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The development of a straightforward, economical, portable, and highly sensitive sensing platform for
the rapid detection of cholesterol is desirable for the early diagnosis of several pathologic conditions. In
this work, we present a fascinating skin-worn microneedle sensor for monitoring cholesterol in
interstitial fluid samples. The microneedle sensor was developed by incorporating platinum (Pt) and silver
(Ag) wires within pyramidal microneedles containing a microcavity opening; cholesterol oxidase (ChOx)
was coupled on the Pt transducer surface using bovine serum albumin and Nafion. Under optimal
conditions, the enzymatic microneedle sensor exhibited high sensitivity (0.201 pA pM™) towards
cholesterol in buffer solution, with good linearity over the 1-20 uM range and a correlation coefficient
of 0.9910. The analytical performance of the microneedle sensor was also investigated in artificial inter-
stitial fluid and a skin-mimicking phantom gel; the sensor showed great potential for skin-worn/
wearable applications with excellent linearity and a low detection limit. In addition, the developed
microneedle sensor showed satisfactory stability and good selectivity towards cholesterol in the
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DOI: 10.1039/d2tb02142k presence of potential interfering biomolecules, including glucose, lactic acid, uric acid, and ascorbic
acid. This sensor exhibits enormous promise for straightforward, sensitive, and minimally invasive

rsc.li/materials-b monitoring of cholesterol.

coronary heart disease, cerebral thrombosis, hypertension,
myocardial infarction, stroke, and atherosclerosis.”®** The

1. Introduction

Cholesterol ((3b)-cholest-5-en-3-0l) is an organic biomole-
cule that forms an integral structural component of cell
membranes.'™ In addition, cholesterol plays a significant role
in the biosynthesis of vitamin D, steroid hormones, and bile
acid, which aids in lipid digestion.” An increased or decreased
level of cholesterol with respect to the normal range (2.83-
5.20 mM) is associated with various pathologic conditions.*”
For instance, a low cholesterol level is associated with malnu-
trition, sepsis, low lipoprotein levels, cerebral hemorrhage,
anemia, and cancer; a high cholesterol level is associated with
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development of a sensitive, straightforward-to-use, accurate,
and selective sensing platform for the continuous monitoring
of cholesterol levels can facilitate the early diagnosis of the
abovementioned cardiovascular and neurological conditions.
The existing conventional techniques used for the
determination of cholesterol include spectrophotometry, col-
orimetry, high-performance liquid chromatography, electroche-
miluminescence, fluorescence,>™” and electrochemistry.'®>>
Although these techniques exhibit good sensitivity towards
cholesterol, their limitations include high cost, time consump-
tion, poor specificity, and difficult standardization; additional
shortcomings include the use of sophisticated instrumenta-
tion, the requirement of experienced operators, and the
requirement of sample preprocessing.”*** Due to several inter-
esting characteristics such as high specificity, high simplicity,
high sensitivity, and low cost, the development of electroche-
mical sensors for in vitro monitoring of cholesterol has gained
significant attention from both academia as well as the phar-
maceutical industry.>>?® For instance, Ghanei et al. (2019)
developed an electrochemical sensor using gold and titanium
dioxide nanoparticle-modified multiwall carbon nanotubes for
cholesterol detection.>” Mahdi et al. described the use of copper
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nanoparticles and an indole-modified pencil graphite
electrode-based electrochemical sensor for the determination
of cholesterol; a lowest limit of detection 4.98 nM was demon-
strated using this approach.?® Yulizara et al. developed a
molybdenum disulfide- and nickel oxide-decorated screen-
printed carbon electrode for cholesterol detection.”® The
sensor exhibited good sensitivity, with a limit of detection of
0.24 mg dL . Similarly, Thakur et al. fabricated a NiVP/Pi
coated Whatman filter paper-based flexible sensing probe for
cholesterol detection in serum samples.*® Despite the signifi-
cant progress in electrochemical biosensors, these approaches
rely on the use of nanomaterial-based electrode surface mod-
ification processes and remain unable to continuously monitor
the cholesterol level in physiologically relevant fluids.**” The
development of a wearable electrochemical sensing platform
that can address the abovementioned issues by continuously
monitoring the cholesterol level in interstitial fluid with high
specificity is highly desirable.

Wearable sensor technology has proliferated in recent years,
providing enormous opportunities for the development of
personalized medical devices.*® Among the various recently
developed wearable sensors, microneedle-based sensors have
gained significant attention for rapid, facile, minimally
invasive, and continuous transdermal sensing of several bio-
molecules in the interstitial fluid.*®**> Microneedles are low-
cost micrometer-size devices that are capable of creating arti-
ficial pores in the skin by disrupting the outermost stratum
corneum layer of the epidermis, enabling access to interstitial
fluid with minimal pain and damage.**** Microneedle arrays
have also been used for real-time monitoring of biomarkers
such as alcohol, lactate, glucose, organophosphate, t-dopa, and
potassium ions.*®3%*44> To the best of our knowledge, no prior
study has been reported for the development of microneedles
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for the continuous monitoring of cholesterol in interstitial fluid
to this point.

In this study, we have evaluated a novel biocatalytic
microneedle sensor for continuous and minimally invasive
monitoring of cholesterol in interstitial fluid samples. The
three-electrode system containing the working, counter, and
reference electrodes was developed by integrating Pt and Ag
wires within a hollow microneedle array. As shown in Fig. 1,
cholesterol oxidase (ChOx)-based biocatalytic detection of cho-
lesterol was performed at the ChOx coupled Pt wire infused
microneedle electrode through chronoamperometric measure-
ments of hydrogen peroxide (H,0,). Upon optimization, the
developed microneedle sensor offered high sensitivity towards
cholesterol along with a linear current response and favorable
stability. Further, the as-prepared sensor also exhibited excel-
lent selectivity in the presence of potential interfering bio-
molecules, including glucose, lactic acid, uric acid, and
ascorbic acid. Moreover, for the proof-of-concept, the analytical
performance and wearable application potential of the micro-
needle sensor array were examined in artificial interstitial fluid
and a skin-mimicking phantom gel model. The obtained
results suggest that a microneedle sensor can also be used for
the development of on-body electrochemical devices for the
detection of other biomarkers in interstitial fluid.

2. Experimental methods
2.1. Chemicals and reagents

Enzyme cholesterol oxidase (from Streptomyces sp., >20 units
per mg protein, lyophilized powder), cholesterol (>99%), agar-
ose, Nafion (5 wt% in a mixture of water and lower aliphatic
alcohols, contains 45% water), and albumin from bovine serum
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Fig. 1 Schematic illustration of (A) the hollow microneedle, (B) Pt and Ag wires integrated with the microneedle array, (C) ChOx/Nafion functionalization
of the Pt electrode, and (D) the reaction mechanism associated with the minimally invasive wearable microneedle sensor for the detection of cholesterol.
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(lyophilized powder, >98%) were purchased from a commer-
cial source (Sigma Aldrich China Inc., Shanghai, China). Acet-
aminophen, ascorbic acid, uric acid, potassium chloride,
sodium chloride, potassium phosphate monobasic (KH,PO,),
potassium phosphate dibasic (K,HPO,), and ethyl alcohol were
obtained from Sinopharm Chemical Reagent Co. Ltd. (Shang-
hai, China). All of the stock solutions and dilutions used in the
experiments were prepared in fresh deionized (DI) water that
was obtained from a Milli-Q system (18.2 MQ cm at 25 °C).

2.2. Instrumentations, methods, and microneedle sensor
fabrication

A CHI760e electrochemical workstation with a three-electrode
system (CHI Instruments Inc., Shanghai, China) connected to a
personal computer was used for all of the electrochemical
analysis activities. All of the chronoamperometric experiments
were performed in a 0.1 M phosphate buffer solution (PBS)
(pH 7.4) and artificial interstitial fluid. The stock solution of
cholesterol was prepared in PBS solution containing 10%
Triton X-100. The pH value of the PBS solution was adjusted
by balancing the ratio of monobasic and dibasic sodium
phosphate; 0.5% NaCl was added to increase the conductivity
of the solution.

The hollow microneedle array was fabricated through our
previously reported procedure using Solidworks (Dassault Sys-
temes S.A., Velizy, France) computer models.***® The structure
of the substrate was designed Magics RP 13 (Materialise NV,
Leuven, Belgium). Each pyramidal shape microneedle with a
triangular base exhibited a height of 1500 um, an edge length of
1250 pm, and a vertical cylindrical hole with a diameter of
425 pm. The vertical hole in each needle was located on one
face of the pyramid structure. In the structure, each micro-
needle was placed 1 mm apart from each other. Further, the
vertical cylindrical bore in the microneedle array enables a
stable enzymatic sensing platform to be constructed without
disturbing its skin penetration potential. The three-electrode
system, with working, counter and reference electrodes, was
prepared by inserting Pt and Ag wires into the vertical cylind-
rical holes that were located in the microneedles. To construct
the enzymatic electrochemical transducer, the ChOx solution
was prepared by suspending 5 mg of enzyme lyophilized
powder in 200 pL of 0.1 M PBS (pH 7.4) along with 5 mg bovine
serum albumin to enhance the enzymatic stability. Next, 1%
Nafion solution was prepared by diluting 5% Nafion stock
solution in ethanol. Afterward, the ChOx/Nafion mixture was
prepared by mixing the above-prepared fresh ChOx solution
into 1% Nafion at a volume ratio of 3:7. Subsequently, 3 uL of
the ChOx/Nafion mixture was drop-casted onto the Pt wire
integrated microneedle working electrode and allowed to dry
under ambient conditions for 2 h. The 1% Nafion was used to
prevent enzyme dripping.

2.3. In vitro detection of cholesterol

The analytical performance of the as-developed microneedle
sensor towards cholesterol was initially investigated in vitro in
freshly prepared PBS electrolyte solution (0.1 M, pH 7.4).

This journal is © The Royal Society of Chemistry 2023

View Article Online

Paper

Different cholesterol concentrations were prepared by diluting
the stock solution in 0.1 M PBS solution; these solutions
were used to evaluate the detection range and selectivity
through chronoamperometric measurements. The chronoam-
perometric response against electrochemical oxidation or
reduction of the peroxide product for different concentrations
of cholesterol was recorded at a fixed potential of +0.65 V for
60 s. The selectivity of the as-prepared microneedle sensor was
examined in the presence of potential interferents, including
glucose, lactic acid, uric acid, and ascorbic acid. The artificial
interstitial fluid was prepared according to the method
reported by Fogh-Andersen et al.*’

2.4. Preparation of human skin-mimicking phantom gel

To investigate the use of the microneedle sensor for wearable
applications, a skin-mimicking phantom gel was prepared
using a procedure that was reported in recently published
work.>**® In brief, 140 mg of agarose was dissolved in 10 mL
of PBS solution (1.4%) and kept at 120 °C under constant
stirring until complete dissolution. Afterward, the as-prepared
homogenous agarose mixture was subjected to solidification
inside a Petri dish. Next, five different concentrations (2-10 M)
of cholesterol were dispensed into five different Petri dishes
and permitted to diffuse into the gel for 60 minutes at room
temperature. For skin-mimicking phantom gel experiments,
the as-developed microneedle sensor was examined in the
cholesterol-diffused phantom gel after 1 minute of contact
between the needle tips and the gel; the detection of cholesterol
utilized amperometric analysis.

3. Results and discussion
3.1. Design and principle of wearable microneedle sensor

The minimally invasive wearable microneedle sensor was fab-
ricated by integrating Ag and Pt wires (100 um diameter) within
an array of sharp microneedles (Fig. 1A) that contain micro-
cavities. Among three different microneedle electrodes, one of
the Pt wire-infused microneedle electrodes (Fig. 1B) was used as
a counter electrode. Another Pt wire-infused microneedle elec-
trode functionalized with a ChOx/Nafion mixture was used as a
working electrode (Fig. 1C). An Ag wire integrated microneedle
electrode served as a reference electrode. The three-electrode
electrochemical sensor relied on the catalysis of cholesterol
driven by ChOx in the presence of oxygen and the production of
H,0,. Pt is a well-known catalyst that has a strong catalytic
activity for peroxide electrooxidation; the H,O, generated by
ChOx catalyzed oxidation of cholesterol was detected and
correlated with the target cholesterol concentration by record-
ing the chronoamperometric response through the Pt electrode
at an applied anodic potential (+0.65 V).

A schematic illustration of the existing biocatalytic reaction
of cholesterol through the immobilized ChOx enzyme on the
working electrode is shown in Fig. 1D. It should be noted that
1% Nafion mixed with ChOx was used to prevent enzyme
dripping. Further, the analytical performance of as-prepared
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enzymatic microneedle sensors was systematically investigated
in different environments, including PBS solution (pH 7.4),
artificial interstitial fluid, and a skin-mimicking phantom gel.

3.2. Morphological characteization of microneedles

Before utilizing the as-prepared hollow microneedle array for
the development of minimally invasive wearable microneedle
sensor, imaging was performed to confirm the structure of the
microneedle array. Fig. 2 displays scanning electron micro-
scopy (SEM) images of a hollow microneedle array. It can be
observed from the Fig. 2A that each pyramidal shaped micro-
needle contains a triangular base and a vertical cylindrical hole
(Fig. 2B) with a diameter of 425 um.

3.3. Analytical performance of microneedle sensor in buffer
solution

Wearable microneedle sensors are becoming an important tool
for the biosensing of human body fluids. However, their
efficacy and significance are highly dependent on the ease of
operation and precision of the devices. Therefore, the analytical
performance and efficacy of the as-developed platinum-based
wearable microneedle sensor were first examined by detecting
different concentrations (1-20 uM) of cholesterol in 0.1 M PBS
solution (pH 7.4). The analytical response of the enzymatic
sensor towards cholesterol was measured by recording chron-
oamperometric responses. The current was sampled for 100 s at
an applied potential of 0.65 V (vs. Ag/AgCl) reference electrode.
Fig. 3(A) demonstrates the chronoamperometric response of
the microneedle sensor at an applied potential of 0.65 V with
various concentrations of cholesterol (1-20 pM) in 0.1 M PBS
solution. It can be observed from Fig. 3(A) that the enzymatic
sensor exhibited a well-defined amperometric response against
increasing concentration of cholesterol (1-20 pM) without any
change in the shape of chronoamperograms. The corres-
ponding calibration plot between obtained current and choles-
terol concentrations was shown in Fig. 3B, signifying a highly
linear response throughout the tested cholesterol concentra-
tions with a sensitivity of 0.201 pA uM "' and a correlation
coefficient of 0.9910. All the cholesterol concentrations were
tested in triplicate and repeated several times (n = 5). These
results suggest that the microneedle sensor was capable of
detecting cholesterol over a dynamic range with high affinity
and sensitivity.

Fig. 2 Illustration of SEM image of (A) hollow microneedle array and (B)
single hollow microneedle.
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Fig. 3 (A) Chronoamperometric response of the microneedle sensor
toward increasing concentrations of cholesterol (1 pM increments) in
PBS solution over a 1-20 puM range; the potential was applied at +0.65 V
(vs. Ag/AgCl). (B) The respective calibration plots for up to 20 uM choles-
terol based on sampling the current at 100 s.

3.4. Cholesterol detection in artificial interstitial fluid

Since the long-term exposure of the biosensor to a complicated
medium may affect the analytical response, it is important to
assess the performance of the microneedle sensor in artificial
interstitial fluid. The microneedle sensor was covered with
100 pL of artificial interstitial fluid; a baseline was recorded
by scanning the current for 100 s using an amperometric scan
(+0.65 V vs. Ag/AgCl) until the overlapping of the last two scans.
Fig. 4A represents the chronoamperometric response of the
microneedle sensor at an applied potential of 0.65 V for various
concentrations of cholesterol (1-15 pM) in artificial interstitial
fluid. It was noted that the microneedle sensor displayed an
obvious, uninterrupted, and noise-free distinctive ampero-
metric response for each tested concentration of cholesterol.
The resulting calibration plot (Fig. 4B) between the obtained
current and cholesterol concentrations exhibited high linearity,
with a correlation coefficient of 0.9990 and a lower detection
limit as low as 0.5 uM (estimated through the standard equa-
tion: LOD = 3.3 o/m, where ¢ is the standard error of the blank
samples and m is the slope of the calibration curve). Further, a
control experiment was also carried out without using the ChOx
enzyme on the Pt electrode surface. The obtained results (data
not shown) indicated no significant changes in the ampero-
metric response upon increasing the cholesterol concentration
(similar to those observed for the blank buffer solution). These
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Fig. 4 (A) Chronoamperometric response of the microneedle sensor
toward increasing concentrations of cholesterol (1 uM increments) in an
artificial interstitial fluid sample over the 1-15 uM range; potential applied
at +0.65 V (vs. Ag/AgCl). (B) The respective calibration plots up to 15 uM
cholesterol based on sampling the current at 100 s.
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results further indicate the successful operation of the micro-
needle sensor for the analysis of interstitial fluid.

3.5. Cholesterol detection in skin-mimicking phantom gel

The analytical performance of the microneedle sensor was
evaluated by performing cholesterol detection in a skin-
mimicking phantom gel model. An agarose gel human skin
model (Fig. 5A) diffused with different cholesterol concentra-
tions (2-10 uM) was used for cholesterol detection. Fig. 5B
demonstrates the chronoamperometric response of the micro-
needle sensor at an applied potential of 0.65 V for various
concentrations of cholesterol (2-10 pM) in the skin-mimicking
phantom gel. It was observed that the microneedle sensor
exhibited a well-defined amperometric response for each dif-
fused concentration of cholesterol in the skin-mimicking phan-
tom gel. Based on the obtained chronoamperometric response,
a calibration curve (Fig. 5C) among obtained current and
cholesterol concentrations was plotted, which demonstrated a
highly linear dynamic range between 2-10 pM with a correla-
tion coefficient of 0.9996. This unique analytical performance
of the microneedle sensor in a skin-mimicking model suggests
that this type of sensor can potentially be used for on-body
cholesterol detection. In addition, this experiment shows that
the microneedle sensor contains a stable enzymatic layer,
which is not affected by the phantom gel penetration process.

The microcavity within the microneedle helps protect the
immobilized enzyme (ChOx) layer during skin penetration and
allows access to interstitial fluid. Also, this skin-mimicking
model assessment confirmed that the microneedle sensor
shows similar sensitivity to that observed during the above-
mentioned in vitro studies. The microneedle tips were found to
be sharp enough to allow penetration into the skin-mimicking

(A) we RE .
CE Microneedle sensor
v
=— Phantom gel
—> Cholesterol
15 1.0
(B) (€)

10 0.5
1

= 5 = 00
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0 20 40 60 80 100 25 50 75 100
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Fig. 5 (A) Schematic illustration of microneedle sensor-based detection
of cholesterol in skin-mimicking phantom gel. (B) Chronoamperometric
response of microneedle sensor toward increasing concentrations of
cholesterol (2 uM increments) in the skin-mimicking phantom gel over
the 2-10 uM range; potential applied at +0.65 V (vs. Ag/AgCl). (C) The
corresponding current response plots up to 10 uM cholesterol based on
sampling the current at 100 s.
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phantom gel by applying gentle pressure. The microneedle
array was noted to retain its mechanical properties and mor-
phology after multiple penetrations into the skin-mimicking
phantom gel.

3.6. Selectivity, reproducibility and stability assay

Since selectivity is also a critical parameter for evaluating the
efficacy and clinical application potential of a biosensor,>43*
the selectivity of the microneedle sensor was investigated by
recording the chronoamperometric response in the presence of
potential interferents such as glucose (Glu, 500 uM), lactic acid
(LA, 250 puM), uric acid (UA, 250 pM) and ascorbic acid (AA, 250
uM) along with a concentration of cholesterol (10 pM). In this
study, a standard concentration of these interferents was used
separately and added to the sensing electrode surface. Fig. 6A
displays the analytical response of the microneedle sensor in
the presence of the abovementioned interferents; a negligible
response was obtained when ascorbic acid, uric acid, lactic
acid, and glucose were tested. This minimal response to the
interferents was attributed to the presence of the selectivity of
the ChOx enzyme on the surface of the working electrode. In
addition, a control experiment was conducted on the micro-
needle sensor by eliminating the adhesion of ChOx enzyme and
the other necessary bioreagent layer. Upon the addition of
cholesterol of different concentrations to the sensing electrode
surface, no significant changes in the oxidation/reduction
current were recorded. These selectivity assay results indicate
the ability of the microneedle sensor for robust and selective
detection of cholesterol. In addition, the reproducibility of the
microneedle sensor was evaluated by fabricating multiple bio-
sensing devices under similar processing conditions; the
response characteristics were observed to be comparable with
an RSD of 2.05%. Next, the long-term stability of developed
microneedle sensor was determined by analyzing the variation
in sensing response at regular 7 days interval for four weeks
and shown in Fig. 6B. The developed microneedle sensor was
kept at 4 °C when it was not in use. It was observed that the
sensor retained 86% of sensing response even after four weeks
of storage, which confirms the practicability of the developed
microneedle sensor. Additionally, a comparison (Table 1) of the
analytical performance of our proposed microneedle sensor
and previously reported methods suggested that when consid-
ered together, all parameters such as sensor type, linearity
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Fig. 6 (A) Selectivity of the microneedle sensor in the presence of
potential interferents and (B) long-term stability of the microneedle
sensor.
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Table 1 Comparison of the analytical performance of our proposed sensor with previous reports

Sensor type Materials used Linear range R LOD (uM) Methodology Ref.
Paper-based ChOx/G/PVP/PANI 0.05-10 mM 0.999 1 Complex 49
Hydrogels-based PANI-Pt NPs/GCE 0.3-9 mM 0.997 300 Simple 50

Glassy carbon based ChOx/Nano-Pt/MWCNT-PANI 0.002-0.5 mM 0.993 0.8 Complex 51
FET-based ChOx/PANI/ZnO 0.5-16.6 mM 0.998 250 Complex 52
Microneedle array based ChOx/Pt NPs/PANI/MEA 1-12 mM 0.992 440 Complex 53

3D printed microneedle based ChOx/Pt wire 1-20 pM 0.996 0.5 Simple This work

range, material used, limit of detection limit, methodology, and
R* value, the proposed sensing platform showed superiority
over many previously published approaches and equivalence to
the best-performing ones.

4. Conclusions

In this work, we have demonstrated the design and analytical
performance of an enzymatic (ChOx) microneedle sensor for
minimally invasive continuous monitoring of cholesterol in
real human biofluid. The detection method depends on inde-
pendent electrochemical measurements involving biocatalytic
and redox processes. The microneedle sensor relies on the
catalysis of cholesterol driven by ChOx in the presence of
oxygen and the production of H,0,, which was measured by a
chronoamperometric technique at an applied potential of
+0.65 V. The microneedle sensor exhibited an excellent analy-
tical signature and performance towards cholesterol in artificial
interstitial fluid as well as a skin-mimicking phantom gel
model with high sensitivity, good stability, a wide detection
range, and excellent selectivity in the presence of potential
interferents. The results suggest that the wearable microneedle
sensor can also be used for the development of on-body
electrochemical detection of other biomarkers present in the
interstitial fluid. Future efforts are focused on integrating
electronic instrumentation along with wireless communication
and signal processing functionalities on the microneedle sen-
sor and investigating the potential of the resulting wearable
transdermal microneedle sensor device for real-time remote
monitoring of cholesterol levels.
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