflect those in the blood [82]. In addition,
there are substances that are specifically found in ISF or have a
higher concentration in ISF than that in plasma, and Table 1
[82—88] shows these substances and their effects. Their higher
ISF levels can facilitate detection, and there are unique biomarkers
in ISF that are not found in the blood, suggesting that sampling ISF
may be superior to blood testing for diagnosing certain diseases.

After absorption into the blood, drugs bind to plasma proteins to
varying degrees. Bound drugs have no pharmacological activity and
cannot easily pass through the vascular wall, while free drugs that
are distributed in blood, tissues, and intracellular fluid have phar-
macological activity. The lower protein content in the ISF compared
to that in blood facilitates the collection of drugs in active form. The
extent of drug binding to plasma proteins is an important factor
affecting the distribution of drugs in vivo. That is, drugs with low
blood protein-binding ability show greater translocation to the ISF.
A study used rabbits as study subjects to determine the pharma-
cokinetics of several drugs that are often monitored clinically, an-
tibiotics (vancomycin and gentamicin), immunosuppressants
(tacrolimus, cyclosporine and mycophenolate), anticonvulsants
(valproic acid, phenobarbital, and phenytoin sodium), chemother-
apeutic drugs (carboplatin, cisplatin, and methotrexate), and other
drugs (theophylline and digoxin), in the blood and ISF, comparing
various parameters, such as cmax, tmax, and area under the curve, as
the basis to determine the suitability of drugs for ISF monitoring
instead of blood monitoring; vancomycin was found to be suitable
for ISF monitoring [89]. Fig. 4 shows the process of selecting ISF
instead of blood for drug monitoring with examples in the form of a
decision tree.

In summary, for the various biomarkers and drugs with positive
correlation between their ISF and blood concentrations, the
absence of blood cells in ISF reduces sample pre-treatment by
centrifugation to remove blood cells. The lower variety and number
of clotting factors in ISF do not induce clotting like those in the
blood and can be monitored continuously. Finally, the lower protein
content in ISF compared to that in the blood facilitates the collec-
tion of drugs in their active form, thus making ISF sampling pref-
erable to blood testing for diagnosis.

3.3. ISF extraction methods

As ISF cannot be released or expelled from the body, it must be
collected through physiological barriers such as the skin [90]. In the
past, microdialysis and suction blisters were frequently used to
extract and collect ISF from the skin and tissues [91—93]. These
methods require specialized handling and instruments while
exhibiting the additional drawbacks of small sampling volume and
time-consuming nature; in addition, the corresponding sampling
process results in discomfort and/or pain and may cause scarring
[94—96]. The above constraints limit the utility of ISF for drug
analysis and diagnosis.
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Microneedles enable rapid and easy ISF extraction and have
been used to collect ISF via the skin. Specifically, microneedles
typically penetrate the stratum corneum of the epidermis while
avoiding nerve fibers and blood vessels located in the dermis [97].
In comparison to other techniques, microneedle-based ISF extrac-
tion is minimally invasive, safe, and painless, featuring the addi-
tional benefits of easy-to-use equipment and operation simplicity
and thus drawing much attention in the field of drug detection.
Moreover, microneedles can be used for biological fluid collection
and drug monitoring, including the collection of blood and
lymphatic fluid [23,36,98].

4. Microneedle-based ISF extraction for drug analysis
4.1. Microneedle-based ISF sampling

Different microneedles absorb ISF in different ways. For
instance, the material of hydrogel microneedles swells to allow ISF
to diffuse into the same. This diffusion slows down with increasing
amounts of retrieved ISF, which is constrained by microneedle size
and swelling capacity. Hollow microneedles aspirate ISF by suction
under capillary action [25]; however, when using this technique,
one should avoid congestion and be mindful of possible micro-
needle breakage [99].

Researchers have fully utilized the aforementioned microneedle
extraction techniques while intentionally using some external
forces to extract more ISF faster. In an exemplary work, a micro-
needle patch was prepared by mixing an osmotic agent with a
hydrogel to provide osmotic pressure during extraction (Fig. 5A),
and the accelerated extraction rate allowed for the extraction of
7.90 pL of ISF from isolated pig skin and 3.82 uL of ISF from isolated
mouse skin in just 3 min [100]. Similarly, sorbitol hydrogel-forming
microneedles were designed to accelerate extraction [101]. Micro-
needles acting on the skin form micropores, and ISF can be
extracted through these micropores using a vacuum pump as a
convective driving force [102]. However, in view of the need for
specialist training, the use of specialized equipment, and the pos-
sibility of the sampled ISF being contaminated with blood, this
method is not well suited for general clinical application.

The microneedle material affects the ISF extraction volume and
rate. When hydrogel microneedles are used for ISF extraction, the
choice of material with full consideration of mechanical and
swelling properties is particularly crucial. Previously, a methacry-
lated hyaluronic acid microneedle patch (Fig. 5B) was reported to
extract ~2.3 uL of ISF in 10 min [103]. In recent years, gelatin
methacrylate (GelMA) microneedle patches, sponge-forming
poly(vinyl acetal) microneedle patches, cross-linked GelMA
microneedle patches, and graphene oxide-GelMA microneedles
have been fabricated and used for ISF extraction [104—107]. Table 2
[103—107] compares the ISF extraction performances of micro-
needles composed of various materials.

When punctured by microneedles during ISF extraction, the skin
experiences small deformations, and the force applied to the
microneedle fluctuates, which may affect the extraction effect.
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Detectable in ISF?

Yes No
Similar concentration-time profile? Not suitable
Yes | No
Comparable areas under the curve? Unlikely suitable
Yes No
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Gentamicin
Mycophenolate mofetil . ) .
] Valproic acid Tacrolimus
) Phenobarbital . )
Vancomycin Carboplatin Cyclosporine
Methotrexate . ) .
) Cisplatin Phenytoin
Theophylline o
Digoxin

Further characterization and pharmacokinetic modeling are required to ascertain.

Fig. 4. Decision tree diagram to determine the feasibility of using interstitial fluid (ISF) instead of blood for drug monitoring.

Precision punctures are much more important. As illustrated in Fig.
5C [108], a bee stinger-inspired bionic rotating microneedle
allowed the maximum penetration force to be lowered by 45.7%
and the rate of force decay to be increased 2.73-fold. This design
decreased skin resistance and enabled more precise positioning
during puncture.

Many works have focused on enhancing ISF collection following
microneedle penetration. For example, two strips of filter paper
were attached to both sides of the microneedle base and used to
absorb the effluent ISF following microneedle insertion into the
skin (Fig. 5D) [109,110], which allowed ~4 uL of ISF to be collected in
1 min. Tran et al. [111] placed ultrafine nanoneedles on a micro-
needle array holder and attached each needle to a 1-5 pL calibrated
pipette capillary. Once the constructed microneedle array was
introduced into the skin, ISF was collected into the capillary (Fig.
5E) [111], and 10 pL of ISF was collected within 30 min [42,111].

The above procedures require the creation of micropores in the
skin by microneedles to extract ISF, which is then used for in vitro
analysis. Significant progress has been made in increasing the ISF
extraction volume and decreasing the extraction time through
appropriate measures with the aid of external forces, proper ma-
terial selection, and collection scheme optimization. However, as
the extracted ISF must be transferred to another analytical instru-
ment, it still takes a long time to obtain the final analytical results,
and sample stability may be insufficient. Additionally, the number
of operational processes increases the probability of errors.
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4.2. Microneedle and sensor combination for in situ extraction and
monitoring

To overcome the disadvantages of separate microneedle sam-
pling and sample analysis, microneedles can be integrated with
sensors to achieve in situ real-time drug and biomarker monitoring
in ISE.

4.2.1. In vivo drug monitoring

Rawson et al. [112] created a B-lactamase biosensor composed of
solid microneedles coupled with an electrode sensor and a B-lac-
tamase layer. In this biosensor, phenoxymethylpenicillin (an anti-
biotic) reacts with p-lactamase to produce protons and thus reduce
the pH of the ISF and induce a phenoxymethylpenicillin
concentration-dependent potential shift, which is detected by the
electrode sensor and used for antibiotic concentration monitoring.

In accordance with the aforementioned theory, dedicated sen-
sors were created to track penicillin (a B-lactam antibiotic), cate-
cholamines, levodopa, morphine, and fentanyl in ISF [14,113—115],
with the obtained results presented in Table 3 [14,112—115] and Fig.
6 [112,114,115].

The integration of microneedles and sensors enables the
continuous monitoring of drug concentration; however, the scope
and quantities of effectively monitored drugs are rather limited,
and sensor anti-interference ability and rapid response capability
need to be further examined. In the future, smaller microneedle
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microneedle base for ISF collection (microneedle extends from the back of the patch, and rectangular filter paper strips are stuck on both sides (i); the microneedle patch is applied
to the skin, and ISF flows out of the skin through the produced micropores and is collected on filter paper (ii).) [109,110]. (E) Microneedle device used for ISF collection (the
microneedle device has a capillary attached to the needle and acts on the forearm to collect ISF (i); five ultrafine nanoneedles assembled on a 3D-printed support (ii).) [111]. (Reprint

from Refs. [100,103,108—111] with permission.)

arrays should be created by reducing the number of electrodes and
using biocompatible sensor materials to increase in vivo stability.

4.2.2. Biomarker monitoring

Biomarker monitoring based on the combination of micro-
needles and sensors has drawn much attention in the case of
glucose. Microneedles are frequently grafted with glucose oxi-
dase, which reacts with glucose to induce changes that can be
observed by sensors. A hollow silica microneedle array achieved
an extraction rate of 1 pL/s [99]. Surface-enhanced Raman spec-
troscopy was paired with poly(methylmethacrylate) microneedle-
based extraction to construct glucose biosensors; specifically,
silver-plated microneedle arrays surface-doped with 1-
decanethiol permitted rapid measurements in the range of
0—20 mM and allowed for good skin recovery within 10 min after

measurement [116]. Despite significant advancements in micro-
needle glucose sensors, long-term stability and continuous
monitoring remain unresolved issues. In terms of stability, a
recent work presented an array of 55 hollow microneedles inte-
grated with a glucose biosensor covered with a redox mediator
bilayer consisting of Prussian blue and iron-nickel hex-
acyanoferrate, revealing that this design boosts the long-term
stability of readings [117]. The array was attached to a syringe
using a microfluidic tube to make ISF extraction faster than
glucose diffusion. For continuous monitoring, researchers created
a patch-type supercapacitor capable of self-charging under the
action of electrons provided by glucose oxidation. In this system,
charging began when a potential difference was established at
the supercapacitor electrodes. This setup eliminated the need for
batteries by providing a constant power supply. The power

Table 2

Interstitial fluid (ISF) extraction performances of microneedles composed of different materials.
Microneedle material Sampling volume (puL) Time (min) Sample object Refs.
Methacrylate 23+04 10 Mice [103]
GelMA 25 10 Rats [104]
Poly(vinyl acetal) 1.6 1 Rats [105]
c-GelMA 35+0.1 30 Agarose gel system model [106]
Graphene oxide-GelMA 21.34 30 Human skin [107]

GelMA: gelatin methacrylate; c-GelMA: cross-linked GelMA.
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Table 3
Overview of microneedle sensors used for drug monitoring.

Microneedle type Sensor Monitored substance Object Result Refs.

Solid B-lactamase Penicillin Healthy volunteers Preliminary data suggested that this system tracked blood and [14]

biosensor microdialysis levels.

Solid B-lactamase Phenoxymethylpenicillin Healthy volunteers  First microneedle-biosensor system for antibiotic monitoring. The [112]

biosensor results were in line with the current common use of microdialysis.
However, 16% of the data could not be used for follow-up analysis.
Solid Electrochemical Catecholamines Artificial interstitial The device was biocompatible and had high sensitivity and stability [113]
sensors fluid (ISF) and skin for the detection of three structurally similar catecholamines.
models However, the observed signals were indistinguishable.

Solid Biosensor Levodopa Skin model The dynamic concentration monitoring of levodopa in patients with [114]
Parkinson's disease is important for reducing the occurrence of
complications.

Hollow Electrochemical Opioids (morphine, Skin model The microneedle sensor was highly sensitive and could be used to [115]

Sensors fentanyl) differentiate between opioid overdose and nerve agent poisoning

for immediate medical treatment. However, it was not a universal
opioid detector.
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Fig. 6. Microneedle (MN) biosensors for drug monitoring. (A) Schematic design and use of microneedle biosensors (pressure is applied to the microneedle biosensor in the forearm
(i); microneedle array diagram (ii); schematic diagram of microneedle array penetrating the dermis (iii).) [112]. (B) Microneedle sensor-based levodopa monitoring (schematic
diagram of minimally invasive levodopa sensor for dynamic monitoring of levodopa in patients with Parkinson's disease (i); schematic diagram of subcutaneous microneedle array
implantation (ii).) [114]. (C) Hollow microneedle-based electrochemical sensor for opioid monitoring (optical image of microneedle sensor array (i); schematic diagram of
microneedle sensor array (ii); schematic diagram of microneedle sensor array simultaneously detecting opioids and nerve agents (iii).) [115]. RE: reference electrode; WE: working

electrode; CE: counter electrode. (Reprint from Refs. [112,114,115] with permission.)
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density of self-powered solid-state supercapacitors (SPSCs) in an
11 mM glucose solution reached 0.62 mW/cm? The voltage
change of SPSCs charged by glucose oxidation was used to
determine blood glucose concentration following the same logic
as that applied to self-powered biosensors, in which case the
output power was proportional to reactant concentration (Fig.
7A) [118].

Other commonly monitored substances besides glucose include
lactic acid and alcohol. To monitor lactate, Bollella et al. (Fig. 7B)
[119] electrodeposited lactate oxidase, poly(methylene blue), and
gold-coated multiwalled carbon nanotubes onto the gold-coated
surface of microneedles, achieving high sensitivity and a low
detection limit. A hollow microneedle surface was paired with
multiple poly(o-phenylenediamine)/chitosan layer-alcohol oxi-
dase/Nafion coatings and integrated Pt and Ag leads within the
microneedle aperture to produce a microneedle triple electrode
system for efficient subcutaneous alcohol monitoring in an ex vivo
mouse skin model (Fig. 7C) [120].

A wearable clustered regularly interspaced short palindromic
repeats-associated 9 (Cas9) microneedle patch integrating a
reverse ion introduction module and a biosensor allowed for the
real-time in vivo monitoring of the Epstein-Barr virus, sepsis, and
kidney transplant cell free DNA (cfDNA) for 10 days while main-
taining 60% fetal bovine serum resistance [121]. This system may be
used for the early detection and real-time monitoring of diseases
related to cfDNA.
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Ion monitoring is crucial for determining health state, as
electrolyte imbalance is linked to numerous ailments. Solid
microneedles (length = 1000 um, tip angle = 45°, tip thickness =
15 um, base = 435 um) were modified with different coatings and
polymer films to fabricate working and reference electrodes and
inserted into the skin to realize the monitoring of potassium ions
in ISF by potential sensing [122]. The patch could be used for more
than 24 h without any side effects on skin cells, and the in vivo
applicability of this design was demonstrated by the measurement
of potassium concentrations in chickens and pigs. However, pa-
rameters such as the strength of membrane adhesion to the
microneedle have to be further studied. A platform consisting of a
solid polystyrene microneedle sensor, a field-effect transistor, and
an extended gate was successfully used to monitor sodium ions in
ISF based on the conversion of sodium ion concentration into an
electrical signal by the field-effect transistor [21]. The sensor
exhibited high sensitivity, a low detection limit, good biocom-
patibility, and high mechanical stability. Thus, microneedle elec-
trodes modified by chemical doping, selective membranes,
antibodies, and enzymes can be used to develop sensors for the
detection of multiple biomarkers.

The integration approach enables the simultaneous monitoring
of several biomarkers by a single microneedle array. Hollow
microneedles with an appropriate electrode material at the tip
were modified with B-hydroxybutyrate dehydrogenase for the
electrochemical monitoring of B-hydroxybutyrate (HB) via an
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Table 4
Overview of microneedle sensors used for biomarker monitoring.

Microneedle Sensor Monitored Object Result Refs.

type substance

Solid Biosensor Sodium ISF Rapid real-time detection of sodium ions was achieved. [21]

Hollow Potentiometric Ketone bodies Skin model The sensor simultaneously detected ketone bodies and glucose, holding  [22]

sensor promise for automated diabetes management.

Hollow Biosensor Glucose ISF The sensor was used for the field monitoring of relevant parameters and  [99]
enabled painless glucose quantitation in ISF.

Hollow Electrochemical Glucose ISF The sensor was more stable than existing microneedle-based glucose [117]

biosensor monitoring devices.

Solid Biosensor Glucose Skin model The design enabled a continuous power supply, thus allowing signalsto  [118]
be recorded in the absence of batteries. Blood glucose levels were
monitored in real time without the need for additional bulky energy
storage devices.

Solid Biosensor Lactate ISF The sensor contributed to the development of a real-time monitoring [119]
device for use in sports medicine and clinical care.

Hollow Biosensor Alcohol Mice The sensor contributed to continuous non-invasive alcohol monitoring.  [120]

Solid Biosensor cfDNA Skin chip The wearable microneedle patch enabled the continuous in vivo [121]
monitoring of cfDNA, showing good electrochemical performance and
stability.

Solid Potentiometric Potassium Chicken and pig The sensor featured a low response time and good selectivity and [122]

sensor

repeatability, aiding the preventive diagnosis and personalized
treatment of electrolyte imbalance disorders.

ISF: interstitial fluid; cfDNA: cell free DNA.

enzymatic reaction, and the simultaneous detection of HB/glucose
or HB/lactate could be conducted on the microneedle array
following integration (Fig. 7D) [22]. HB is the main biomarker of
ketone body formation and is therefore important for the moni-
toring of diabetic ketoacidosis.

Table 4 [21,22,99,117—122] introduces microneedle sensors used
for biomarker monitoring. Compared with other continuous
monitoring devices, microneedle arrays are smaller, painless, less
irritating and traumatic to the skin, and less likely to cause local
infection and bleeding. Although the integration of microneedles
and sensors enables in situ real-time drug monitoring, individual
biosensors are required for each drug. Hence, the creation of drug-
specific sensors is crucial for expanding the scope of monitored
drugs. Moreover, some technical difficulties need to be overcome.
Regarding monitoring accuracy, the sensor should be sufficiently
sensitive, and calibration during operation should be precise. The
fact that most substances are present in ISF in low amounts inspires
further research on decreasing sensor detection limits. Biocom-
patible materials should be researched to increase the in vivo sta-
bility of sensors, as the deployment of some sensors is accompanied
by the insertion of microneedles into the body. Material safety
should also be considered. Finally, smaller and more transportable
components are required for system integration.

4.3. Microneedle-based home diagnosis

In the context of the COVID-19 pandemic, microneedle-assisted
drug monitoring holds great promise. Microneedle systems have
been used for COVID-19 vaccination, and the microneedle storage
of vaccines has been shown to reduce the dependence on the cold
chain and lower transportation costs. Moreover, the pattern of the
microneedle array arrangement is retained in the skin using fluo-
rescent dyes, which enables the recording of and rapid access to
vaccination information without the use of storage devices and
thus saves labor and material resources [123,124]. Furthermore, in
view of the operational policies such as those relating to isolation,
many people have difficulty accessing hospitals. As many patients
with cancer or other chronic diseases require long-term monitoring
of the relevant biomarkers for treatment optimization, the research
and development of microneedle-based home testing devices is
essential.
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4.3.1. Smartphone-based systems

A subcutaneous device for in vivo glucose sensing was created
using a smartphone application and interfaced with a touchscreen
glucose sensor and an easy-to-use wireless chemical detector (Fig.
8A)[125]. The glucose sensor had a radius of 14 mm and a thickness
of 2.7 mm and carried stainless steel microneedles (25 solid
microneedles with an average height, tip diameter, and base
diameter of ~2.2 mm, 30 um, and 400 pum, respectively). In vivo
tests on diabetic rats revealed that this device is affordable and
simple to use, and can be operated by non-professional patients. A
significant benefit of smartphone usage is the visual presentation of
data, which allows users to access the concentrations of the
monitored substances in real time. Data synchronization also fa-
cilitates data collection and interpretation.

4.3.2. Lateral flow cassette-based systems

The primary components of the employed lateral flow cassette
(Fig. 8B) [26] were a sample pad, conjugated pad, glass fiber
detection pad, and absorption pad, which were successively
assembled on a plastic backing plate. The hydrogel microneedle was
filled with sodium polyacrylate as an absorbent to enhance swelling
and increase the water retention capacity, and the desired amount of
ISF could be extracted in 5 min. ISF flowed onto the sample pad, and
the T1 line progressively changed color with increasing concentra-
tion of cystatin C. When this concentration exceeded the threshold
value, the T2 line appeared, and the detection process took only 15
min. Controlled trials demonstrated the high selectivity and speci-
ficity of this system [26]. The lateral flow cassette-microneedle
system could be used anywhere at any time, and the results could
be easily read with the naked eye. However, this method did not
allow precise analyte quantitation.

4.3.3. Colorimetric detection-based systems

Hollow microneedles fabricated using conventional photoli-
thography and poly(ethylene glycol) diacrylate were combined
with glucose test paper, and the required ISF amount could be
collected in 5 min. ISF was transported to the analysis area of the
test paper by capillary action provided by the porous structure of
the paper substrate, which offered a significant surface area for
macromolecule immobilization. After the microneedle penetrated
the skin, ISF was extracted to the top of the reaction layer of the
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glucose paper, where the glucose was oxidized to produce H,0,
and gluconic acid. Under the influence of H,0,, the color of the
paper turned yellow, light pink, or dark purple. In the test per-
formed with agarose gel as a model, the color of the test paper
could be observed and recorded after 2 min, and the color signifi-
cantly changed with increasing glucose concentration when this
concentration exceeded 5.6 mM [25].

Colorimetry was also be used for uric acid detection. The reac-
tion between uric acid in ISF and uricase embedded in poly(vinyl
alcohol) microneedles generated H,0;, which reacted with
3,3,5,5'-tetramethylbenzidine under the action of polypyridine
nanoparticles wrapped in the display layer to induce a color
change. Image analysis allowed the uric acid level to be accurately
quantified within the range of 200—1000 pM, with the detection
limit determined as ~65 pM [126].

To realize the simultaneous colorimetric detection of multiple
substances in ISF, Zhu et al. [24] imprinted nitrocellulose mem-
branes with wax to create hydrophobic boundaries delineating the
detection areas for glucose, lactate, cholesterol, and H" and pre-
venting the mixing of reagents used in different detection quad-
rants (Fig. 8C) [24]. The microneedles used with the test strips
consisted of cross-linked methacrylic acid and soluble hyaluronic
acid with an absorption capacity of 16.22 pL in 20 min.

Colorimetric analysis enables detection through visual inspec-
tion and is easy to implement, inexpensive, and color comparison-
based. However, the subtle variations in color induced by slight
concentration changes cannot be identified by the naked eye, and
the concentration must reach a certain threshold before a color
change appears. Although the realization of accurate quantitative
colorimetric analysis still faces difficulties, this technique can be
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combined with smartphones to enable red, green, and blue quan-
titative analysis.

The above microneedle-based systems interfaced with smart-
phones, lateral flow cassettes, and colorimetric phases are easy to
use and suitable for long-term daily monitoring and management of
patients with chronic diseases, and have commercial development
value.

4.4. Closed-loop drug monitoring/delivery systems

Microneedles have been widely used in drug delivery, and the
microneedle-based extraction of ISF for in vivo drug analysis and
monitoring has significantly advanced over the years. Microneedles
can serve as conduits for the exchange of substances both inside
and outside the body. Therefore, a closed-loop microneedle-based
system can be developed to automate real-time drug monitoring
and delivery.

Hu et al. [27] developed a device integrating H,O,-responsive
polymeric vesicles and a 20 x 20 array cross-linked hyaluronic acid
microneedle patch. In this device, the polymeric vesicles were both a
component of the glucose sensing element and an insulin release
promoter. When the glucose level exceeded a certain value, insulin-
loaded polymeric vesicles were released. A typical insulin-loaded
microneedle brought blood glucose concentration to ~90 mg/dL
within 1 h and maintained it in the normal range (<200 mg/dL) for
~5 h, but subsequently lost control, which resulted in a gradual in-
crease in blood glucose level. This device mimicked the endocrine
function of the pancreas, integrally monitoring glucose concentra-
tions and releasing insulin to maintain relatively stable blood
glucose levels. Later, researchers improved and supplemented the
microneedle structure and the vesicle response principle to afford
an “artificial pancreas” for the effective regulation of blood glucose
levels [40,127,128].

Although this self-adjustable intelligent insulin administration
device was only tested on animals (piglets and mice), it represents
significant progress in the development of a closed-loop moni-
toring drug delivery system and opens up a new path for micro-
needle development.

5. Microneedle-based monitoring of plant metabolites
5.1. Extraction of plant metabolites for analysis

During their evolution, plants have developed many distinct
metabolites, which are mostly found within single cells, provide
protection from herbivores, and are usually the source of plant
odor. Such metabolites can be researched to create more enticing
foods, flavors, and perfumes [129,130]. Metabolites are often the
chemical basis for the therapeutic action of medicinal plants and
have been used to develop many medications [131]. With the
development and use of concepts such as herbgenomics, metab-
olomics, and the potential economic worth of plant metabolites,
this topic has been drawing increased attention [132,133].

Solid-liquid extraction, also known as maceration, is a tradi-
tional technique of plant metabolite extraction [ 134]. Recently, new
extraction methods have been developed by combining auxiliary
techniques, as exemplified by ultrasound-assisted extraction,
microwave-assisted extraction, pressurized liquid extraction, and
supercritical fluid extraction. The performance of these techniques
depends on the employed solvent and physical parameters.
Moreover, such techniques are more expensive than traditional
ones.

The use of microneedles for drug administration and extraction
has been thoroughly investigated in humans and animals, but not
in plants. Flat comb-shaped microneedle arrays constructed on a
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silicon-on-insulator wafer (5 mm x 5 mm) were used to efficiently
insert genome-editing proteins into plant tissues by carefully
regulating the entry point. Notably, B-glucuronidase was expressed
following microneedle insertion, and the direct delivery of the Cas9
ribonucleoprotein targeting the PDS11/18 gene resulted in the
deletion of 11 bp at the locus in the branch meristematic tissues of
soybeans [135].

As many plants are the source of herbal medicines, the analysis
of their growth status and active ingredients is a matter of high
practical significance. To extract pertinent compounds from stored
plant metabolites, researchers have envisioned the usage of
compact microneedles and performed some work in this
direction.

5.1.1. Microneedle-based extraction of plant metabolites

Aluminosilicate microneedles and neural network-based im-
age analysis were used to accurately identify metabolite-rich cells
in rosemary and automatically extract compounds of interest
from the same. The extraction efficacies of four different micro-
needle tip shapes (blunt narrow, blunt wide, beveled narrow, and
beveled wide) were analyzed to maximize the amount of
extracted metabolites and minimize the extraction time, reduce
tissue injury, and overcome the viscous flow resistance of
metabolic fluid [31]. Needles with beveled wide tips exhibited the
best performance.

Compared to skilled manual activity, automated procedures are
more efficient. Yet, manual control is relatively flexible, whereas
the above extraction requires a reasonably flat leaf surface. How-
ever, the actual plant morphology is complicated and diverse,
necessitating more advanced programming. Additionally, the
microneedle size must be decreased to accommodate smaller plant
cells, which puts more strain on the associated preparation process.

5.1.2. Microneedle-based in situ extraction of metabolites and
diagnostic monitoring

Many plants are raw materials for Chinese medicinal materials,
and pathogenic infections lead to crop failure. Ramos-Gémez et al.
[136] realized the in situ molecular diagnosis of plant diseases by
extracting and isolating pathogenic DNA from plant tissues for
nucleic acid amplification. However, the standard method of phy-
toplasma DNA extraction employs cetyltrimethylammonium bro-
mide and requires 3—4 h to isolate DNA by lysing tissues and cells,
which is a cumbersome process (Fig. 9A) [29]. To circumvent this
restriction, 15 x 15 poly(vinyl alcohol) microneedle arrays (needle
length = 800 pm, base radius = 150 um, tip radius = 5 pm) were
created by vacuum micromolding. The microneedle patches
punctured leaf tissues to break plant barriers (cell walls, epidermis,
and the outer layer of the waxy cuticle) and thus enabled the
isolation of DNA from insoluble plant tissues in <1 min (Fig. 9A).
Paul et al. (Fig. 9B) [30] improved the initial procedure to include
RNA and combined a microneedle patch with a 3D-printed
smartphone imaging system to enable the immediate in-field
detection of plant infections in <30 min. This approach facilitates
the screening and analysis of plant diseases by farmers or extension
agents during the planting process to ensure the high yield and
quality of herbs.

Precision agriculture helps to increase the yield of herbs. Plant
physiological states are reflected by changes in their ion content,
membrane permeability, and viscosity. Electrical impedance spec-
troscopy can be used to rapidly and nondestructively examine these
changes; however, this method is constrained by the plant barrier
layer [137]. The combination of microneedles and an impedance
measurement sensor overcomes this restriction, as microneedles
can pass through the cuticle (Fig. 9C) [138]. Microneedles can
penetrate the stratum corneum, and the combination of
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microneedles with an impedance measuring sensor, where each
microneedle in the microneedle array (10 x 10) is 350 um long,
overcomes this constraint. In an open-air setting, this system
generated a more sensitive impedance spectrum with an average
relative noise value of 3.83%, thus outperforming a standard planar
sensor [138]. For the in situ detection of salicylic acid (SA, a plant
hormone), a microneedle electrode created by microforming was
paired with a sensor using molecularly imprinted polymers. After
the microneedles pierced the cuticle, the imprinted polymers on
the working electrode bound isolated SA and detected it through
electro-oxidation (detection range = 5—150 pM, detection limit =
2.74 uM). The above apparatus could discriminate between basal SA
levels in SA-deficient mutants and wild-type plants in an experi-
ment performed with Arabidopsis leaves [139].

Additionally, when the external conditions governing growth,
growing years, and harvesting time fluctuate, the contents of
various compounds and active substances in Chinese herbal
medicines change, and so do the related therapeutic effects [140].
For instance, yellow light encourages the growth and concentra-
tion of bioactive flavonoids in Epimedium [141], while the expo-
sure of mulberry leaves to frost is thought to enhance their
therapeutic effects [142]. High-performance liquid chromatog-
raphy has been used to determine the contents of one or more
components of Chinese herbal medicines. Although the sensitivity
and efficiency of this method are growing, its widespread use
remains constrained by the need for expensive equipment and
stringent sample pretreatment procedures [143,144]. The prob-
lems posed by the low sampling amount and time-consuming
nature of microneedle-based ISF extraction can be overcome by
increasing the density of microneedle arrays. For example, a high
density of 625 silicon microneedles per mm? in a single array was
realized using dry etching [145]. The mass production of micro-
needles also faces some challenges such as elevated investment
risk, lack of standard production methods, and the non-
standardized evaluation of quality and sterility requirements
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during processing. Nevertheless, relevant regulatory work groups
have been established to identify and address the problems of
microneedle manufacturing [146].

The above microneedle-based plant metabolite extraction-
detection devices help to understand the growth status of plants.
The efficiency and portable nature of such devices enable in-field
plant diagnostics and allow the state of the plant body to be deter-
mined without disturbing growth, thus facilitating in-field plant
disease screening and analysis by farmers or extension workers.
Future works should deal with the combination of microneedles
with various sensors and machinery to enable automated extraction
and the in situ monitoring of the plant body state. Currently, this area
is insufficiently researched, and the related development is hindered
by challenges associated with the accurate identification of specific
cells containing metabolites, the differentiation of cell types, and the
design of more suitable microneedles for the smooth penetration of
and removal from sticky plant tissues.

6. Conclusions and future perspectives

Since it was first proposed, the usage of microneedles has drawn
much attention and experienced rapid development. Currently,
microneedles find applications not only in cosmetic and delivery
therapies, but also in medication analysis and monitoring;
although, much progress remains to be made in the latter field.

Some works used microneedles to extract pharmaceuticals or
biomarkers from ISF and then performed sophisticated analysis
using various methods and devices. As a result, technologies
combining microneedles and sensors for in situ extraction and
monitoring have emerged. In the context of the COVID-19 pandemic,
the combination of microneedles with sensors, smartphones, and
lateral flow boxes makes it easier for patients with chronic diseases
to test themselves at home, optimizes therapy by keeping track of
the results, and satisfies people's increased aspirations for better
health.
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In view of the ex vivo nature of such analysis, the damage
inflicted by the sampling procedure is irreversible, and for many
uncommon and precious herbal medications, the cost is high. The
combination of microneedling with smartphones and other appli-
cations in the study of herbal medicines facilitates the in-field
diagnosis of growth conditions and the evaluation of the active
ingredients of plants with minimal damage. Future applications of
microneedles include the monitoring of herb active ingredients,
disease diagnosis and treatment, and the identification of optimal
growth conditions. This microneedle-based monitoring has signif-
icant practical implications for the creation, assessment, and
quality control of traditional Chinese medicines.

The microneedle-based extraction of ISF for drug monitoring
and analysis has promising future applications. For example,
microneedles should be more closely integrated with smartphones,
sensors, etc. The development of closed-loop extraction-sensing-
monitoring-delivery systems based on microneedles will facilitate
the analysis of medications, biomarkers, metabolites, and other
substances and thus make it easier to diagnose and treat patients as
well as assess the efficacy of herbs.

Currently, the microneedle-based extraction of ISF for drug
analysis faces certain difficulties, which, however, are not insur-
mountable. In addition, some problems will be solved over time
with increasing research depth. For example, sensors specific to
different drugs or biomarkers have to be developed based on their
properties; the structure of human skin differs from that of animal
skin, and microneedle patches successfully tested in animal models
need more relevant clinical trials. Moreover, only few types of drugs
have been studied and successfully tested. These efforts in mass
production and experimental design are expected to provide a solid
foundation for the broad application of microneedle-based drug
analysis.
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