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Abstract

Despite several advantageous uses of lidocaine patches to overcome discomfort and pain in various
clinical settings, overdosage of this drug can cause unwanted side effects on the cardiovascular
and central nervous system, which can lead to life-threatening conditions. Therefore, the
development of a rapid, sensitive, and user-friendly point-of-care device for onsite lidocaine
detection is of great clinical importance. To address this issue, we have developed a machine
learning enabled wireless microneedle array integrated screen-printed electrode-based
electrochemical point-of-care device for rapid and effective detection of lidocaine. The fabricated
device utilizes novel ultra-sharp microneedles arrays having a reservoir in its base, which are
designed to collect the interstitial fluid through open side channels, and graphene-modified screen-
printed carbon electrodes for the electrochemical detection of lidocaine. Under optimal conditions,
the developed sensor exhibited high sensitivity and good selectivity towards lidocaine along with
a linear current response over the detection range from 1-120 uM with the lowest detection limit
of 0.13 uM. In addition, to make the device user friendly, a machine learning model was developed
using experimental sensing data to predict the lidocaine concentration and further deployed to

prepare a web application for digital visualization of lidocaine concentration.
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1. Introduction

Lidocaine (2-(diethylamino)-N-(2,6-dimethylphenyl) acetamide hydrochloride monohydrate) is
an amide prepared from cocaine [1]. It is effective in reducing acute and chronic pain related to
medical procedures, including gynecological, dental, and surgical procedures; this local anesthetic
and peripheral analgesic compound is administered intravenously, topically, epidurally, or
subcutaneously [2—4]. Along with that, lidocaine is also being used as an antiarrhythmic medicine;
it is also sometimes unlawfully incorporated into cosmetic products to lower skin damage caused
by sunlight exposure[5—9]. Further, topical lidocaine patches are often recommended to overcome
the discomfort and pain triggered by muscle soreness, shingles, skin irritations, and hemorrhoid-
related rectal uneasiness [10,11]. However, an overdosage of lidocaine can cause unwanted serious
side effects on the central nervous system and cardiovascular system, such as low blood pressure,
seizures, an irregular heart rate, and severe inflammatory responses [12,13]. Therefore, a precise,
rapid, sensitive, and user-friendly point-of-care device for onsite lidocaine detection is needed to

avoid overdosage-related complications.

Until this time, a few traditional methods such as high-performance liquid chromatography
(HPLC), surface enhanced Raman scattering, gas chromatography-mass spectrometry (GC-MS),
and optical methods (e.g., immunoassay and photoluminescence methods) have been used for the
detection of lidocaine and other analytes [14-20]. Although these techniques can measure
lidocaine, they often need complex pretreatments, expensive equipment, environmentally
unfriendly reagents, and long working times with skilled operators, which limits their feasibility
for rapid and onsite monitoring applications [21-25]. In addition, these approaches are highly
vulnerable to false positive results due to poor sampling, improper handling, or pretreatments [26].
Recently, due to straightforward operation, a low detection limit, a low detection time, high
sensitivity, and high specificity, the development of low-cost electrochemical sensing platforms
for in vitro monitoring of various chemicals, including lidocaine, has gained significant attention
from the pharmaceutical industry and the scientific community [27-34]. For instance, Yang et al.
developed dendritic Pt-Pd bimetallic nanoparticles and a porous Pt nano-network-based
electrochemical sensing platform for lidocaine detection [35]. Pinar et al. used an anodically
pretreated boron-doped diamond electrode for the electrochemical detection of lidocaine over the

0.1-20.0 umol L™! range [1]. Similarly, Oliveira et al. developed an electroanalytical method for



the determination of lidocaine in a local anesthetic product using boron-doped diamond electrodes
[21]. Saad et al. introduced a voltammetric method for the determination of lidocaine
hydrochloride through the use of an electrochemically active C18 silica-modified carbon paste
electrode [36]. Likewise, Rahbar et al. used a carbon paste electrode for the electrochemical
detection of lidocaine [37]. Zhang et al. used an isoreticular metal-organic framework-8 derived
porous carbon decorated glassy carbon electrode for the highly sensitive electrochemical detection
of lidocaine [38]. Despite the noteworthy progress in the development of electrochemical
biosensors, these methods rely on blood sample collection, finger pricking, and the use of
nanomaterial electrode surface modification procedures; as such, they are unable to monitor the
lidocaine concentration in physiologically relevant fluids in a straightforward manner [39-42].
Therefore, the fabrication of a wearable, user-friendly, minimally invasive electrochemical sensing
platform that can overcome the above-mentioned issues by monitoring lidocaine concentration in

interstitial fluid with high specificity is desirable.

Wearable sensor technology offers tremendous opportunities for the fabrication of various
customized healthcare devices [43,44]. Among the many wearable sensing platforms developed in
recent years, microneedle-based sensing systems have received significant consideration for use
in straightforward, rapid, economical, minimally invasive, and continuous transdermal detection
of numerous biomolecules in interstitial fluid [45-48]. Microneedles are economical micrometer-
size devices that can create artificial pores in the skin via disruption of the stratum corneum layer
of the epidermis; these devices are able to access interstitial fluid with minimal discomfort, pain,
and tissue damage [49-54]. Due to its advantageous features, microneedle array-based sensing
platforms have been used for the real-time determination of clinically important biomolecules,
including organophosphate, glucose, alcohol, lactate, L dopa, and potassium ions [44,45,50,55,56].
To the best of our knowledge, no prior work has been reported for the fabrication of a microneedle

array integrated sensing platform for onsite detection of lidocaine in interstitial fluid.

In this work, we have developed for the first time a machine learning enabled wireless microneedle
array integrated screen-printed electrode-based electrochemical point-of-care device for rapid and
effective detection of lidocaine. The developed microneedle integrated sensor takes advantage of
3D printing, microneedle technology, screen-printed electrodes, a paper-based microfluidic

channel, and a capillarity system for straightforward fabrication of a microneedle array based



electrochemical point-of-care device. The fabricated sensor utilizes the novel ultra-sharp
microneedle array that contains a reservoir at their base; these devices are designed to collect
interstitial fluid through open side channels. Under optimal conditions, the developed wireless
sensing platform exhibited high sensitivity and selectivity towards lidocaine along with a linear
current response. Moreover, a machine learning model was developed using the obtained
experimental sensing data to predict the lidocaine concentration and further deployed to prepare a
web application for digital visualization of the lidocaine concentration to make the device user-
friendly for onsite lidocaine detection. The obtained results demonstrated that by coupling a
reservoir-fitted microneedle array with a paper-based microfluidic channel and capillarity system
as well as a screen-printed electrode, a simple, user-friendly, and minimally invasive
electrochemical sensing platform could be developed for onsite detection of lidocaine in the
interstitial fluid. The fabrication of a novel reservoir-fitted microneedle array design and its
integration with a screen-printed electrode as proposed in this study can potentially be explored
for the development of various electrochemical sensors for onsite detection of other biomarkers in

interstitial fluid.
2. Experimental section

2.1 Materials and Methods

Graphene-modified screen-printed carbon electrodes (L 33 mm x W 10 mm x H 0.5 mm) used in
this study were obtained from Metrohm Dropsens - Oviedo (Asturias) Spain. All of the chemicals,
including theophylline, caffeine, ascorbic acid, acetaminophen, cyclodextrin, uric acid, potassium
ferricyanide, phosphate buffer, and ethanol, were purchased from Sigma-Aldrich, St. Louis, MO,
USA. All of the other reagents were of analytical grade and used without any modifications. All
stock solutions, dilutions, and samples were prepared in fresh deionized (DI) water, which was
obtained from a Milli Q system (18.2 MQ- cm at 25 °C) (Evoqua Water Technologies LLC,
Chicago, IL, USA).

2.2 Microneedle design and fabrication

The ultra-sharp and high resolution (2um~50um) microneedle array used in this study was
fabricated using Projection Micro Stereolithography (PuSL) technology with an S130 3D-printer
from Boston Micro Fabrication (BMF), Maynard, MA, USA. The microneedle array structure with



two conical shape needles, which exhibited a height of 1500 um, a diameter of 500 um, side
channels facing each other, and a base diameter of 0.1 mm ending in a reservoir of diameter 0.4
mm, was designed with SolidWorks 2016 software (Dassault Systems, Vélizy-Villacoublay,
France). The design was transferred to the BMF Slicer software for parameter setup and ““slicing”
into layers in order to generate the interpreted general writing language code for use in 3D printing.
A yellow color biocompatible and transparent resin named photoreactive resin BIO, which
contained a mixture of two methacrylate oligomers, lauryl methacrylate reactive diluent and
diphenyl (2,4,6-trimethylbenzoyl) phosphine oxide photoinitiator, was obtained from BMF; this
resin was used for microneedle array fabrication. A skin irritation, acute systemic toxicity, and in
vitro cytotoxicity study of the resin was previously assessed by the manufacturer under the ISO 10
993-10: 2010, ISO 10 993-12: 2012, and ISO10 993-2: 2006 skin irritation test, the ISO 10 993-
12: 2012 acute systemic toxicity test, and the ISO 10 993-12: 2012 in vitro cytotoxicity test. Upon
completion of the printing process, the 3D-printed part was rinsed thrice in isopropyl alcohol to
remove the traces of uncured resin from the open side channel and reservoir. After that, the
resultant 3D-printed part was subjected to a post-curing process for 10 min at 45°C using a 405

nm wavelength lamp (Formlabs Inc., MA, USA).
2.3 Physical and electrochemical characterization

The surface morphology and structural dimensions of 3D-printed microneedle array were assessed
using a variable pressure scanning electron microscope (VPSEM) Hitachi SU3900 (Tokyo, Japan),
which was equipped with various detectors such as a standard Everhard-Thornley secondary
electron detector, a five-segment solid state backscattered electron detector, and an accelerating
voltage range from 0.3 to 30 kV. All of the electrochemical characterization of the screen-printed
electrode-based electrochemical device, including stability, sensing, and selectivity experiments,
were performed at room temperature using a PalmSens4 hand-held potentiostat (PalmSens BV,
Utrecht, the Netherlands) powered by a rechargeable battery. All experiments were performed
wirelessly; the measurements were sent to a personal computer (readout device) through wireless

communications for further analysis.
2.4 SKkin penetration and mechanical strength test

The skin penetration test of our 3D-printed microneedle array was investigated ex vivo using a

porcine skin patch [51,56,57]. For this study, the fresh porcine skin was purchased from a local



supermarket and cleaned with an alcohol swab. Next, the wiped porcine skin was fixed on a board
and manually punctured with our 3D-printed microneedle array. To show the skin penetration
characteristics associated with the microneedle array, 0.4% Trypan Blue solution was applied to
the microneedle array for better visualization of the pores using an optical microscope. Further, a
Ubi-1 nanoindenter (Hysitron, Minneapolis, USA) was operated with a loading time of 20 s,
maximum force of 1000 uN, dwell time of 10 s, unloading time of 20 s, and a Berkovich-type tip

was used to calculate the hardness and Young’s modulus values of the microneedle material.
2.5 Fluid extraction test

Fluid extraction characterization of the 3D-printed microneedle array was performed by dipping
the microneedle array into a diluted Trypan Blue solution. To accomplish this step, the cap of a
small plastic box equipped with a manually created circular hole of 8 mm diameter was placed in
a small Petri dish. Next, the plastic box-capped Petri dish was filled with Trypan Blue solution
while ensuring no overflow of the solution. The 3D-printed microneedle array was then placed
onto the manually created circular hole so that the microneedle tips were able to contact the
solution. The functionality of the capillarity system provided by open-side channels was examined
by placing blank paper on the upper surface of the 3D-printed microneedle array. The optical
images of the fluid extraction experiments were captured using an iPhone 13 device (Cupertino,

CA, USA).
2.6 Lidocaine detection and sample preparation

Before integrating the graphene-modified screen-printed carbon electrodes with the microneedle
array and utilizing it for lidocaine detection, the electron transfer characteristics of the screen-
printed electrode were investigated via the cyclic voltammetry response in a freshly prepared a 5
mM ferricyanide solution at a fixed scan rate of 50 mV/s. Next, the analytical performance of the
fully integrated device towards lidocaine was examined by recording the square wave voltammetry
response (at a frequency of 10 Hz and a potential range from 0.4 to 1.1 V) in freshly prepared
phosphate buffered saline (PBS) electrolyte solution (0.1 M, pH 8) before and after spiking various
concentrations of lidocaine. To prepare the sensing samples with a varying concentration of
lidocaine, a freshly prepared stock solution (1.0 mg/mL) of lidocaine in ethanol was diluted with

PBS.



2.7 Proof-of-concept study

In order to examine the real-time application of the fully integrated lidocaine sensing device, the
electrochemical performance of the device was further examined by recording the square wave
voltammetry response in artificial interstitial fluid while penetrating the skin-mimicking parafilm
layer. For this, the artificial interstitial fluid with varying concentrations of lidocaine was filled in
a Petri dish and carefully sealed with a parafilm layer. To initiate testing, a wireless microneedle
array integrated sensing device was gently pressed so that the microneedle tips were able to
penetrate the skin-mimicking parafilm layer and contact the solution. After a few seconds, the
square wave voltammetry response was recorded at a frequency of 10 Hz over a potential range

from 0.4 to 1.1 V and a potential step of 0.01 V.
2.8 Machine learning model and user interface

Machine learning is an automated data analysis approach for decision making that does not rely
on any explicit instruction and is currently being integrated with healthcare devices as well for the
onsite detection of the various analytes [58—61]. The algorithms “learn” the decision rule from the
input data and utilize it to make further predictions [62—64]. In this study, a machine learning-
based regression algorithm was used to build a predictive model, which was trained on a dataset
that consists of both input and output data. Regression is a modeling technique that is used to
determine the relationship between the dependent variable (output) and the independent variable
(input) [24,65,66]. This defined relationship is further used to predict or estimate the value of the
output variable based on the value of the given input variable. Since the data in this study follows
a linear trend and has a single independent variable, a univariate linear regression model was
trained on the obtained experimental data of square wave voltammetry to predict the lidocaine
concentration. Univariate linear regression can be defined as a regression modeling technique that
models the relationship between a single dependent variable and a single independent variable

[67-71]. Simple univariate linear regression can be mathematically demonstrated as follows:

y =PBo+ Bix

In this equation, ¥y is the predicted output, B, + [;x represents the straight line that fits the data,
and x is the value of the input variable; Syand f; are the intercept and slope of the straight line,

respectively. The goal is to determine the most optimized values of Syand f; using the least squares



method. The least square method attempted to minimize the average of the squared difference
between the actual and predicted value of output in order to identify the best fit line/function.
Further, the performance of the trained linear regression model was evaluated using two metrics,
namely Mean square error (MSE) and Coefficient of Determination (R?). MSE is a statistical
metric that measures the average squared difference between the actual and predicted value of

output in a regression model. It can be mathematically represented as follows:
1 A
MSE = —(y = 9)*

In this equation, 7 is the number of data points, y is the actual value of output and y is the predicted
value of output. A lower value of MSE means a better regression model. R? is a statistical metric
used to evaluate the goodness-of-fit of a linear regression model, which represents the proportion
of the variance in the output variable that can be explained by the input variable. It measures how
well the linear regression model fits the actual data points and shows the agreement between actual

and predicted values of output. It can be mathematically represented as follows:

SSR

RZ=1-—""
SST

In this equation, SSR is the Sum of Squared Residuals, which was calculated as the sum of the
squared differences between the predicted values and actual values of the output variable. SST is
the total Sum of Squares, which was calculated as the sum of the squared differences between the
actual values and the mean of the output variable. The R ranges from 0 to 1, where a higher value

represents better performance of the model.

In this work, the experimental dataset contains the peak current value obtained from the square
wave voltammetry spectra and the corresponding lidocaine concentration value. Thus, the
univariate linear regression was employed to train the model while utilizing the peak current value
as the input value and the lidocaine concentration as the output variable. A least square loss
function was utilized to determine the optimal values of the coefficients and establish a linear
regression equation. Once the model was developed, it was further utilized to predict the lidocaine
concentration. Finally, for better human interaction and usability, the developed linear regression
model was deployed as a web application to provide accessibility, real-time operation, and

ease-of-use for end users to predict the lidocaine concentration. In order to integrate the trained



machine learning model into a web application, a popular Python web framework, namely Flask,
Hyper Text Markup Language (HTML), and Cascading Style Sheets (CSS), was utilized. Flask is
an open-source lightweight web framework that was built in Python for the deployment of web
applications; it was utilized to interlink the back-end and front-end. HTML was used to create a
form that takes input from the user, and CSS was utilized to provide some styling to the web page.
Flask received the input value through application programming interface (API) calls, computed

the predicted value using the trained model, and returned it to the user.
3. Result and discussion
3.1 Design and integration of sensor

The proposed microneedle array integrated screen-printed electrode-based electrochemical
point-of-care device (Figure 1) for rapid and effective detection of lidocaine consists of three
components: (i) an ultra-sharp microneedles array, (ii) a paper microfluidics channel, and (iii) a
screen-printed electrode. Figure 1a demonstrates the exploded view of different components and
stepwise assembly process of the microneedle array integrated device. Figure 1b shows the
schematic diagram of fully assembled device instead into skin layer. Since the hollow
microneedles can become clogged during interstitial fluid sampling, the novel microneedle array
used in this study was designed with open side channels (instead of a cavity at the center) along
with a reservoir that was built into the base of microneedles. The reservoir was incorporated and
designed between two microneedles having their open side channel facing each other to ensure the
straightforward and uninterrupted collection of interstitial fluid for diagnosis. Such a design
permits interstitial fluid to be drawn into the reservoir by capillary pressure via the shaft offered
by open side channels of the microneedle. The microneedles were created to be long enough to
ensure the appropriate skin penetration and avoid skin folding around the microneedle tip. Next,
the paper microfluidics was sandwiched between the microneedle array reservoir and
screen-printed electrode (Figure 1a ) to ensure the efficient and autonomous transport of interstitial
fluid from the reservoirs to the screen-printed electrode via a hydrophilic membrane and capillarity
system. Further, the graphene-modified screen-printed carbon electrode was used for the
electrochemical detection of lidocaine by means of a PalmSens4 hand-held potentiostat. Figure
1c displays the schematic of fully assembled device connected with wireless sensor. The obtained

electrical signals were sent to the personal computer (readout device) via wireless communications



for further analysis through machine learning-enabled linear regression models (figure 1d). The
machine learning model was successfully trained and tested on the as-obtained experimental
sensing data; a program was developed for direct digital demonstration of the lidocaine

concentration by simply entering the current value that was recorded by the potentiostat.
3.2 Fabrication and Characterization of Microneedle Array

The ultra-sharp microneedle array (Figure 2a) with open side channels and a reservoir in the base
was designed using SolidWorks 2016 software. Since the microneedle array-based interstitial fluid
collection and sensing strategies require a material with a high Young’s modulus value that can
easily penetrate the skin, a yellow color biocompatible and transparent resin named photoreactive
resin BIO was used for the fabrication of the microneedle array. Under the 3D-printing digital light
process, this resin allows for the fabrication of custom-designed micrometer-scale feature
structures with easy removal of unpolymerized material. Figure 2b and 2¢ demonstrate the
macroscopic images of 3D-printed microneedle array. Further, in order to confirm the successful
fabrication and obtain insight into the micrometer-scale features of open side channels and
reservoir, SEM images of 3D-printed microneedle array were collected. Figures 2d and 2e exhibit
the characteristic topographic and sharpness features of the 3D-printed microneedle array at two
different angles and magnifications. It can be observed from the SEM images that the open side
channels were extended from the needle tip to the reservoir in a manner similar to the design shown

in Figure 2a; this result confirms the successful fabrication of the designed microneedle array.

Since the skin penetration capability plays an important role in assessing the potential of the
microneedle array design for use in interstitial fluid collection and sensing, the skin penetration
ability of our 3D-printed microneedle array was assessed on a porcine skin patch, which
biochemically and anatomically mimics human skin. Figure 3a shows the optical images of
porcine skin punctured with a microneedle array before Trypan Blue staining; Figures 3b & 3¢
show optical images at two different magnifications of punctured skin after Trypan Blue treatment
for better visualization of microneedle array-generated pores. It can be noticed from the figure that
a confined penetration wound is created by each microneedle without any deformation or damage
to the surrounding skin. Further, the mechanical properties of the microneedle material were
examined using the nanoindentation technique. The Young’s modulus and hardness values of the

microneedle array material were measured to be 3.29 + 0.12 GPa and 302.19 + 10.44 MPa (mean



+ standard deviation), respectively; the Young’s modulus value is higher than the minimum
Young’s modulus value (1 GPa) required for human skin penetration [51]. Hence, these results
indicate the skin penetration functionality of the 3D-printed microneedle array without any damage
to the surrounding tissues; the results suggest that the microneedle array can be used for the

development of an ISF sampling and sensing device.
3.3 Fluid extraction study

The autonomous fluid extraction functionality of the 3D-printed microneedle array plays a key
role in further development of a sensing device. Therefore, the fluid extraction capability of
3D-printed microneedle array was investigated by inserting the UV-treated microneedle tip array
into a diluted Trypan Blue solution. Figure 4a and 4b display the complete experimental setup for
the fluid extraction study (as discussed in Section 2). It was observed that the blue colored solution
was readily drawn by microneedle tips upon initial contact with the liquid and transported to the
reservoir due to surface tension via the open side channels. To confirm this process, a small piece
of filter paper was placed (Figure 4c¢) on the upper surface of 3D-printed microneedle array; it was
observed that the filter paper wicked (Figure 4d) the blue colored solution present in the
microneedle reservoir via the capillarity system within a few seconds. In addition to the
photographs shown in Figure 4, a short video (Supplementary Video 1) of the complete fluid
extraction process was also recorded and included in the supplementary information. These results
successfully demonstrate the fluid extraction capability of our 3D-printed microneedle array and

indicate its potential for the development of an interstitial fluid sampling and sensing device.
3.4 Electrode stability and lidocaine sensing

After examining the skin penetration and fluid extraction potential of the 3D-printed microneedle
array, the analytical performance of the fully integrated device towards lidocaine was assessed.
However, prior to assembling the device, the electrochemical properties and stability of the
graphene-modified screen-printed carbon electrode were investigated through the cyclic
voltammetry technique. For this, the cyclic voltammetry response from the graphene-modified
screen-printed carbon electrode was recorded in freshly prepared SmM ferricyanide solution at a
fixed scan rate of 50 mV/s and room temperature. The recorded cyclic voltammetry response
demonstrated in Figure Sa showed a reversible redox behavior, revealing the efficient

electrochemical charge transfer characteristics associated with the printed electrodes. Further,



because the stability of electrodes can impact the practical application of the device, the stability
of the graphene-modified screen-printed carbon electrode was studied by recording the cyclic
voltammetry response for five scans. It was observed (Figure Sa) that the cyclic voltammetry
curves were well overlapped for all of the scans, indicating that the oxidation and reduction peak
current remained the same for all the scans, thus suggesting th good stability of the printed

electrodes.

Upon successful investigation of the electrochemical properties and stability of the graphene-
modified screen-printed carbon electrode, the electrochemical sensing potential of graphene-
modified screen-printed carbon electrode towards different concentrations (1-120 uM) of lidocaine
was studied through the square wave voltammetry technique. The obtained current signals against
varying concentrations of lidocaine at a frequency, an amplitude and voltage step of 10 Hz, 0.1 V
and 0.01 V, respectively, are shown in Figure 5b. It can be noted from the square wave
voltammetry response that the peak current gradually increased with an increasing concentration
of lidocaine. Next, the obtained peak current values were plotted against different concentrations
of lidocaine as shown in Figure 5c. A linear relationship between the lidocaine concentration and
peak current was observed over the range from 1 to 120 uM with an R? value of 0.9817. The limit
of detection was calculated using the equation 3s/M, where s is the standard error and M is the
slope of the linear curve; it is measured to be as low as 0.13 uM. Further, the sensitivity of the
lidocaine sensor was also evaluated through the slope of the linear plot and found to be 0.83 pA
uM!. As aresult, the values of these analytical parameters, including the dynamic range, detection

limit, and sensitivity, are sufficient for lidocaine sensing.
3.5 Selectivity assay

While the developed lidocaine sensing platform demonstrated excellent analytical performance,
the selectivity towards lidocaine also plays a crucial role in evaluating the effectiveness of the
electrochemical sensor. Thus, the selectivity of the lidocaine sensing platform was investigated by
assessing the variation in current response in the presence of different interfering analytes,
including theophylline, caffeine, ascorbic acid, acetaminophen, cyclodextrin, and uric acid. In this
analysis, the square wave voltammetry response for each interfering analyte was recorded by
spiking the same concentration (40 uM) in freshly prepared samples, while maintaining all the

other parameters constant. The square wave voltammetry spectra shown in Figure 6 demonstrated



a selective square wave voltammetry response in the presence of different interfering analytes
without an overlap with the lidocaine spectra. Therefore, these results enable us to conclude that

the developed lidocaine sensing platform is selective to lidocaine.
3.6 Proof-of-concept demonstration of integrated device

After realizing the favorable analytical performance of the graphene-modified screen-printed
carbon electrode towards lidocaine, the 3D-printed microneedle array integrated screen-printed
electrode-based electrochemical point-of-care device was assembled using the steps shown in
Figure 1a. Figure 7a and 7b show the realistic images of the fully assembled device. To further
evaluate the functionality and effectiveness of the integrated device in a real-time scenario, the
analytical performance of the device was further assessed by recording the square wave
voltammetry response in artificial interstitial fluid while penetrating the skin-mimicking parafilm
layer. Figure 7c¢ and 7d depict the schematic diagram and photograph of the experimental setup
used for the proof-of-concept demonstration, respectively. In this approach, six different
concentrations (10-100 uM) of lidocaine were spiked in the artificial interstitial fluid; their
respective square wave voltammetry response was recorded at a frequency of 10 Hz over a
potential range from 0.4 to 1.1 V. The obtained current response shown in Figure 7e clearly reveals
a systematic change in the peak current with an increasing concentration of lidocaine. For further
quantitative analysis, these corresponding current values were plotted against the spiked
concentrations of lidocaine; it was observed that the calibration curve (Figure 7f) showed good
linearity and high sensitivity for lidocaine. Further, the reproducibility of the microneedle
array-based sensing platform was evaluated by assembling multiple devices under similar
circumstances; the obtained analytical performance was found to be comparable with an RSD of
2.65%. Therefore, these results affirm that the proposed 3D-printed microneedle array-based
sensing platform is capable of detecting micromolar concentrations of lidocaine in the artificial

interstitial fluid.
3.7 Machine learning enabled lidocaine detection and digital visualization

Further, in order to make the device user-friendly for onsite lidocaine detection, a machine learning
model was developed and deployed to prepare a web application for digital visualization of the
lidocaine concentration. For this, a univariate linear regression model was built using the obtained

experimental sensing data to predict the lidocaine concentration. To find the best-fit line of



regression, the model was trained by minimizing the least squares cost function to determine the
optimal value of coefficients. As a result, the best-fit line obtained from the developed linear
regression model fits the experimental data points very well (as shown in Figure 8a). The optimal
value of 8, and [5; were measured to be -161.1985 and 0.8208, respectively; thus, the equation of
regression becomes y = —161.1985 + 0.8208x, in which ¥ and x represent the predicted
lidocaine concentration and input peak current values, respectively. It was observed that the
developed regression model showed good performance with an R? value of 0.98, which was shown

to be in good agreement with the experimental results.

Furthermore, the developed linear regression model was deployed as a web application to provide
accessibility and ease-of-use for end users through the digital visualization of the lidocaine
concentration. In this approach, a web application was developed, which requests the user to enter
the peak current value obtained from the square wave voltammetry response as shown in Figure
8b. As soon as the user provides the input and presses the predict button, the flask makes the API
calls and instantiates the developed linear regression model to perform the calculations in the back
end. As a result, the machine learning model predicts the lidocaine concentration and displays the
same on the web page as shown in Figure 8c-8¢g. In order to validate the effectiveness of the
machine learning model and developed user interface, the lidocaine concentration was predicted
multiple times (Figure 8c-8g) and compared with the experimental results. It was observed that
the lidocaine concentration predicted through the machine learning model was in good agreement
with the experimental results. Therefore, these results enable us to conclude that the developed
machine model and user interface can readily be used for onsite detection of micromolar
concentrations of lidocaine; this approach provides a user-friendly digital value of lidocaine

concentration.
Conclusions

In this work, we have demonstrated a novel approach for machine learning enabled rapid and
onsite detection of lidocaine in interstitial fluid using a 3D-printed microneedle array integrated
screen-printed electrode-based electrochemical point-of-care device. The microneedle integrated
sensor was fabricated using various additive manufacturing techniques, including a 3D-printing
process, screen-printed electrodes, a paper-based microfluidic channel, and a capillarity system for

the scalable and economical production of the device. The developed wireless sensing platform



demonstrated a low detection limit, high sensitivity, and excellent selectivity towards lidocaine in
the presence of potential interfering agents along with a linear current response. In addition, the
excellent lidocaine prediction performance of the developed machine learning model and its digital
visualization through the user interface encourages the onsite and user-friendly detection of
lidocaine. The obtained result suggests that such a novel approach can potentially be explored for
the development of various electrochemical sensors for the onsite detection of other biomarkers in

interstitial fluid.
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Figure 1. Schematic representation of machine learning-enabled wireless microneedle array integrated screen-printed
electrode-based electrochemical point-of-care device for lidocaine detection. (a) Expanded view of components and
stepwise assembly process of the microneedle array integrated device. (b) Fully assembled device on skin layer. (¢)
Fully assembled device connected with wireless sensor. (d) Wireless readout device for further analysis through

machine learning enabled linear regression models followed by digital visualization of lidocaine concentration.
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Figure 2. (a) Illustration of the structure of ultra-sharp microneedle array designed using SolidWorks 2016 software.
(b and ¢) Macroscopic image of the 3D-printed microneedle array. (d and e) SEM images of the 3D-printed

microneedle array at different angles and magnifications.



Figure 3. Ilustration of skin penetration capability of the 3D-printed microneedle array. (a) Optical images of porcine
skin punctured with microneedle array before trypan blue staining. (b and ¢) After Trypan Blue staining at two different

magnifications for better visualization of the pores.



Figure 4. Illustration of fluid extraction capability of the 3D-printed microneedle array. (a) Optical image of a small
plastic box equipped with a manually created circular hole (showed in red color circle) placed in a small Petri dish
filled with Trypan Blue solution. (b) Placement of the 3D-printed microneedle array onto the manually created circular
hole so that the microneedle tips can contact the solution. (c) Placement of the paper substrate on the upper surface of

the 3D printed microneedle array. (d) Trypan Blue solution wicked by the paper via the capillarity system.
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Figure 5. Illustration of electrochemistry, stability and sensing potential of graphene modified screen-printed carbon
electrode. (a) Cyclic voltammetry response recorded in freshly prepared SmM ferricyanide solution at a fixed scan
rate of 50 mV/s and room temperature for 5 scans. (b) Square wave voltammetry response of graphene modified
screen-printed carbon electrode towards increasing concentrations of lidocaine in freshly prepared phosphate buffered

saline electrolyte solution (0.1 M, pH 8) and (c) Respective calibration plots between the recorded peak current values

and different concentrations of lidocaine.
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Figure 6. Illustration of the selectivity study through the square wave voltammetry response of the sensing electrode

towards various interfering analytes (40 uM), including cyclodextrin, ascorbic acid, theophylline, acetaminophen,

caffeine, uric acid, and lidocaine (10 uM).
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Figure 7. Proof-of-concept demonstration of integrated device. (a and b) Illustration of realistic images of fully

assembled device. (c) Schematic diagram and (d) real photograph of experimental setup used for the proof-of concept
demonstration. (¢) Square wave voltammetry response of the device towards different concentrations of lidocaine

spiked in the artificial interstitial fluid. (f) Respective calibration plots between the recorded peak current values and
lidocaine concentrations.
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Figure 8. Machine learning enabled detection of lidocaine and digital visualization through web application. (a)

Illustration of best-fit line obtained from the developed linear regression model. (b) Screenshot of developed web page

user interface. (c-g) Screenshot of web page demonstrating the predicted lidocaine concentration.



