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the provision of a patient-centric health-
care system. Moreover, the risk associated 
with needle reuse, mainly found in devel-
oping countries, can cause severe health 
concerns for millions of people. Although 
most biochemical information about the 
body can be found in blood, other bodily 
fluids can also contain vital information. 
Due to the closed circulatory system, 
blood is maintained within blood vessel 
loops; thus, materials can only enter cells 
through the dermal interstitial fluid (ISF). 
ISF is mainly composed of water, sur-
rounds various cells, and is a rich source 
of analytes such as electrolytes, proteins, 
amino acids, fatty acids, glucose, and other 
nutrients; and can provide critical data for 
disease diagnostics and continuous health 
monitoring.[6–8]

Recent studies suggest that 83% of pro-
teins found in the serum are also in ISF, 
but 50% of proteins found in ISF are not 

in the serum. The results show high similarities in the diver-
sity of proteins, where the differences were primarily reflected 
on a quantitative level.[9] The proteomic analysis also indicates 
that the ISF proteome is fundamentally similar to plasma and 
serum proteome.[10] Moreover, unlike serum and plasma, ISF 
will not clot, suggesting promising characteristics that it may 
be used as a substitute for blood or other biological samples 
for real-time diagnostics.[6] Various methods have been studied 
to interpret the presence of biomarkers in ISF without any 
agreement on concentration.[11,12] Many conventional methods 
of ISF sampling, such as suction blister, sonophoresis, reverse 
iontophoresis, microdialysis, and thermal ablation, can cause 
significant destabilization of the stratum corneum and local 
trauma.[13] Additionally, other ISF extraction methods do not 
appear to be compatible with modern biosensor designs for 
detecting biomarkers and providing point-of-care (POC) service 
to help healthcare practitioners make immediate decisions for 
patient management.

In recent years, microneedles (MNs) have gained significant 
attention due to their micron size and minimal invasiveness. 
Pain associated with MNs insertion is significantly less than 
with a standard hypodermic needle.[14] MN design parameters 
such as length, width, tip angle, or the number of needles can 
play a role in the pain level; in particular, MN length has the 
most effect on pain. Longer MNs (>1450 µm) may increase the 
pain score by several folds, whereas shorter MNs (<700 µm) are 
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1. Introduction

Different body fluid sampling methods have been practiced for 
centuries, with many suffering from a phobia of needles and 
pain. In addition, pain associated with needle injections can 
cause anxiety and distress.[1,2] Medical diagnosis often requires 
blood sampling and analysis of biomarkers. Early detection of 
these biomarkers has great potential to reduce the overall cost 
of both treatment and controlled monitoring of diseases.[3,4] Tra-
ditional methods generally use a hypodermic needle to extract 
blood samples. This can cause infection[5] and may not be avail-
able in remote locations or resource-limited settings, hindering 
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significantly less painful during the insertion process.[14] Fluid 
flow and pressure associated with infusion may cause pain 
during the MN insertion. However, different parameters, such 
as the amount of pressure, type of fluid, or insertion mecha-
nisms, contribute to the pain level.[15]

Integrating MNs with different biosensor technologies 
develops a robust and reliable system that can be accessed 
remotely to help healthcare practitioners make immediate deci-
sions on patients’ health. For this purpose, MN-based biosen-
sors seem to be the approach that attains all the requirements of 
the POC system. Furthermore, these biosensors are described 
as minimally invasive to monitor biomarkers in ISF at a mole-
cular level and typically coupled with MNs that extend no more 
than 1000  µm into the skin to extract ISF.[14,16] To be adopted 
extensively into clinical practices, MN-based biosensors must 
also be capable of monitoring biomarkers over an extended 
period (e.g., days). In vivo evaluation can help to determine var-
ious performance factors (e.g., biocompatibility, selectivity, and 
reliability) of the biosensors in a biological system.

The traditional process of sampling ISF using MNs is chal-
lenging and relatively complex. Various research has been con-
ducted primarily on MN-based drug delivery, leaving opportuni-
ties for further exploration and optimization of the ISF sam-
pling process. Figure 1 shows a comparison of publications in 
the areas of drug delivery and ISF extraction based on MNs. 
The data indicates a small number of research studies accom-
plished in ISF extraction compared to MN-based drug delivery 
systems. Furthermore, the standard required volume of ISF 
to confirm the guaranteed presence of biomarkers is yet to be 
explored and standardized.

It is believed that at some point in the future, most of the 
key biomarkers in ISF could be monitored by MN-based bio-
sensors to provide critical insight into patients’ health, enabling 
immediate medical action.[18] One of the key challenges of POC 
diagnostics is integrating MNs into a compact system capable 
of real-time sampling of biofluids to provide an automated and 
accurate readout of patients’ biomarkers. Microfluidic devices 

can perform immunoassays with only a few nanoliters of bio-
fluids. The concentration of sample constituents is an essential 
factor in providing information for diagnosing diseases.[19–21] 
Analytical techniques are becoming ever more sophisticated 
and working with smaller concentrations of fluid, therefore 
paving the way for the development of lab-on-a-chip devices 
capable of sensing various biomarkers in the future.

Miniaturizing the size of hypodermic needles to a micron-
size needle that is minimally invasive, less painful, easy to use, 
and has significantly less risk of infection, makes it one of the 
most prominent methods currently being developed for bio-
fluid extraction. This review article describes the skin structure, 
physical characteristics, and pathways to access ISF. We review 
different ISF extraction techniques, primarily focusing on MN-
based extraction and the use of MNs. Next, we critically discuss 
MNs integration with biosensors, in vivo analysis, and param-
eters for successful sensing and sampling of ISF. Finally, the 
challenges and existing barriers to sampling ISF and sample 
volume are explained. In addition, the implementation of the 
MN-based biosensors, critical research gaps, and future direc-
tions are discussed. Overall, this review seeks to deliver a real-
istic insight into the recent development of MN-based sam-
pling and MN-based biosensors for sampling and sensing ISF. 
When designing MNs or MN-based biosensors, it is essential 
to recognize the current methods and their effectiveness in 
ISF sampling and sensing. By understanding the existing tech-
niques and addressing their challenges, sampling time can be 
improved along with sampling volume. Figure 2 illustrates an 
overview of different ISF extraction methods.

2. Skin Structure and ISF Sampling Pathways

Skin is the most accessible organ of the body and covers the 
body's entire external surface with a versatile structure.[35] It 
contains three independent layers: the epidermis, dermis, and 
hypodermis (Figure 3a).

Figure 1. A comparison of an approximate number of research studies published between 2013–2022 in the area of a) MN-based ISF extraction and 
b) MN-based drug delivery.[17] Accessed on 13th June 2022 under the license agreement.
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A combination of these layers creates a distinct network to 
protect the body against UV lights, chemicals, and mechanical 
injuries.[36] Epidermis, the uppermost layer, is extremely thin 
and does not have a direct blood supply.[37] It is comprised of 

five layers: stratum basale, stratum spinosum, stratum granu-
losum, stratum lucidum, and stratum corneum. These layers 
are mainly responsible for making new skin cells, giving skin its 
color, and protecting the body. The top layer of the epidermis, 

Figure 2. A schematic illustration of the different methods of ISF sampling. a) Sonophoresis—a low-frequency ultrasound applied to disrupt the 
stratum corneum.[22] b) Reverse iontophoresis uses a small electric current and electrode to generate an electric field into the skin layer.[23] c) Suction 
blister works by creating a blister using high temperature and using a needle for extraction.[24–29] d) Thermal ablation works by skin ablation utilizing 
a high-voltage radiofrequency electrode.[30] e) Microdialysis uses a dialysate pump and a catheter probe for substances to diffuse through the pore.[31] 
f) MN patch to extract ISF.[32–34] The schematic was created with BioRender.com.
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the stratum corneum, is only 10–20 µm thick and most exposed 
to the outside environment.[38] It is composed of several layers 
of keratin containing dead cells to prevent dehydration and 
retain water.[36]

The dermis, the inner thicker portion, provides nutritional 
support to the epidermis layer. It is the thickest layer of the 
skin and is composed of elastic tissue providing flexibility to 
the skin. This layer contains nerve endings, blood supplies, 

Figure 3. Illustration of the skin anatomy and ISF pathways accessibility in the skin. a) Characteristics of different layers and locations of the nerve 
system. b) Cross section of layers of the skin (left), and presence of ISF within the skin around tissue and capillary (right). c) Different pathways for 
ISF extractions. The schematic was created with BioRender.com.
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hair follicles, and sweat glands that support the skin's surface. 
The bottom layer, the hypodermis or subcutaneous layer, lies 
directly under the dermis and mainly includes fat and connec-
tive tissues. It works as a medium to store fat, provide insula-
tion, and store energy (Figure 3b).[36]

ISF can be accessed in three possible pathways (Figure 3c): 
intercellular, transcellular, and appendageal.[39] The intercellular 
route is the passage through the intercellular space between 
cells to deeper skin layers. The in-between space consists of 
cholesterols, ceramides, and free fatty acids. One of the bar-
riers to this route is the tight junctions in the intercellular 
space, which protect the skin from water loss. It has also been 
considered the primary penetration pathway for drug mole-
cules.[38] Suction blister and reverse iontophoresis are some of 
the methods used in this approach. Therefore, extraction tech-
niques in this route are invasive and complex to accomplish in 
a small skin area. During the hydration gradient-driven trans-
port, some nanoparticles can deform and penetrate through 
this route because the driving force behind such permeability 
is higher than the skin openings.[40] The transcellular route col-
lects ISF directly via the cells and is regarded as a shorter route 
than the intercellular path.[41] This pathway is usually the pre-
dominant route for active transcellular transport and body fluid 
extraction. Therefore, depending on the corresponding tech-
nique, it can vary from minimally invasive to highly invasive. 
The use of hypodermic needles, MNs, and microdialysis tech-
niques are some examples of this approach. The appendageal 
route offers rapid access to the deeper layer of the skin through 
sweat glands and hair follicles and can allow a unique pas-
sage for atypical penetrants.[24] For example, the hair follicles 
on the skin may serve as the penetration site to deliver larger 
drug molecules or sense biomarkers in ISF. However, it is con-
sidered the most challenging path because the penetration of 
lipophilic and hydrophilic layers results in higher resistance in 
the passage.[42,43] This route also has a high surface area and 
expended penetration depth (≈2000  µm) due to the presence 
of hair follicles.[44,45] This route is receiving growing interest 
in diagnostics, mainly focusing on the use of nanoparticles.[44] 
Nonetheless, no specific studies have been found to sample ISF 
through the appendageal route.

3. Current ISF Sampling Methods

ISF is an indicator source of biomarkers that can be used 
to diagnose and treat diseases. It can be sampled using 
various techniques such as suction blister, microdialysis, 
sonophoresis, reverse iontophoresis, thermal ablation, and 
MNs.[13,25,27,28,30,31,24,46–49]

The following sections describe the conventional methods of 
ISF extraction and provide a detailed description of ISF sam-
pling using MNs. Figure 4 highlights the properties of different 
ISF sampling methods.

3.1. Sonophoresis

Low-frequency ultrasound increases the skin's permeability by 
disrupting the barrier property of the stratum corneum, the 

outermost layer of the epidermis. The sonophoresis method 
uses vacuum pressure and low-frequency ultrasound to create 
micro-vibration in the epidermis.[22] In clinical settings, this 
technique is mostly used for drug delivery. However, Pu et al. 
demonstrated an electromechanical sensor consisting of three 
electrodes integrated with a microfluidic chip to extract up 
to 1  µL of ISF.[60] Ultrasound was used to improve the per-
meability of the skin, and the vacuum pressure enabled the 
successful extraction of ISF. A layer of graphene and gold 
nanoparticles (AuNPs) was used to improve the sensitivity of 
the electrochemical microfluidic sensor. Experimental results 
exhibited precise detection of glucose measurement and the 
potential to detect hypoglycemia minimally invasively.[60] 
Although the combination of ultrasound and vacuum pump 
enhanced the extraction process, the extracted ISF scattered 
through the surface of the skin, similar to a dewdrop making 
it very difficult to collect. The longitudinal skin resistance of 
the ultrasonic area on the skin develops vertical micropores 
and good permeability, but it is also difficult to measure the 
longitudinal skin resistance precisely.[61] Thus, the application 
of this technique has been very limited, and further studies are 
required for successful and repeated extraction of ISF. Gen-
erally, almost no pain is associated with this method, but the 
patient may experience slight heating of the skin during the 
process. Combined with other methods, such as integrating 
with MNs, it may reduce the extraction time of ISF sampling 
in diagnostic applications.[51,52]

3.2. Reverse Ionophoresis

Ionophoresis applies a small electric current to the skin to 
increase the ISF flow. It involves the transportation of charged 
molecules through the passage of direct electric current. Under 
normal conditions, the subdermal ions move randomly and 
with almost constant concentrations. The epidermal layer 
comes under the influence of an electric field generated by an 
appropriate electrode. The charged molecules are attracted to 
their opposite poles promoting the transport of both charged 
and neutral molecules.[23] Reverse iontophoresis uses an oppo-
sitely charged electrode to create the electric field. The current 
is applied via a power supply to the anode and cathode. Neu-
tral and cationic ion molecules are dragged toward the cathode. 
Similarly, anionic components are drawn towards the anode 
chamber by electromigration, which enables the extraction of 
molecules into the skin's surface.

As voltage and current are the two most key parameters, 
application of higher current can cause erythema or redness. 
Thus, the appropriate current intensity with proper inter-
vals is important, particularly in experiments with human 
volunteers.[62]

Reverse iontophoresis has mostly received attention in glu-
cose monitoring.[63–65] Further applications may involve the 
detection and monitoring of other biomarkers. The primary 
factor that should be considered during this technique is main-
taining the operating current density, as a strong current may 
damage the skin.[53] This non-invasive technique also offers 
multiple sampling for patients subjected to frequent blood 
sampling procedures such as diabetes.[54]

Adv. Mater. Interfaces 2023, 10, 2201763
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3.3. Suction Blisters

The suction blisters method is commonly used to extract or 
sample a higher volume of ISF by applying negative pressure 
to the skin at a high temperature for several minutes up to an 
hour.[24–29] The dermis and epidermis are separated when an 
external suction application is applied. The suction generates 

a gap that is filled by the fluid from surrounding cells, creating 
blisters filled with ISF. This occurs within the epidermis area, 
and the fluid is usually colorless (known as suction blister fluid 
[SBF]). A needle or syringe is then used to extract the sample, 
mainly consisting of ISF. Table 1 shows some of the proper-
ties and parameters of suction blister methods used to extract 
ISF by researchers. The challenges involved in this method are 

Figure 4. Schematic summarizes general properties of ISF sampling methods: a) Suction blister,[13,24–29] b) microdialysis,[50] c) sonophoresis,[51,52]  
d) reverse iontophoresis,[47,53,54] e) thermal ablation,[55,56] f) microneedles (MNs).[57–59] The schematic was created with BioRender.com.
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1) side effects such as injury at the site of treatment, 2) infec-
tion, and 3) skin discoloration, all of which usually require a 
prolonged time to heal.[13]

3.4. Thermal Ablation

Similar to sonophoresis, the radiofrequency thermal ablation 
method can be used to create micropores. Applying a high-
voltage radio frequency electrode on the skin triggers ions 
within the cells to follow the direction change of the applied 
current. This generates heating of the tissue and creates an 
ablation of the stratum corneum in the application area. A com-
paratively higher volume of ISF (≈0.5 µL min−1) can be extracted 
by this method, where the number of micropores is generally 
proportional to the ISF volume.[30] However, thermal ablation 
can cause redness, infection, and injury to the tissue.[55]

3.5. Microdialysis

The microdialysis technique has been used for sampling ISF 
and delivering drugs. This method involves exchanging sub-
stances within a semipermeable membrane and is primarily 
based on diffusion.[31] A simple microdialysis system uses a 
dialysate pump and a catheter or probe made of a semiperme-
able dialysis membrane that enters the tissue's fluid. The pump 
creates a flow for the fluid towards the probe or catheter. For 
diffusion exchange to occur, perfusion fluid is flown at a slow 
rate (0.5–5  µL min−1) across the semipermeable membrane 
of the probe.[46] Substances (e.g., glucose) diffuse through the 
membrane's pores and can be collected for further analysis. 
This technique is mainly used to continuously monitor ana-
lytes, such as glucose, and gather information about local drug 
concentrations in the skin.[69–71] Microdialysis requires the 
insertion of the probe directly into the skin to sample ISF, and 
can cause discomfort during the test. The application of the 
technique for ISF sampling requires local anesthesia-trained 
professionals and a longer time to obtain a small sample 
volume. The probe also needs calibration, and the patient can 
experience tissue trauma.[50]

3.6. MNs for ISF Sampling

To extract ISF effectively, the methods explained above require 
a long sampling time, calibrations, specialized equipment, and 
trained professionals. Applications of these methods are mostly 
limited, except for measuring glucose concentration.[57] Addi-
tionally, a typical hypodermic needle is usually long (>16 mm)[72] 

and pierces the skin at a low angle to reach deep into the capil-
lary to extract blood.[73] The process is semi-invasive, requires 
trained healthcare professionals, and produces biohazard 
waste.[74] An alternative approach for collecting ISF is using 
MNs for simple and effective extraction of ISF. MNs are usu-
ally not long enough to reach the pain receptors and will bypass 
the stratum corneum barrier by creating micrometer pathways 
for ISF transport. In addition, MNs cause lower microbial pen-
etration than hypodermic needles.[75] MNs generally range from 
25–2000 µm in height and can be made of different materials 
and shapes using various micro and nanofabrication tech-
niques.[76] The four major types of MN design are solid, hollow, 
dissolving, and hydrogel, and they were initially developed for 
drug delivery.[32–34] MNs have also successfully extracted micron 
and nanoliter volumes of ISF and have shown promising 
results for biomarker collection for disease diagnosis. Various 
design considerations have also been explored such as overall 
geometry, length, diameter size, array density, and materials.[77] 
The following sections describe how researchers have used 
each MN to sample the skin's ISF. Figure 5 illustrates different 
types of extraction principles for each MN type.

3.6.1. Solid MNs for Direct ISF Sampling

Solid MNs are robust structures designed to penetrate the 
stratum corneum of the skin, which can be made of materials 
such as silicon, metals, and polymers.[57] Solid MNs cannot 
extract ISF directly but can be integrated with other techniques 
for the minimally invasive extraction of ISF. These types of 
MNs are simpler to manufacture, mechanically robust, and 
more cost-effective to manufacture than other designs. The 
process primarily contains two stages: 1) successful insertion 
of MNs into the skin and 2) accumulation of ISF by various 
methods, such as coupling the MN device with a paper reser-
voir to absorb the extracted ISF from the skin or techniques 
such as suction, pressure-driven convection, diffusion, and 
osmosis.[58] Kolluru et  al. reported a cost-effective method for 
sampling ISF using solid MN patches and paper reservoirs 
(Figure 6a). The study used 650 µm long MNs fabricated from 
stainless steel using an infrared laser. The patch was developed 
as a two-part system comprised of five to nine MNs inserted 
into the skin multiple times at an angle of 10−45° enabling the 
flow of ISF out of the skin and into the paper. The paper acted 
as a reservoir for the ISF collection.[57] When using a paper res-
ervoir, the paper's absorptiveness and percentage of porosity 
may impact the time required to sample ISF. As a result, dif-
ferent strip papers were experimented with, and the filter paper 
was chosen as the reservoir material due to its availability and 
widespread use in designing paper-based devices.[78,79] The 

Table 1. Properties of the suction blister methods used to extract ISF.

Pressure Object Temperature Duration ISF volume Year [Ref.]

40–55 kPa Forearm – 1.30 h 50–200 µL 2020[66]

50–70 kPa Thigh 40 °C ≈45 min 50 µL 2018[67]

20–30 kPa Forearm – 12–24 h ≈500 µL 2018[68]

25–40 kPa Forearm – >2 h 30–100 µL 2007[6]
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experiment was conducted on fifteen female Wistar rats in vivo 
and pig cadaver skin ex vivo. The results showed that, within a 
minute, >2 µL of ISF was extracted from the rat skin in vivo. 
The results also demonstrated that air plasma treatment of MN 
arrays in a plasma chamber for 5 min increased the capability 
of the MN patches to extract ISF. However, the study did not 
address any pain associated with ISF collection, and the side 
effects of multiple insertions of solid MNs into the skin were 
not discussed.[57]

Another mechanism is to apply solid MNs for ISF extraction 
from the skin using pressure difference to transport ISF from 
the skin into the micropores created by MNs or to a reservoir. 
Fluid flow out of the skin occurs due to the pressure difference 
between the fluid and the external pressure. Generally, arrays 
with high needle density have shown improved flow rates.[80] 
Additionally, the effects of pressure gradients have been studied 
and optimized to achieve higher flow rates in sampling ISF 
using MN patches. For instance, Samant et al. used a MN patch 
with enhanced pressure gradients to extract up to 10 µL of ISF 
within 2 min. The MNs patch was made of stainless steel with 
two separate steel plates joined together on top of each other, 
and an absorbent paper was sandwiched between the plate 
layers using adhesive. For sampling, the experiment was con-
ducted on pig skin ex vivo and rat skin in vivo. Initially, the 
patch was inserted for two minutes, and an external transverse 

force (≈44.4 N) was applied to the site. Results demonstrated 
successful penetration of the MNs to extract clinically relevant 
volumes of ISF. The volume of the ISF absorbed by the paper 
was found to be dependent on the force applied.[48]

A challenge during the extraction of ISF is to ensure there 
is no contamination with capillary blood due to the high vas-
cularity of the skin. ISF is colorless due to a lack of red blood 
cells and can be confirmed by microscopic analysis. Applying 
a vacuum to the micropores created on the skin by MNs can 
contaminate ISF with blood. Although blood vessels and capil-
laries are deeper into the dermis, designing an optimized MN 
array and using an optimum vacuum pressure during inser-
tion and collection reduces the risk of bleeding. For example, 
in one study MN patches were coupled with mild suction to 
sample clinically relevant amounts of ISF from human par-
ticipants. The MN patch was applied to create the micropores 
on the skin, and vacuum pressure as low as −50  kPa (gauge) 
was used for 20 min to extract the ISF. Then, MNs of 250, 450, 
and 650 µm in length were inserted into the skin, followed by 
the application of a vacuum at −34, −50, and −17 kPa (gauge). 
All tests resulted in bleeding, especially at 650 µm length. The 
results indicate that inserting MNs with 250 µm in length can 
reduce the chance of bleeding by 60%. The vacuum chamber 
was aligned with the skin and had a bottom plate with up to 
five orifices connecting the vacuum to the skin. After applying 

Figure 5. Illustrative comparison between different types of MNs and a hypodermic needle. a) Solid MNs must be integrated with other techniques 
for extracting and sensing ISF. b) Hollow MNs for direct extraction of ISF. c) Illustrated diagram of hydrogel MNs patch for extracting ISF. Hydrogel 
MNs inserted into the skin, the swelling process drives the ISF to diffuse into the patch. Then, the patch is removed for further analysis. d) Dissolving 
MNs patch, mainly for drug delivery. The schematic was created with BioRender.com.
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Figure 6. Application of MN array in extraction of ISF. a) i) MN patch showing a row of nine MNs, ii) Magnified image of the MN, iii) MN patch pen-
etrating the skin of a hairless rat in vivo, iv) skin after 10 times insertion of the MN patch, v) 5 min after 10 times insertion of the patch. Reproduced 
with permission.[57] Copyright 2019, Wiley-VCH. b) i) MN configuration, inset showing the top view, ii) single MN with a capillary collection tube,  
iii) customized 3D printed MN holder, iv) two MN holders joined for the extraction of ISF in glass capillary tube. Reproduced under the Creative  
Commons Attribution License (CC BY 4.0).[91] Copyright 2018, Springer Nature. c) i) Image of the shaved mouse back before the insertion of the MN patch, 
ii) After the insertion, iii) Mal2–MeHA MN patch after insertion, iv) Magnified image of the MNs tip after the insertion, v) skin recovery after 15 min, 
(vi) 75 min after the experiment. Reproduced with permission.[101] Copyright 2020, Wiley-VCH. d) i) MN patch inserted into the skin of the mouse back 
and attached by Tegaderm film, ii) Visible micro holes appeared on the skin after penetration, iii–v) Magnified images of the MN patch after removal 
from the skin. Reproduced with permission.[99] Copyright 2017, Wiley-VCH. e) Visualization of the MN insertion site and skin recovery within 30 min 
post-experiment. Reproduced with permission.[99] Copyright 2017, Wiley-VCH. f) i) An array containing 225 dissolving MNs, ii) a close-up view of the 
array, iii) enhanced image of the MNs, iv) 5 min, v) 10 min after the insertion into the tissue. Reproduced under the Creative Commons Attribution 
License (CC BY 4.0).[100] Copyright 2016, Ivyspring International.

Adv. Mater. Interfaces 2023, 10, 2201763

 21967350, 2023, 10, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

i.202201763 by N
ational H

ealth A
nd M

edical R
esearch C

ouncil, W
iley O

nline L
ibrary on [27/11/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com

© 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH2201763 (10 of 22)

www.advmatinterfaces.de

the vacuum at −50 kPa for 20 min and slowly reducing it over 
three minutes, the vacuum was stopped, and the orifice plate 
was removed. ISF was visible on the skin and collected using 
sterile medical gauze. This technique prevented ISF to be evap-
orated during the extraction process. This optimized process 
resulted in the collection of 2.3 ± 2.6 µL of ISF within 20 min 
without any visible traces of blood. The results also showed that 
ISF collection was varied among individual micropores across a 
MN patch even though all participants received the same treat-
ment, with the majority of the micropores not contributing to 
the collection of ISF.[81]

Another study used a two-stage approach using solid MNs 
and a mild vacuum for ISF extraction. The MN arrays were 
tested on the skin of anesthetized hairless rats and human sub-
jects. A vacuum of 200–500 mm Hg for 2–10 min was applied 
to extract ISF to analyze glucose concentration, and 1–10  µL 
of ISF was extracted within 2–10 mins. However, the vacuum 
extraction caused local erythema in the human subjects, which 
persisted for a few hours.[82]

Solid MNs have shown promising results in collecting ISF 
from the skin. However, due to their solid nature, this type 
of MN must be integrated with other mechanisms (such as a 
vacuum) for administration. This can complicate ISF sampling 
and the development of miniaturized POC devices.

3.6.2. Hollow MNs for Direct ISF Sampling

Hollow MN designs contain an internal channel that relies on 
capillary force to draw ISF from the skin. Hollow MNs have 
been fabricated in different heights and geometries, mainly 
from metals, silicon, glass, ceramic, and polymers[49] using dry 
etching,[83] 3D printing,[84] two-photon polymerization,[85–87] and 
drawing lithography[88] techniques. ISF extracted by capillary 
flow increases the concentration gradient in the neighboring 
dermis area. As a result, the sampling process is comparatively 
faster than hydrogel MNs or micropore systems created by 
solid MNs.[58] However, one primary concern of hollow MNs is 
the blockage of channels due to entrapped dermal tissue.[89,90]

Unlike other sampling methods such as microdialysis or 
suction blister, hollow MNs can extract ISF without expensive 
or complicated arrangements. For example, Miller et al. experi-
mented with three different MNs lengths (1000, 1500, and 
2000 µm) to test the ability of each MN to extract ISF without 
the need for any separate instrument such as a vacuum. The 
MNs were made from stainless steel with a glass capillary 
attached to the backing of the MNs and were applied to human 
subjects (Figure 6b). Although ISF was extracted with all three 
MN lengths, the MN with 1500 µm height exhibited a higher 
extraction percentage than others. The results showed up to 
16 µL of ISF was extracted within 2 h,[91] improving overall effi-
ciency compared to other similar studies which reported an 
average of 1 µL of the sample being collected in 30 min.[82,92] 
The MNs were pre-lubricated, and the design was modified to 
reduce insertion penetration force. The array was fabricated 
using a 3D printer containing five MNs upholding concentric 
design.[91] Taylor et al. further investigated the effect of the MN 
holders in ISF extraction by varying the design parameters (e.g., 
holder throat thickness and tip curvature). Initially, four MNs 

holders were designed (flat, concave, convex, and beveled) and 
3D printed with four MN arrays. Each consists of MNs with 
an insertion depth of 1000 and 1500 µm. Results reported that 
ISF extraction could be affected by the different design param-
eters of the MN holder. Concave tip design had significantly 
improved ISF extraction rate and was suggested as optimal for 
ISF extraction in animals.[93] Samant et al. reported inserting a 
hollow MN with a single capillary system which extracted >1 µL 
of ISF within 20 min. The fabricated MN was 750 µm in length, 
made of stainless steel, and applied to the pig cadaver skin for 
20 min to collect ISF. The method used in this study was very 
slow, and a low volume of ISF was collected, which can be an 
issue for further analysis of the sample.[58] Pain associated with 
hollow MN insertion has been assessed by visual-analogue 
scale score and reported to be less than a hypodermic needle. 
For example, Gupta et al. reported a 1000 µm length hollow MN 
to deliver insulin effectively in two subjects with type-1 diabetes. 
The subjects did not report any pain during the insertion.[94] 
In another study, Norman et  al. developed a hollow MN array 
inserted into patients’ abdomens for insulin delivery. The pain 
for the insertion was assessed by visual-analogue scale score, 
and MNs were found to be less painful than a hypodermic 
needle.[95,96] However, hollow MNs are comparatively weaker 
and may suffer leakage and clogging during insertion.[97,98] 
Table 2 summarizes recent ISF extraction studies using dif-
ferent MN materials emphasizing the ISF extraction volume.

3.6.3. Hydrogel MNs for Direct ISF Sampling

The hydrogel MN is a relatively new type of MN and was first 
introduced in 2010.[107] Diffusion is another mechanism for 
ISF sampling that can be established using dry hydrogel MNs. 
When inserted into the skin, the swelling characteristics of the 
hydrogel MN causes the material to swell and rapidly take up 
ISF from the tissue, making them suitable for self-administra-
tion in biomedical applications. The collected ISF can be used 
as a biomarker source for disease diagnosis. Hydrogel MNs 
are mainly made of polymers, are relatively easy to fabricate, 
and have high mechanical strength in dry conditions.[108] PVA 
(polyvinyl alcohol) is a widely used and researched polymer for 
developing hydrogel MNs due to its nontoxicity and biocompat-
ibility.[109] The use of several PVA/polymer combinations, such 
as carboxymethyl cellulose (CMC)[110] and chitosan (CS)[102] 
have been reported. It enhances the specific properties of the 
MNs by incorporating them with other polymers. Although it is 
reported to have a slow swelling rate,[111] the biocompatibility of 
the PVA makes it more effective compared with other methods. 
For example, Samant et  al. reported using crosslinked PVA-
based hydrogel MNs to extract ISF. A patch of 100 MNs was 
applied to the skin for 12 h. The results showed that each MN 
could extract 0.0030 µL of ISF from the skin, and the effective-
ness of these hydrogel MNs was greater than hollow MNs.[58]

However, the process takes longer due to the properties 
of the hydrogel MNs absorbing high levels of water inside 
the physical structure of the material. To address the issue, 
He et  al. fabricated a hydrogel MNs patch made of PVA and 
chitosan (CS) containing 100 MNs for monitoring glucose. 
The combination of PVA and CS gave the structure enough 
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stiffness to penetrate the tissue without breaking and offered 
a high porosity and swelling ability to collect ISF. In this study, 
the MN patch was inserted into the rabbits’ skin to extract ISF; 
1.25 ± 0.37 µL of the sample was withdrawn within 10 min. The 
extraction process continued for 24 h to understand the possi-
bility of frequent use of the patch. To investigate the viability of 
the system, the results of MN patches were compared against 
the standard rabbit blood test using the commercial glucom-
eter, indicating a correlation between the data obtained from 
both methods.[102]

PVA has also been used with PVP (polyvinylpyrrolidone) to 
improve the overall swelling properties of MN patches, thus 
making the MN patch more effective in ISF extraction within a 
short time and without the need for any additional device. One 
study suggests that a PVA MN patch could only extract 0.3 µL 
of ISF.[58] A combination of PVA and PVP in MN patch forma-
tion produced a higher extraction volume of ISF. For example, 
Xu et  al. used a combination of PVA/PVP for the MNs patch 
with improved swelling properties and extracted 4.4 µL of ISF 
within 12 min. The effectiveness of extraction was also assessed 
using different ratios of PVA/PVP. The results showed PVA/
PVP MN patches with a 2:1 ratio exhibited strong extraction 
ability.[104]

Hydrogel MNs consisting of gelatin methacryloyl (GelMA) 
and graphene oxide (GO) have also been used for ISF extrac-
tion and biomarker detection. GelMA has excellent biocompat-
ibility and has been constructed in various scaffolds, showing 
robust sampling properties during biomedical applications.[112] 
Furthermore, the low viscosity characteristics of GelMA offer 

minimal invasiveness and sensitive detection. A study by Qiao 
et  al. fabricated a MN patch using GelMA and GO to extract 
ISF and detect multiple microRNAs (miRNA). The patch con-
taining 100 hydrogel MNs was applied to the back of the pso-
riasis mouse model and sampled 21.34 µL ISF in 30 min. The 
introduction of GO and GelMA into the MNs improved the 
effectiveness of the extraction process, making monitoring dis-
ease progression more feasible.[105]

Alternative materials such as methacrylated hyaluronic acid 
(MeHA) have also been explored to increase the swelling rate 
and extract a sufficient volume of ISF.[113] Hyaluronic acid 
(HA) is available naturally in the body and shows excellent 
biocompatibility. Its water-soluble characteristics cause it to 
break down into the skin, but this can be resolved by synthe-
sizing HA with MeHA.[114] Zheng et  al. reported an osmosis-
powered hydrogel patch with 100 MNs fabricated with MeHA 
and osmolyte (maltose) that can extract ISF three times faster 
than normal hydrogel MNs (Figure  6c). The study suggested 
that the higher swelling ability of the fabricated MN device 
can increase the amount of ISF in a shorter period. During 
the process, dissolving osmolytes provided the osmotic pres-
sure to drive the diffusion of ISF into the hydrogel matrix. The 
results showed the patch could sample 7.90 µL of ISF from pig 
skin ex vivo and 3.82 µL of ISF from mouse skin within 3 min 
compared to the same patch that took 10 minutes without 
the osmolyte.[101] In another study, Sulaiman et  al. developed 
a MN patch coated with hybrid alginate-PNA hydrogels and 
extracted ≈6.5  µL within 2 min. The MNs were designed in 
a pyramidal shape with a height of 550  µm for each needle, 

Table 2. Summary table of the ISF extraction using different MNs discussed in this review.

MNs Materials Length Object model Duration ISF volume Year [Ref ]

Solid MNs Stainless steel 250–650 mm, 5 MNs Human participant Within 20 min 2.3 ± 2.6 µL (optimized) 2020[81]

Glass ≈700–1500 µm Anesthetized hairless rats 2–10 min 1–10 µL 2005[82]

Stainless steel 1000 µm, 5 MNs, 2 layers In vivo hairless rat
ex vivo pig skin

Within 2 min – 2015[48]

Stainless steel 650 µm, 9 MNs
750 µm, 5 MNs

In vivo hairless rat
ex vivo pig skin

Within 1 min >2 µL 2019[57]

Hollow MNs Stainless steel 1000 µm, 1500 µm,  
2000 µm
5 MNs

Human participantRat skin Within 1–2 h Up to 16 µL 2018[91]

Stainless steel 250 µm Human participant Within 20 min ≈0.01–0.03 µL 2018[58]

Swellable MNs Methacrylated hyaluronic acid 
(MeHA)

800 µm, 100 MNs Mice skin ≈1 min
≈10 min

1.4 ± 0.3 µL
2.3 ± 0.4 µL

2017[99]

Chondroitin sulfate 501.8 ± 2.1 µm, 225 MNs Male Wistar rats ≈15 min 2 µL 2016[100]

Hydrogel MNs Osmolytes and hydrogel 900 µm Ex vivo pig skin
in vivo mouse skin

Within 3 min 7.90 µL (pig)
3.82 µL (mouse)

2020[101]

Polyvinyl alcohol (PVA) and 
Chitosan (CS)

1266 ± 91 µm, 100 MNs In vivo rabbit skin ≈10 min 1.25 ± 0.37 µL 2020[102]

– 550 µm, 7 × 7 arrays Human skin Within 2 min 6.5 µL 2019[103]

Polyvinyl alcohol (PVA) /poly-
vinylpyrrolidone (PVP)

600 µm–1000 µm
10 × 10, multiple patches

Rat skin Within 12 
minutes

4.4 µL 2022[104]

Gelatin methacryloyl (GelMA) 
and graphene oxide (GO)

600 µm
100 MNs, 10 × 10 array

Mouse skin Within 30 min 21.34 µL 2022[105]

Sponge Forming MN Polyvinyl formal (PVF) 680 µm, 12 × 12 array Rat skin Within 1 min 1.6 µL 2019[106]
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enabling them to penetrate the skin epidermis layer to access 
ISF. The model achieved 63% of full swelling capacity within a 
minute, showing positive results compared to other hydrogel-
coated MN sampling techniques.[103] Superabsorbent acrylate-
based hydrogels have also been used in the development of 
MN patches. These hydrogels are capable of absorbing water 
at a significantly higher volume.[115] Laszlo et  al. utilized this 
advantage to develop MN patch that successfully extracted 6 µL 
of ISF within 15 min. Initially, two types of MN patches were 
designed for dermal ISF proteomics sampling. The in vitro and 
in vivo biocompatibility tests were conducted for proteomic 
analysis. The developed MN patch could withstand and recover 
the initial shape even after the washing steps. The results dem-
onstrated that MN chemistry (e.g., crosslinking, synthesizing) 
has a significant influence on ISF extraction, as specific bio-
markers could be detected by modifying the composition of the 
MN patch.[116] Chang et al. also described a swellable MN patch 
that can extract 2.3 ± 0.4 µL of ISF in 10 min (Figure 6d,e). The 
MN patch was composed of MeHA, which was UV crosslinked. 
Because of MeHA's high water uptake, this MN patch could 
extract enough ISF quickly without using additional devices, 
improving the overall metabolic analysis. The MN patch 
retained structural integrity leaving no residue on the skin after 
use.[99]

3.6.4. Dissolving MNs

Dissolving MNs are biocompatible, more dose effective, and 
generally do not generate biohazard waste.[117,118] They are made 
of water-soluble materials such as biocompatible polymers, 
sugars, sodium, chondroitin, sulfate, or hyaluronic acid and 
can be self-administered in drug delivery. During insertion, the 
tip of the MNs dissolves, and dissolution takes place to release 
the drug. Although patches are used to facilitate the process, 
the efficacy of drug delivery is often reduced because of the 
variation in skin elasticity which can lead to the dissolving MNs 
being inserted incorrectly.[119–121] Controlled drug delivery can 
be achieved by modifying polymer composition.[122] Dissolving 
MNs have also been demonstrated to be more dose-effective 
than subcutaneous dose delivery.[117,118,123] Despite being used 
primarily in drug delivery, Ito et  al. showed the potential use 
of dissolving MNs in ISF extraction. They developed a patch 
containing 300 dissolving MNs made from sodium chon-
droitin sulfate and sampled up to 2 µL of ISF from male Wistar 
rats within 15 min (Figure 6f). The method was investigated for 
monitoring vancomycin (VCM—an antibiotic medication)  in 
ISF. A comparison of pharmacokinetic profiles of VCM in ISF 
and plasma showed similar results and a strong correlation 
between them.[100]

4. Biosensors—Sensing and Sampling ISF

Low-cost, minimally invasive, and reliable biosensors that 
enable real-time and in situ monitoring and detection of clini-
cally relevant biomarkers can dramatically improve patient 
health care. Continuous biomarker monitoring is crucial, 
particularly in remote areas, limited-resource settings, and 

emergency rooms and intensive care units (ICUs).[124] Recent 
pandemics such as COVID-19 have prioritized the need for 
rapid treatments and the deployment of successful diagnostic 
strategies to resolve overwhelming pressure on health systems. 
However, the development and acceptability of POC devices 
depend on their accuracy, cost-effectiveness, and scalable man-
ufacturing strategies. Figure 7 shows a general interconnected 
block diagram of a MN-based biosensor system. MN devices 
containing working electrodes (WE), counter electrodes (CE), 
and reference electrodes are connected with the integration 
unit of the electrical components for off-site or on-site analysis. 
Power electronics units can be designed to convert signals, 
analyze data, and interact with other devices, such as mobile 
phones or laptops, providing more effective disease manage-
ment in real-time.

Biosensors generally consist of three main parts: 1) a sensing 
unit to detect the biomarker, 2) a traducer to covert the bio-
sensing event into a measurable signal, and 3) a signal pro-
cessing unit/power electronics to analyze the signal generated 
via the transducer (Figure 7).[125] The combination of these units 
transfers the biological response to an electrical output that can 
be measured for further quantitative analysis.[126]

MNs designed explicitly for direct ISF sampling can also be 
categorized as on or off-device sensing (Figure  7). On-device 
detection often requires additional processing steps to analyze 
the ISF collected by MNs. The technology is still in the experi-
mental stage; however, MN-based biosensors show promising 
potential for on-device ISF sampling and analysis. Depending 
on the receptor, a signal produced by the transducer can be 
either voltage or current (which can be transferred into voltage 
equivalent). The output voltage is very low and needs amplifica-
tion to reduce the noise.[120]

MN-integrated biosensors usually need no external devices 
or support to conduct the biomolecule analysis, as the aim is to 
integrate the sensing component into the device. The MN-bio-
sensors mechanism can be simplified into two stages: 1) MNs 
to extract the biomarker and 2) integrated sensing technology 
to analyze the sample. Generally, detection techniques for 
biosensors fall under four categories; calorimetric, electrical, 
optical, and mechanical. The calorimetric biosensor detects the 
heat output (or absorbed) of the solution that contains the ana-
lyte.[127] Under electrical detection, spectroscopy, potentiometry, 
and amperometry are the most common methods.[128] Tech-
niques such as fluorescence detection, surface plasmon reso-
nance (SPR), surface-enhanced Raman spectroscopy (SERS), 
colorimetric and photometric detection are mainly used in 
optical detection.[129] Mechanical detection includes scanning 
probe microscopy (SPM), atomic force microscopy (AFM), 
scanning tunneling microscope (STM), and quartz crystal 
microbalance (QCM).[130–133] MN-based biosensors have pri-
marily been researched based on electrochemical detections. 
Electrochemical biosensors transform the biochemical events 
(e.g., antigen-antibody reaction) of the sample to an electrical 
signal where the electrode works as the main component for 
the immobilization of the biomolecules and movement of the 
electrons.[134] Unlike many other techniques, electrochemical 
biosensors do not require high sensor setup complexity due to 
their low cost and simple interface. Moreover, electrochemical 
sensors can also be integrated with wearables for continuous 
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sensing of metabolites in ISF.[135] Their robustness, miniature 
size, low power usage, and ability to offer direct and real-time 
detection of various biomarkers reduce the need for large ana-
lytical instruments (e.g., AFM, STM) typically available in labo-
ratories or clinical settings.[136,137]

4.1. Integrated Hollow MNs

Hollow MN uses common electrodes such as gold, carbon, 
and platinum to modify the bore for sensing, which measures 
the difference in electrical potential triggered by an interface 

between the analyte present in the tissue fluid and the sensor 
surface.[138–140] Various research has focused on glucose detec-
tion in ISF using MN-based biosensing technology.[141,142] Zhao 
et  al. demonstrated the feasibility of a hollow MN-based elec-
trochemical biosensor for glucose detection in ISF with high 
stability and long-term monitoring. The device was made of 
three pyramidal MNs (silk/D-sorbitol) combined with silver 
and platinum wires and immobilized glucose selective enzyme 
to provide a biocompatible environment for continuous glu-
cose monitoring.[141] Another study developed a hollow MN 
with an enzyme-based colorimetric sensor embedded in the 
channel of the silicon MN for glucose monitoring. The device 

Figure 7. A schematic diagram of a typical MN-based biosensor system consists of a bioreceptor, MNs, an integration unit, a printed circuit board 
(PCB), a user interface, transducers, and an electronic system (e.g., power electronics). The schematic was created with BioRender.com.
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extracted ISF by capillary action only, and the result indicated 
the potential ability of the device to perform continuous glucose 
monitoring in diabetic patients.[143] Venugopal et al. developed 
a wearable sensor to measure the concentration of alcohol in 
human ISF.[144] In a recent study, platinum and silver wires 
were fitted into a hollow MN sensing device and functionalized 
with an alcohol oxidase enzyme and a reagent layer to continu-
ously monitor alcohol in ISF.[139] Researchers also demonstrated 
MN sensing devices for potassium measurement by integrating 
ion-selective electrodes made of porous carbons or graphene 
materials with hollow MNs.[145] Mishra et  al. also reported a 
wearable MN sensor array for the continuous electrochemical 
detection of fentanyl. The MNs were designed to differentiate 
between opioid overdose and nerve agent poisoning. The patch 
was developed with four hollow MNs to detect fentanyl down to 
the nanomolar level in a skin-mimicking phantom gel.[137]

Experiments with dual-mode MN-based sensing systems 
relying on parallel real-time enzymatic-amperometry and non-
enzymatic voltammetric techniques using different MNs for 
the same sensor patch have also been conducted. Goud et  al. 
reported a MN-based sensing platform for continuous moni-
toring of levodopa (L-Dopa), a medication for treating Parkin-
son's disease. The sensing experiment was conducted using a 
MN patch consisting of three hollow MNs where two MNs were 
prepared from carbon paste, and the third electrode was modi-
fied with silver (Ag). The MN sensor patch was tested ex vivo 
by penetrating through mice skin placed on top of an artificial 
ISF solution containing L-Dopa. As illustrated in Figure  7a-i, 
direct anodic detection of L-Dopa was achieved using square-
wave voltammetry (SWV) for MN (WE1), while the other MN 
electrode (WE2) used chronoamperometric measurement for 
the corresponding dopaquinone element. The combination of 
these two independent detection processes integrated into a 
single MN platform offers considerable promise toward L-Dopa 
monitoring and sensing of ISF.[136] However, the biofouling 
effect due to the accumulation of protein constituents and other 
biological materials of the ISF has implications for the perfor-
mance of the biosensors.[146,147] To resolve the issue, MNs were 
coated with a protective Nafion film providing an anti-interfer-
ence barrier. This rapid detection offered effective analysis and 
monitoring of L-Dopa in ISF with high sensitivity.[136]

Silicon is a well-established material for biosensors to con-
struct semiconductor circuits.[83,142,148] It also has good biocom-
patibility and has been used for the fabrication of MNs.[149] 
Hollow silicon MNs enable passive extraction of ISF using 
capillary action.[83] Smith et  al. developed a MN array made 
of silicon with integrated microfluidic channels to extract ISF 
for analysis of nucleic acid biomarkers. The array contained 
400 MNs, of which 200 had bore holes for ISF extraction with 
a needle-to-needle spacing of 300  µm. The integrated micro-
fluidic channels and reservoir could accommodate 2–3  µL of 
ISF. The system was designed to be integrated with a sensor 
for off-chip profiling of nucleic acid constituents. The result 
demonstrated the identification of potential disease biomarkers 
which is only achievable using the traditional blood sampling 
method.[148]

Dual design concepts such as hollow MNs with solid MNs 
have been experimented with to improve effective skin penetra-
tion.[92] However, low sampling rates and blockage can occur 

during skin penetration.[88,150] To resolve this issue, various 
designs have been experimented with, such as varying geo-
metrical structures,[138] changing the tip angle,[151] and changing 
lumen positioning.[92]

4.2. Integrated Solid MNs

Solid MNs are comparatively economical and easier to fabricate 
for the development of on-needle electrochemical biosensors. 
Solid MNs can be coated with gold and platinum nanoparticles 
to improve conductivity for enzymatic (biological reactions) and 
non-enzymatic (biological/chemical reaction) analyte detec-
tion, eliminating the need for embedding a lumen such as in 
the case of hollow MNs, which must be filled with pastes or 
wires. It is reported that solid MN-based electrodes provide 
improved sensitivity and robustness due to their larger electro-
active surface area.[152,153] Integrated solid MN-based biosensors 
have been fabricated using silicon or metal and can be coated 
using techniques such as sputtering and e-beam evaporation to 
form the electrode with oxidase enzymes for specific biomarker 
detection.[152,154–155]

In a study, Sharma et  al. developed a continuous glucose 
monitoring (CGM) system using a solid MN-based biosensor. 
The device consisted of four MNs made of polycarbonate. 
Three were coated with platinum and the fourth with silver 
as a reference electrode. The modified geometry of the MNs 
allowed them to penetrate dermal tissue without compro-
mising tissue integrity. The outer layer of the solid MNs was 
adapted as a glucose sensor to observe the real-time change in 
glucose in ISF. The experiment was conducted using healthy 
human volunteers for 6 h to analyze pain and tolerability. The 
results showed a solid performance for glucose sensing for 
up to 24 h with minimal discomfort.[156] Data also indicated 
a time lag, a critical determinant of sensor accuracy, of up to 
15 min in a few cases, which could be further offset by sensor 
calibration. CGM systems can lack accuracy and optimization, 
limiting them in the clinical setting. A well-developed signal 
processing method is required to improve CGM performance 
in future applications.[156,157] Ming et al. developed a MN patch 
to measure lactate in ISF continuously. The experiment was 
part of a clinical trial, and a solid MN patch was applied to 
the forearm of healthy adult participants undertaking 30 min 
of exercise. The designed biosensor was well tolerated by the 
volunteers and detected lactose concentration in ISF in real-
time. The reported time lag was around 5 min, and a different 
pattern was observed between the current flow via biosensor 
and lactate for the participants in the resting and exercising 
stages.[158] Dissolvable polymer coating has also been used on 
MN with a nanostructure to improve transdermal biosensing. 
Liu et al. developed a methodology using dissolvable polymers 
to protect the nanostructure of the MNs. Metal and resins were 
used to fabricate the MNs, whereas vinyl pyrrolidone was used 
for coating as a protective layer on the MN surface. MNs were 
further integrated with a biosensor and applied to the back of 
the mice's skin to observe the sensing ability of the hydrogen 
peroxide (H2O2) biomarker. The result showed that the sensi-
tivity of the MN-based biosensor without a coating or protective 
layer was significantly low.[159]
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Cheng et  al. developed a touch-actuated glucose sensor 
integrated with a solid MN array and a dedicated reverse ion-
tophoresis (RI) unit for sampling ISF. The biosensor was 
designed on three main mechanisms: a MN array consisting 
of 29 MNs, an integrated RI unit for ISF extraction, and a glu-
cose-sensing unit. The sensor was initially applied to the skin 
and compressed manually with a finger. MN array penetrated 
through the skin, creating aqueous microchannels. Once the 
compression was released, the MN array interacted with the 
sensor due to rebound energy.[59] Healthy skin generally con-
tains a high proportion of negative charge. As a result, when 
the small current is applied to the skin, it flows between the 
RI electrodes due to the electrokinetic transport mechanism 
such as electromigration (movement of ions on the flow of the 
current) and electroosmosis (movement of the ISF-containing 
ions).[160–162] The electroosmosis process drives the glucose mol-
ecule in ISF to migrate out of the skin through the microchan-
nels towards the RI unit, where the glucose is identified and 
analyzed. Most of the time, the electroosmotic flow is more 
significant in microchannels and follows a path with low resist-
ance.[163] A wireless electromechanical system was also devel-
oped based on low-power consumption electronics to deliver 
the measured data to a smartphone app to share and further 
process the information. An in vivo experiment was conducted 
with three healthy diabetic rat groups. Measurement results 
showed a correlation between the different groups indicating 
the effectiveness of the biosensor in detecting glucose.[59] Senel 
et al. presented an easy method to fabricate a MN array using 
conductive gold ink to detect urea in artificial ISF. Initially, the 
MN molds were cleaned, and commercially available gold ink 
consisting of gold (Au) and polymers was placed in the mold. 
The mix was centrifuged for two minutes to ensure the efficient 
penetration of the inks. The front area of the working electrode 
was coated with insulator ink to reduce signal interference. 
The biosensing part for urea detection was developed using the 
urease enzyme. The performance of the electrodes was tested 
via chronoamperometry to detect the urea concentration in 
artificial ISF. The results demonstrated successful recognition 
of urea with higher sensitivity; however, the sensor lacked opti-
mization, proper validation, and implementation in vivo anal-
ysis.[164] Figure 8 shows various MN-integrated biosensors and 
their applications.

Kim et al. developed an enzymatic continuous glucose moni-
toring system with high accuracy for glucose monitoring using 
MN electrodes. In this study, a mussel adhesive protein was 
applied to immobilize glucose oxidase on the surface of a MN 
electrode. The electronic part was designed using a microcon-
troller unit, signal converter, Bluetooth, and lithium-ion battery. 
Carbon and Ag/AgCl were printed to produce the electrodes. 
For accurate performance, the experiment was conducted 
in vivo at different temperatures. The device was capable of 
detecting glucose concertation in ISF for up to three days in 
humans and five days in beagle dogs and showed good per-
formance in comparison with other commercially available 
disposable glucose sensors.[166] For the electrodes, conductivity 
can be maximized by coating MNs with metals such as Au, 
or non-metals such as carbon paste, carbon fibers, or carbon 
nanotubes.[167–172] Skaria et  al. developed a cost-effective MN 
array with nanocomposite films of polylactic acid (PLA) and 

carboxyl-functionalized multi-walled carbon nanotubes for 
dermal biosensing. The solid MN array was fabricated using 
the micromolding technique and was mechanically robust to 
withstand skin insertion. The experiment assessed the electro-
chemical performance in porcine ear skin ex vivo. The result 
showed that the MN biosensor could monitor electrochemical 
changes in the skin identified by a signature waveform which 
was further examined through a burn wound model. Signature 
waveform was used to understand the ability of the MN array 
to monitor the microenvironmental changes in the skin ISF 
by comparing the results of an artificial burn site to a nonburn 
site.[167] Table 3 below represents the summarized properties of 
the previous studies for MN-based ISF extraction and sensing.

5. Conclusions and Future Outlook

ISF is a rich source of biomarkers, but very limited research 
on clinical trials involving direct ISF sampling exists. This 
is largely due to a lack of simpler techniques. Conventional 
methods such as suction blisters and microdialysis require 
expert support and can be expensive and time-consuming, 
whereas MNs have been shown to be well tolerated by the skin 
and have emerged rapidly in research. However, sampling 
ISF using a MN-based system is a complex process, and most 
work is limited by the collection of a small volume of fluid and 
requires the accurate measurement of biomarkers. Many issues 
have not been fully studied, and further research is required 
to unlock the maximum potential of MN-based biosensors. 
Figure 9 summarizes the key research gaps identified during 
this study.

Most MN-based biosensors have been designed to detect 
single biomarkers, demonstrating the significant potential 
to determine analytes for disease diagnostics.[173] Successful 
detection of multiple biomarkers in ISF without the need 
for drawing blood would enhance diagnostics precision, and 
therapeutic responsiveness and develop advanced approaches 
for early diagnosis of various diseases. The volume of ISF 
extracted by MNs is comparatively low. A small amount of ISF 
poses the risk of having fewer or no biomarkers. To our knowl-
edge, there is no standard volume of ISF that can offer the 
guaranteed presence of biomarkers. This must be addressed 
to overcome barriers associated with the ISF extraction pro-
cess. Experiments can be conducted to understand the com-
parison between different ISF volumes and variations in the 
presence of biomarkers. This will determine the standard 
volume of ISF and can be very effective in clinical trials. Inte-
gration with biosensors needs further investigation to simplify 
the ISF extraction process. Moreover, exploring new designs 
of MNs and optimization of biosensors may significantly 
improve efficiency and accuracy, however, little research has 
been conducted in this area. The time lag is another issue with 
ISF sampling that needs further investigation. For example, 
changes in glucose concentration in plasma and ISF can sug-
gest a time lag of 4–50 min.[174–178] This indicates when the glu-
cose level changes, the measurement in the ISF may be higher 
or lower than the actual blood glucose reading.[179] This physi-
ological delay between blood and ISF poses a critical challenge 
in developing a continuous blood glucose monitoring system 
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Figure 8. MN-based biosensors for sensing and extracting ISF. a) i) Mannequin hand wearing the MN sensor for L-Dopa detection, ii) wireless commu-
nication system for extracted data transmission with an optical image of the MN. Reproduced with permission.[136] Copyright 2019, American Chemical 
Society. b) i) Capillary filling of deep-reactive ion etched chip with water solution of red dye, ii) insertion of the MN into the porcine skin, iii) Image of 
the mechanically intact MNs even after the application. Reproduced under the Creative Commons Attribution License (CC BY 4.0).[83] Copyright 2019, Springer 
Nature. c) i) Illustration of the continuous glucose monitoring system with a cross-sectional view of the three sensing electrodes of the MN device.  
ii) A 3D printed holder integrated into a spring-loaded mechanism with a metal ring to maintain the position of the skin and forearm during the experi-
ment. Reproduced under the Creative Commons Attribution License (CC BY 4.0).[140] Copyright 2018, Springer. d) i) Optical image of the MNs made of 
stainless steel, ii) before and after the insertion of the standard MNs. iii) Before and after the insertion of the tilted MNs. Reproduced under the Creative 
Commons Attribution License (CC BY 4.0).[165] Copyright 2021, Springer Nature. e) i) Biosensor consists of an integrated transmitter, a lithium-ion battery 
with the bottom cover integrated with MNs and the sensor, ii) insertion of the sensor on the back of the beagle dog, iii) conducting the in vivo test results. 
iv) The sensor is attached underneath the wrapped fabric net to hold the position of the device. Reproduced with permission.[166] Copyright 2019, Elsevier.
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with greater accuracy. Reducing the delay (<10 min) might sig-
nificantly improve system accuracy and effectiveness. The time 
lag between blood and ISF for different biomarkers also may 
vary depending on different scenarios (movements or steady 
conditions). It is suggested that controlled pressure can be 
applied at the site to increase the blood flow, thus reducing the 
overall time lag.[179]

To tailor the results of ISF sampling and disease diagnos-
tics, artificial intelligence (AI) is one of the fields that should 
be explored. AI will significantly enhance the information col-
lection system, data processing, response time, and decision-
making for repetitive tasks. Flexible bioelectronic materials 
such as polyimide (PI) have been used widely for biosensor 
integration and can, therefore, be a great support for electrical 
circuit design facilitating the use of AI MN-based biosen-
sors.[180] Furthermore, the use of AI has the potential to stream-
line the process, assist research, provide accurate real-time data, 
and reduce the need for human interventions. For example, 
people with cardiovascular diseases require an early and quick 
diagnosis. The traditional approach to carrying out laboratory 
results is mostly less effective and time-consuming. Once ISF 
has been collected by a MN-integrated biosensor, AI can imme-
diately initiate communication with medical professionals, 

making the overall system far more sophisticated and effective 
in critical medical conditions.

Effective analysis of relevant biomarkers is vital for diag-
nosing and monitoring health conditions, as extraction 
methods can be time-consuming with relatively low ISF 
volume. The investigation of appropriate techniques can over-
come limitations and accelerate sampling time and detection 
efficiency. One of the strategies could be the simultaneous 
monitoring of multiple analytes of ISF at considerably fewer 
pre- or post-treatment steps. Expanding the range of materials 
to manufacture MNs would be an ideal option to facilitate pro-
totyping techniques for ISF extraction purposes. For instance, 
3D printing technology could simplify the manufacturing pro-
cess to obtain the desired structure for an ultra-rapid manufac-
turing process.[181–183] Continuous discovery of new biomarkers 
in ISF must also be validated to design clinically successful ISF 
sampling techniques and MN-based biosensors. High selec-
tivity and sensitivity could be achieved with precise integra-
tion between the MN and biosensor. With such functionality, a 
variety of biomarkers would be easily monitored in the process 
of acquiring ISF for clinically valuable information.

For optimal application, biosensors need to be programmed 
for low power consumption using power-efficient electronic 

Table 3. Summary table of the MN-based biosensor for ISF extraction and sensing that is discussed in this review.

MNs Materials Methods MN length Object model Analysis Year [Ref ]

Hollow MNs Enzyme-modified carbon paste, 
polymer

Micromachining 700 µm
4 MNs

Skin-mimicking phantom gel Fentanyl 2020[137]

Carbon paste, polymer Square-wave voltammetry 
chronoamperometry

1500 µm
3 MNs

Mice skin, artificial ISF Levodopa 2019[136]

d-sorbitol silk Molding 800 µm
3 MNs

Artificial ISF Glucose 2020[141]

Silicon Deep-reactive ion etching, wet 
etching micromachining

≈150 µm Porcine skin _ 2019[83]

Silicon Deep-reactive ion etching, wet 
etching

≈400 µm Off-chip Profiling Nucleic acid 2018[148]

Silicon Wet etching, deep-reactive ion 
etching

700 µm
3 MNs

Human forearm Glucose 2018[140]

Polymer 3D printing ≈820 µm
3 MNs

Porcine skin
2–4 µL Min−1

_ 2021[165]

Silicon 3D printing, deep-reactive  
ion etching

250 µm three-electrode 
system

Mice skin Glucose 2022[142]

Solid MNs Polymers Laser cutting 1500 µm Humans, beagle dogs ISF
Glucose

2019[166]

Carboxyl-multiwalled  
carbon nanotube

Micromolding 870 µm Porcine skin ISF 2019[167]

Stainless steel resin Laser etching 600 µm Anesthetized mice ISF
Hydrogen peroxide

2019[159]

Polycarbonate – – Humans Glucose
ISF Up to 24 H)

2018[156]

Stainless steel Amperometry, reverse 
iontophoresis

2200 µm
29 MNs

Rabbit skin, rat Glucose detection 2022[59]

Gold Micromolding, 
chronoamperometry

290 µm
3 × 3 MNs

– Artificial ISF 2019[164]

Polycarbonate – ≈1000 µm
16 MNs

Human forearm Lactate 2022[158]
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components and circuit design. However, many biosensors are 
immature, and the complexity of sampling ISF remains a key 
challenge. An advanced sampling of ISF would enable the MN-
based biosensor to acquire valuable, time-sensitive biomarker 
information that can be useful for long-term disease diagnosis. 
Besides continuous glucose monitoring, extensive analysis of 
other biomarkers requires versatile techniques to extract ISF 
that may suggest new strategies for at-home POC systems. 
Such information would significantly improve global healthcare 
for medical applications regardless of geographical location. A 
quick and simple sampling method to extract ISF from the skin 
has the potential for extensive future research in biomarker dis-
covery and monitoring.
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