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Facile and Scalable Fabrication of Molecularly Imprinted Polymer 
(MIP) Sensors on Poriferous Laser-Engraved Graphene Electrodes 
for Stress Monitoring
Atul Sharma a,b, Rachel E. Owyeung a,b, Ayanna Thomas c, Sohel Siraj d, Bishal Kumar Keshari d, 
Parikshit Sahatiya d, and Sameer Sonkusale a,b*

Monitoring cortisol levels is essential for understanding the body's response to stress. Traditional cortisol testing is confined 
to centralized labs, and current portable platforms are based on slow and complex assays. Here, we introduce a portable, 
disposable, non-invasive, and sensitive electrochemical sensor strip created using electropolymerized molecularly imprinted 
polymers (eMIPs) on laser engraved graphene (LEG) electrodes for rapid, simple, and reliable salivary cortisol detection. 
Herein, the characteristics of LEGs generated on a polyimide (PI) film with different laser processing parameters are also 
studied and optimized. The sensor quantifies salivary cortisol by selectively binding onto the cortisol-imprinted 
electropolymerized polypyrrole-Prussian blue (eMIP-PPy/PB) film on LEG electrodes. The PB redox probes embedded in the 
eMIP produce direct electrical signals upon cortisol binding, allowing sensitive and label-free amperometric detection. The 
developed cort-eMIP/LEG sensor strip displays an outstanding dynamic range (0.10 to 10,000 pg mL-1), a remarkable limit of 
detection (0.08 pg mL-1), and a strong correlation coefficient (R2) of 0.9983 (n=4) for cortisol detection in human saliva. A 
rapid 3-minute analysis can more effectively measure cortisol levels in real-time than traditional methods. This sensor's 
performance was evaluated in human samples and validated two-way using enzyme-linked immunosorbent assays (ELISAs) 
and a third-party provider, Salimetrics, on 12 student volunteers exposed to varying stress levels. Results show an excellent 
correlation (r = 0.9948) between the developed sensors and standardized tests. The cort-eMIP/LEG cortisol sensor strip 
offers a simple, accessible, sample-to-answer diagnostic platform for stress monitoring.
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Introduction

Monitoring and screening for stress-related health issues is crucial 
because prolonged exposure to stress can significantly impact both 
our physical and mental well-being 1–3. The experience of distress 
varies from person to person and is influenced by a wide range of 
factors, including mental health, environment, medical history, and 
socioeconomic status. This complexity makes it challenging to assess 
its physical effects accurately 4. Current diagnostic methods primarily 
rely on information provided by patients through psychological 
assessments and questionnaires, which can be subjective and 
inaccurate. In addition to these psychological evaluations, individual 
homeostasis to stress involves altering various physiological 
processes, leading to changes in biomarker levels (such as cortisol) 
that could potentially be used as markers for regular and on-demand 
screening 1,5. This comprehensive approach promises a better 
understanding of the intricate relationship between emotional stress 
and its physical effects and the development of effective, long-term 

strategies for improving an individual’s mental health with 
individualized therapies.

Cortisol (cort), a steroid hormone, is naturally released by the 
human body in response to both psychological and physiological 
stress. It plays a pivotal role in the body's stress response 
mechanisms and regulates metabolism and immune functions 2,6. 
Elevated cortisol levels have been associated with an increased risk 
of conditions such as anxiety, depression, cardiovascular diseases, 
and compromised immune responses 5,7,8. The cortisol secretion 
follows a circadian rhythm, increasing in the morning and gradually 
decreasing throughout the day. Furthermore, increased, or 
decreased cortisol levels than the normal range (morning: 10.2–27.3 
ng mL-1 and evening: 2.2–4.1 ng mL-1) 9, have been linked to the onset 
of Cushing's disease and Addison's disease 10,11, respectively. Given 
the importance of these findings, the development of efficient, rapid, 
and reliable cortisol detection methods holds significant value. Such 
advancements are essential for creating dynamic stress-response 
profiles, which can, in turn, support comprehensive therapy and 
wellness management 5,12–14. Currently, clinical estimation of cortisol 
primarily relies on techniques such as fluorescent enzyme-linked 
immunosorbent assays (ELISA) 15, fluorometric assays 16, traditional 
liquid chromatography-tandem mass spectrometry (LC-MS) 15, 
radioimmunoassay (RIA) 16, and others. These methods are known 
for their high sensitivity and specificity to the analytes. Still, they are 
laborious, time-consuming, expensive, require large sample 
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volumes, and cannot be conducted in a point-of-care (POC) setting. 
Recently, point-of-care devices based on electrochemical sensors 17–

19, surface plasmon resonance (SPR) sensors 20, and impedimetric 
biosensors 21 have been reported for the detection of cortisol. 
However, these technologies have several limitations, such as the 
need for mediators, complex electrode fabrication, a complex assay 
based on indirect cortisol measurement, high-voltage requirements, 
expensive instrumentation, or multi-step analyte modification to 
enable sensing. We are particularly interested in electrochemical 
approaches since they have shown excellent detection limits ranging 
from 1 pM to 1 μM, which can be further improved with better 
electrodes, recognition chemistry, and improved sample preparation 
and delivery 17,18,22.

Graphene, a two-dimensional material with high surface area 
and electrocatalytic activity, has attracted significant attention in 
biosensing and, more specifically, as an electrode for electrochemical 
sensing 23–27. There are several graphene production methods, 
including chemical vapor deposition, chemical exfoliation, etc., 28, 
and thermal reduction of graphene 29,30. Conventional methods 
require high-temperature processing or a multiple-stepped chemical 
synthesis, which lessens their widespread commercial potential. A 
straightforward and scalable approach uses a laser to write graphene 
and carbon nanostructures directly on polymeric substrates like 
polyimide (PI) thin films. Engraving is done using an infrared CO2 
laser, which results in laser-engraved graphene structures or LEG (it 
is also known as laser-induced graphene or LIG in some literature) 31–

33. In most cases, laser writing results in multi-layered graphene or 
carbon flakes. LEG or LIG have found widespread applications as 
electrodes for electrochemical sensors 34–36, batteries 37,38, and 
supercapacitors 32.

This work uses laser-engraving to produce poriferous laser-
engraved graphene (LEG) with high porosity on polyimide (PI) films. 
The LEG method employs a CO2 laser to directly pattern porous and 
multilayered graphene onto a thin PI surface. It is essential to 
optimize laser parameters such as laser power, exposure time, and 
PI thickness to obtain a very specific porous graphene realization of 
LEG, namely the LEG electrode. This is because photothermal (at high 
laser) or photochemical (at low laser) effects may affect the quality 
and composition of the LEG electrode 39. Compared to simple 
graphene-based electrodes, LEG electrodes provide high surface 
area, better electrochemical activity, and higher sensitivity 40,41. 
However, relatively few efforts have focussed on optimizing laser 
parameters to produce highly porous (or LEG) electrodes with 
further utilization in biosensing. In prior work, LEG-based electrodes 
were employed to sense cortisol. However, they used antibodies or 
aptamers as recognition elements 42,43. While antibodies and 
aptamers provide high selectivity to cortisol, they are expensive, 
requiring multiple time-consuming steps to synthesize. Moreover, 
they are also sensitive to temperature and humidity and have a short 
shelf life. For this reason, artificial receptors based on 
electropolymerized molecularly imprinted polymers (eMIP), are 
more suitable since they are stable and can be synthesized faster in 
a low-cost manner. There is already a body of work on using MIP for 
selective recognition of salivary cortisol 12,44. However, such MIP-
based sensing commonly involves the use of external redox signalling 
probes, for example, ferrocyanide/ ferricyanide redox couple, which 
further limits their use as POC due to the need for sample and sensor 
preparation. Moreover, none of the prior methods have employed 
them for monitoring stress in a longitudinal study employing human 
subjects 12,44–46. Such studies put more stringent requirements on 

sensor-to-sensor variability and demand scalability in fabrication. We 
show that there is potential for using LEG-based sensor strips to 
quantify human salivary cortisol levels with high sensitivity and 
selectivity and explore them for longitudinal studies for stress 
monitoring in human subjects with high reliability. 

In this work, we develop a simple, facile, and scalable process to 
fabricate a portable and disposable LEG electrodes-based cort-eMIP 
sensor strip consistently and reliably on PI film. The LEG electrodes 
were prepared by CO2 laser irradiating PI films in the atmosphere 
with optimal laser processing parameters (e.g., laser power, scanning 
speed, off-focus value, and scanning pass). The sensing approach is 
based on a label-free electrochemical approach, and the design 
consists of electropolymerized cortisol (cort) binding MIPs, namely 
cort-eMIPs as cort receptors. Fabrication of the platform involves a 
one-step, rapid, reproducible synthesis of a cort-receptor sensing 
membrane that begins with the direct electropolymerization of 
polypyrrole (PPy) in the presence of Prussian blue (PB) as embedded 
redox couple and cort as template molecules on surface activated 
LEG electrode. Subsequently, the elution of cortisol from the cort-
eMIP membrane was achieved via overoxidation of PPy-PB film, 
which induces a structural change in the polymer that releases the 
template cortisol molecule and leaves cort-binding sites inside the 
matrix. This obviates the need for complex labelling procedures or 
external redox probes. Different PPy-PB stochiometric ratios, 
electropolymerization cycles, pH effect, and monomer–template 
ratios were tested to optimize the cort-eMIP/LEG sensor 
performance. Interactions such as hydrogen bonding (H-bonds) and 
electrostatic forces are essential in releasing or re-binding the target 
analyte on the cort-binding site. The resulting platform consists of 
cort-eMIP on a single-use LEG-electrode with companion compact 
read-out electronics for an on-demand and easy-to-use stress 
monitoring anytime and anywhere. To demonstrate the applicability 
of this cort-eMIP sensor platform, we deployed them to monitor 
cortisol levels in human saliva samples collected as part of a stress 
study from 12 student volunteers exposed to different stress levels. 
To the best of our knowledge, this is the first report where a LEG-
based cort-eMIP sensor has been used reliably for longitudinal stress 
monitoring in human subjects. The reliability, as shown by the 
coefficient of variance of less than 8%, and sensitivity demonstrated 
by the LOD is less than 0.08 pgmL-1, representing a significant 
advance in salivary cortisol detection from a point-of-care (POC) 
diagnostic platform.

Materials and Methods

Materials and Reagents

Pyrrole (98%), potassium chloride (KCl), hydrochloric acid (HCl, ACS 
reagent 37%), potassium ferricyanide [K3Fe(CN)6], iron chloride 
hexahydrate (FeCl3.6H2O), sodium dihydrogen phosphate 
(NaH2PO4), disodium hydrogen phosphate (Na2HPO4), and sodium 
chloride (anhydrous) were all purchased from Sigma Aldrich and 
used as received. Methanol (99%) was purchased from Thermo 
Scientific and used as received. Cortisol was purchased from Sigma 
Aldrich and used as received. The cortisol competitive human ELISA 
kit was procured from ThermoFisher Scientific, USA. All the solutions 
were prepared in 0.20 µm membrane-filtered deionized water. 
Polyvinyl butyric acid (PVB, Butavar (B-98) was procured from Benton 
Chemical, USA, and used as received. The silver/silver chloride 
(Ag/AgCl) conductive ink for coating connection pads was procured 
from Kayaku Advanced Materials (USA). A polyimide sheet (PI) of 1.0 
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cm x 1.0 cm was layered on a polyethylene terephthalate (PET) 
substrate to fabricate the LEG-electrode. The PI (thickness 12.5 µm) 
was procured from Grainger, USA, and used as received. 
Testosterone, corticosterone, glucose, and lactate were purchased 
from Sigma Aldrich (USA) for interferent studies.

Instrumentation

A laser engraving and cutting system, equipped with a CO2 laser of 
wavelength λ = 10.6 μm, was employed to fabricate LEG under 
various conditions. These conditions involved the variation of laser 
power (P), scanning speed (v), repeated scanning passes (n), off-
focus value (Δf), image resolution, and gas flow. The surface 
morphology of the fabricated sensor at different stages was 
characterized using Nicolet 6700 FTIR attached with Smart iTX 
(Thermo Scientific) in ATR mode. Raman spectrum was recorded on 
a DXR Raman microscope (Thermo Scientific) at 532 nm. Scanning 
electron microscope (Axia), Thermo Scientific, USA, used to generate 
SEM images. The potentiostat used (Electrochemical Workstation), 
and the commercial Ag/AgCl reference electrode were purchased 
from CH Instruments. The phase and structural identification of the 
grown Graphene oxide was done by X-ray diffraction method 
(RIGAKU ULTIMA-IV instrument with Cu-Kα X-ray source). Thermo 
Scientific Multilab 2000 with Al Kα radiation operated at 15 kV, XPS 
instrument was utilized to identify Fe and N doped graphene oxide 
material's elemental composition and oxidation states. Further 
deconvolution of overlapped peaks identifies the chemical 
compositions of each element for each sample. Furthermore, their 
adjusted peak areas calculated the accurate atomic percentage of 
each composition present in the matrix. 

Fabrication of LEG electrodes

The LEG electrodes, comprising a 3-electrode system, were 
fabricated using a laser ablation technique on a PI sheet (see Fig. S1). 
Among the three electrodes, the middle one was designated as the 
working electrode (WE), while the curved one was defined as the 
counter electrode (CE). The third electrode was coated with Ag/AgCl 
paste and then baked at 60°C for 1 hour. Subsequently, the reference 
electrode was established by drop-casting a PVB-membrane cocktail 
(consisting of PVB polymer containing sodium chloride dissolved in 
methanol) onto the Ag/AgCl-coated electrode to designate it as a 
reference electrode (RE). Before use, the LEG electrodes were 
activated with 0.50 M H2SO4 (containing 0.10 M KCl) by sweeping the 
voltage between 1.0 and -1.20 V at a scan rate of 100 mV/ sec (5-6 
cycles) until a flat CV curve was obtained (data not shown). This step 
ensures the surface is thoroughly cleaned and ready for further use.

Fabrication of cort-eMIP sensor

The fabrication of the cort-eMIP sensor was carried out through 
electropolymerization using cyclic voltammetry (CV) within a 
potential range of -0.30 to +0.80 V, with a scan rate of 50 mV/s, for 
20 cycles in phosphate-buffered saline (PBS) with a pH of 7.4. The 
polymerization solution contained pyrrole (6.0 mM), cortisol (1.5 
mM), FeCl3.6H2O (5.0 mM), K3[Fe(CN)6] (5.0 mM), and HCl (0.10 mM) 
until optimized. Following electropolymerization, the cort-eMIP 
electrode underwent three washes with PBS to remove any 
unreacted compounds. The embedded cortisol molecules were 
extracted from the PPy-PB matrix through over-oxidation by 
sweeping the potential from -0.40 to +0.60 V for 20 cycles in PBS to 
create specific binding sites for cortisol. The non-imprinted polymer, 
referred to as the cort-eNIP electrode, was fabricated similarly, 

except that no template (cortisol) was included in the polymer 
cocktail mixture.

Human saliva collection and storage

All samples were obtained using the Tufts University Institutional 
Review Board (IRB) approved protocol under Protocol No. 1706030. 
Human saliva samples were collected from student volunteers at 
Tufts University using validated polypropylene vials, specifically 
SalivaBio 2ml cryovials (Salimetrics Item No 5004.01), through the 
passive drooling method. The collection occurred at four distinct 
time points (baseline, immediate pre-stress, immediate post-stress, 
and 20 min post-stress) to investigate the stress response. After 
collection, the vials were securely sealed to withstand temperatures 
as low as -80 °C They featured external threading to facilitate the use 
of the Saliva Collection Aid (SCA- Salimetrics Items No. 5016.02) for 
guiding drool directly into the cryovial. Participants inserted a small 
cotton tube into their mouths and sucked on it for one minute, then 
placed the cotton piece into a tube for later testing. Subsequently, 
the tubes were transferred to a conical tube storage box and stored 
in a laboratory refrigerator set at -80 °C for preservation. All salivary 
cortisol underwent testing using the enzyme-linked immunosorbent 
assay (ELISA), a standard testing method, within three months of 
collection. Samples were shipped frozen to Salimetrics for ELISA 
analysis via FedEx. The saliva collected from the bottom of the V-tube 
underwent further testing with the Cort-sensor and a commercial 
cortisol ELISA-Kit.

Matrix (Human Saliva) preparation for cortisol detection

The saliva sample obtained from the lower part of the salivary vessel 
was subjected to centrifugation at 2500x rpm for 20 minutes. The 
resulting supernatant was collected, mixed with an equal volume of 
PBS (at a 1:1 ratio, v/v), and thoroughly homogenized before usage. 
A 20 µL aliquot of the saliva sample was applied to the electrode 
surface for cortisol sensing. At the same time, the second portion was 
utilized for cortisol ELISA-kit testing to validate the results. The 
dilution factor was considered when determining the actual 
concentration of cort in the saliva sample. After the testing, the 
sensors and materials that had encountered the saliva samples were 
handled in compliance with regulatory guidelines to mitigate 
potential biohazard risks.

Sensor readout using Chronoamperometry (CA)

To emphasize the interfacial properties of the fabricated cort-eMIP 
sensor at each fabrication step, the CV and differential pulse 
voltammetry (DPV) were performed in 0.10 M PBS (pH 7.4, 
containing 0.10 M KCl as electrolyte) buffer. The sensor sensitivity 
was measured using chronoamperometry (CA) to measure the 
change in the oxidation current of PB on the electrode surface after 
cortisol occupied the memory sites. A 20 µL specific concentration of 
cortisol prepared in PBS was dropped on a horizontally supported 
three-electrode surface. Post incubation (2 min), the CA was applied 
under the following conditions: initial potential 0 V, a high potential 
0.10 V for a pulse width of 60 sec with a sample interval of 0.10 sec. 
Change in oxidation current was measured post stabilization of signal 
after 40 sec vs. Ag/AgCl.

Results and Discussion
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Sensor design and principle

The proposed cort-eMIP sensor relies on amperometric 
transduction, utilizing the Cort-PPy-MIP layer to detect cortisol 
molecules. Fig. 1 illustrates the schematic representation of the Cort-
eMIP/LEG sensor, which incorporates a three-electrode system 
(working electrode-WE, counter electrode-CE, and reference 
electrode-RE). These electrodes (WE, CE, and RE) have been 
integrated into a PI film through laser engraving. The WEs have been 
created by optimally carbonizing PI, resulting in a multilayer and 
porous graphene structure at the engraving site. Subsequently, one 
of the three electrodes is coated with Ag/AgCl ink to convert into an 
RE. For WE, Cort-PPy-MIP is polymerized on one of the LEG 
electrodes through the electropolymerization of polypyrrole (PPy) on 
an electrochemically activated LEG electrode. The oxidation of 
pyrrole (as a functional monomer) in a cocktail solution containing 
cortisol (as a template) with ferric trichloride and ferricyanide 
resulted in the formation of the embedded PB-redox mediator and 
the creation of Cort-PPy-eMIP. The PPy-LEG layer provides a highly 
conductive surface and receptor loading, while eMIP offers a high 
binding affinity. These properties further enhance sensitivity. The 
subsequent step involved the extraction of cortisol molecules from 
the scaffold, achieved through the over-oxidation of pyrrole. This 
process led to the creation of molecularly imprinted cavities within 
the PPy-film. Cort-PPy-eNIP was prepared similarly but without 
cortisol molecules in the cocktail solution. In the presence of cortisol 
as the template, cortisol molecules diffused into these cavities, 
binding within the memory sites/ pockets and creating a barrier to 
electron transfer. For WE, the cort-eMIP film is meticulously grafted 
onto its LEG surface. This film strip with three electrodes is then used 
for chronoamperometric (CA) measurements for cortisol 
quantification in target media, as depicted in Fig. 1. 

Fabrication of Cort-eMIP/ eNIP films

Pyrrole monomers can be electro-oxidized to enable the controlled 
formation of PPy-matrix onto a transducer surface by applying a 

potential 47. Several parameters influence the growth of the polymer 
matrix 48. For instance, high monomer concentrations are known to 
reduce the eMIP sensitivity due to the formation of films with 
excessive density or thickness, leading to insufficient binding sites 47. 
Non-optimized crosslinkers and template stoichiometric can lead to 
loosely bound eMIP, which might result in degradation and lower 
binding affinity 49,50. To address the above concerns, we employed 
CV to control the oxidation process, following an earlier reported 
method with optimized electrodeposition parameters 7. Fig. 2a and 
2b shows the voltammograms generated from the 
electropolymerization of cort-eMIP and cort-eNIP on the LEG 
electrode surface, respectively. To act as a control for comparison 
with the eMIP sensor, the eNIP sensor is prepared similarly but 
without adding a template molecule to the cocktail solution. As the 
eMIP film is electropolymerized and growing onto the electrode, the 
cortisol molecule diffuses through the precursor mixture and 
becomes embedded in the resulting film, whereas eNIP does not 
contain cortisol molecules. Fig. 2(a) shows how, from -0.30 to 0.80 V 
(the region encircled with the dotted line), the magnitude of the 
oxidation and reduction peak current signal increases in the direction 
the arrow indicates as the film grows. The behavior is also observed 
for the NIP film (Fig. 2b), but there is no significant change in the 
current intensity or an increase in film thickness when compared to 
eMIP film formation. It is plausibly due to the lack of formation of a 
polymeric layer with the absence of an electroactive cortisol 
molecule 51. A negligible increase of current signal after 20 
electropolymerization cycles (Fig. 2a and 2b) signifies that the 
electrode surface is covered with eMIP film of sufficient thickness, 
where further electropolymerization cycles might be 
counterproductive as it will generate a thicker polymeric film limiting 
charge transfer from the electrode surface through the eMIP film, 
which will lead to the lower sensitivity 51,52. Therefore, a 20 CV 
deposition cycle was selected to fabricate the eMIP and eNIP films.

The next step involved extracting bound cortisol-template 
molecules from the eMIP scaffold to create complementary or 
memory sites. During the polymerization process, the following 

Figure 1: Schematic for fabrication of Cort-eMIP sensor (eMIP- electropolymerized molecularly imprinted polymer; CV- Cyclic voltammetry; 
Cort-Cortisol; RE- reference electrode; PBS- phosphate buffer saline).
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interactions could occur (i) hydrogen bonding interaction between 
the hydroxy group of cortisol and the imide nitrogen of PPy, and (ii) 
hydrogen bonding interaction between the carboxy group of cortisol 
and the imide nitrogen of PPy 47,51. Voltammetric overoxidation of 
the PPy scaffold results disrupts the hydrogen bonding interaction, 

allowing cortisol to be eluted and generating complementary cavities 
of cortisol in the eMIP film 47,51. We employed overoxidation in a 
buffer solution to prevent damage to the MIP layer. By applying the 
appropriate electrode potentials, overoxidizing the pyrrole-MIP layer 
improved the selectivity and sensitivity of PPy-based MIP sensors, 
resulting in superior selectivity for the imprinted analytes 53,54. 
Additionally, removal of template molecule by overoxidation, as 
opposed to extraction by washing with organic solvents, helps avoid 
solvent-induced swelling of the PPy/PB scaffold, which could 
promote nonspecific binding 55. The elution process was performed 
in a PBS buffer. 

As depicted by the directional arrows in Fig. 2c and 2d, this 
process resulted in a decrease in current magnitude in response to 
an increasing number of CV elution cycles, as weakly bound pyrrole 
and redox precursors were removed during film conditioning, and as 
cortisol emerged from the eMIP film (Fig. 2c). The elution of the eNIP 
film (Fig. 2d) showed a lack of cathodic and anodic peak in current 
magnitude, indicating that the elution process caused irreversible 
oxidation of the PPy/PB scaffold. From Fig. 2c, it is evident that there 
was no significant difference in the magnitude of sensor current after 
15 cycles. This suggests that 15 elution cycles could be sufficient. 
However, 20 cycles were selected to ensure the effective 
conditioning of the eMIP film. The prepared sensors were stored at 
room temperature under a nitrogen environment if not in use.

Characterization and analytical performance

Surface characterization

The LEG electrode was fabricated by optimizing different laser 
parameters (power, speed, focus, and direction), as summarized in 
the supplementary section (ST1). The laser power of 22 with a laser 

Figure 3: (a) Raman spectrum of LEG-electrode (black curve) and polyimide (PI, green curve); FTIR spectrum of (b) LEG-electrode; (c) before 
extraction of electropolymerized Cort-eMIP on LEG electrode; (d) before extraction of electropolymerized Cort-eNIP on LEG electrode; (e) 
after extraction of electropolymerized Cort-eMIP on LEG electrode; (f) after extraction of electropolymerized Cort-eMIP on LEG electrode 
at a scan rate of 32 cm-1 in ATR mode.

Figure 2: Cyclic voltammograms of (a) eMIP deposited in the 
polymeric cocktail containing (pyrrole-6.0 mM, cortisol- 1.5 mM, 
FeCl3.6H2O -5.0 mM, K3[Fe(CN)6]-5.0 mM, and HCl -0.10 mM and (b) 
eNIP deposited without template at the potential range of -0.30 to 
+0.80 V, with a scan rate of 50 mV/s, for 20 cycles in phosphate-
buffered saline (PBS) with a pH of 7.4 Cyclic voltammograms of (c) 
cortisol elution from eMIP and (d) eNIP matrix by at potential range 
of -0.40 to +0.60 V, with a scan rate of 50 mV/s, for 20 cycles in 
phosphate-buffered saline (PBS) with a pH of 7.4.
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speed of 5.25 % with 0.50 mm defocus resulted in the desired LEG 
electrode for this application. The resulting LEG electrodes exhibit an 
average resistance of 32 ± 5 Ω/cm (n = 6). The Raman spectrum of 
the porous laser-engraved graphene (LEG) electrode and polyimide 
(PI) surface were compared to study and confirm the graphene 
production. The Raman spectrum of the LEG electrode exhibited 
three distinguished peaks (D, G, and 2D peaks) (Fig. 3a, curve a). In 
contrast, the non-engraved PI surface did not show any prominent 
band (Fig. 3a, green curve), which is usually present within 1200-
1300 cm-1. Small spikes close to the baseline between 1800 to 2500 
cm-1 are due to the background signal. This observation is consistent 
with findings reported in the literature by Lin et al. and others 28,32. 
The D peak (roughly at 1,356 cm−1) is reflected by either sp2 bonds 
between atomic carbons or lattice defects, and a second peak, a G 
peak roughly at 1,586 cm−1, appeared. The third and second-order D 
(2D) peak is unique to randomly stacked graphene sheets in the c-
axis 32,56 and was observed at roughly 2714 cm−1. Ultimately, the 
intensity ratio of the D/G confirms the extent of graphene formation 
during the LEG fabrication process. In Fig. 3a, the ratio of 2D/G peaks 
is calculated as 0.66, indicating the formation of multilayer graphene 
structures (n = 10). The FT-IR spectrum in Fig. 3b-f shows a 
characteristic signal peak corresponding to the formation of cort-
eMIP or cort-eNIP. In Fig. 3c, the LEG electrode lacks prominent 
vibrational peaks associated with IR-inactive functional groups, such 
as (-OH, -C=O, -COOH), typically observed in graphenic material 57. 
This suggests a low level of defects in the graphene polyimide. The 
cort-eMIP showed vibrational bands corresponding to the PPy ring in 
the fingerprint’s region at 1635, 1455 cm-1 for cort-eMIP and 1638, 
1459 cm-1 for eNIP. The blue shift in eNIP signifies the absence of 
electrostatic interaction between the cort and PPy polymeric chain. 
The presence of additional bands at around 2850-3000 cm-1 (due to 
-CH stretching vibrations) with the medium band at 1044 cm-1 (cort-
eMIP) and 1039 cm-1 (cort-eNIP) confirm the formation of the PPy 
network. Cortisol-bound eMIP showed strong peaks around 1719 cm-

1 (str, -C=O) and 1158 cm-1 for -CN vibration with an out-of-plane 
bending vibrational at 942 cm-1 complement to broad peak centered 
around 3388 cm-1 due to hydrogen-bonded -OH stretching of cortisol 
44,58,59. Post extraction, the signal around 1147 cm-1 and 942 cm-1 are 
almost disappearing in cort-eMIP and absent in cort-eNIP, which 
resembles the absence of hydrogen bonding and confirms the 
cortisol is being completely extracted from eMIP.

The X-ray diffraction (XRD) studies for the base electrode, e-NIP 
with extraction, e-NIP without extraction, and e-MIP with extraction 
are presented in Fig. S2, revealing the characteristic crystal structures 
of these samples. The (002) reflection plane peaks appear at 2θ 
values of 22.82°, 22.92°, 22.87°, 22.93°, and 22.91°, respectively, 
indicating a consistent interlayer arrangement across the samples. 
For comparison, graphene displays a distinct (002) peak at 2θ = 26.5°. 
The shift in interlayer spacing observed in the samples suggests the 
intercalation of oxygen-containing groups, which disrupted the 
original crystal structure. This modification likely results from the 
oxidation occurring during the reduction of polyimide to graphene.

X-ray Photoelectron Spectroscopy (XPS) is a powerful technique 
for characterizing the MIP in sensors 60–62. XPS measurements were 
performed on each step of the sensor fabrication procedure. XPS 
signals originating from C, O, N, and Fe atoms within the film are 
measurable on the respective samples. Fig. 4a, the wide-scan 
spectrum shows multiple peaks corresponding to the elements in the 
electrochemically treated laser-engraved graphene electrode with C 
and O. In Fig. 4b-4c, the XPS signatures at binding energy ~284.8 eV 

and 532 eV corresponding to C1s and O1s were observed as expected 
for graphene-based materials 63–65. As shown in Fig. 4d and 4e, the 
peaks for C 1s, O 1s, N 1s, and Fe 2p are evident, confirming the 
successful doping of nitrogen and iron in the material during 
the electropolymerization process 63,65. The appearance of C 1s (~284 
eV), N 1s peak (~400 eV), Fe 2p peak (~711 eV), and O 1s peak (~530 
eV) confirms the successful introduction of nitrogen and iron atoms 
into the structure 66. Fig. 4f displays the deconvoluted C 1s spectrum, 
indicating the different bonding states of carbon, representing the 
intact graphene structure for bonded to nitrogen or oxygen (C–C, C–
N, C–O) 64, typical in graphene-based materials [6]. Similarly, Fig. 4g 
shows peaks corresponding to different oxygen functionalities on the 
functionalized electrode surface. The peak at 531.6 eV is assigned to 
carbonyl oxygen (C=O) or metal-oxygen bonds (M–O, where M is 
iron) 66. The peak at 532.2 eV is attributed to the C–O bond, and the 
peak at 533 eV corresponds to oxygen in hydroxyl (C–OH) or epoxy 
(C–O–C) groups 67. Fig. 4h shows a peak around 400 eV attributed to 
pyrrolic nitrogen, where nitrogen is bonded to two carbon atoms 
within a five-membered ring 65. The peak at 401 eV is associated with 
graphitic nitrogen, indicating nitrogen incorporated into the 
graphitic plane 68. The high-resolution Fe 2p spectrum (Fig. 4i) reveals 
several distinct peaks, indicating the presence of iron oxidation 
states 66,69. Similar findings were obtained for the cort-eNIP 
electrode (Fig. S3, without template extraction), cort-eMIP electrode 
before template extraction (Fig. 4j and Fig. S4), and cort-eMIP sensor 
electrode after template extraction (Fig. 4k-4o) procedures.

Apart from the positioning of peaks in the XPS spectrum, it is 
important to compare the atomic ratio to evaluate the estimate 
of the removal of cortisol after extraction. The atomic ratio between 
N1S (pyrrolic) and O1S has been used to quantitively estimate 
template removal after overoxidation of the sensor in a buffer 
medium. In particular, the atomic ratio decreases from 1.13 ± 0.03 to 
0.92 ± 0.02, confirming the removal of cortisol during overoxidation 
in buffer medium, as already observed in SEM and CV (overoxidation) 
analyses. The energies and assigned chemical groups for each peak 
within the region’s envelopes are listed in ST2. All the features in 
cort-eNIP are present in the cort-eMIP sensor before and after the 
cortisol extraction procedure; the only noticeable difference can be 
found for C=O/Fe-OH percentage, which decreases post-extraction. 
This is due to removing cortisol molecules bearing C=O and C-O 
functional groups. If the component relative to Fe on the MIP before 
and after template removal are compared, it is possible to observe 
that its intensities increase after overoxidation in buffer, possibly due 
to the removal of cortisol and its oxygen functional groups. It is 
important to note that the same component did not increase in 
the cort-eNIP film when treated in a buffer medium. This confirms 
that the adopted process was reliable enough to fabricate the MIP-
based sensor.
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In Fig. 5, the scanning electron microscopy (SEM) studies reveal 
the surface morphology of the LEG electrode (Fig. 5a-c), and how it 
changed after each modification step on the LEG (Fig. 5d-f). A highly 
network and multilayer porous graphene can be easily seen in Fig. 
5a. Fig. 5b and 5c represent the zoom-in image depicting the porous 
LEG surface. The cort-eMIP electrode surface is covered with 
polymeric film post-electropolymerization (Fig. 5d). The comparison 
between template-bound eMIP and eNIP films suggests that the eNIP 
electrode develops non-porous surface morphology compared to 
eMIP. This could be due to the presence of cortisol in eMIP while 
eluting, leaving a porous structure behind, as evident from Fig. 5e. In 
contrast, eNIP film grows with a lack of cortisol molecules (Fig. 5f), 
enabling polymerization to process through more extended branch-
like formations. The surface roughness of the modified working 
electrodes was assessed using atomic force microscopy (AFM). This 
technique provides detailed surface topography analysis, including 

two-dimensional (2D) and three-dimensional (3D) images, as shown 
in Fig. S5. Fig. S5a presents the cort-eNIP electrode surface formed 
by electropolymerization. The roughness was quantified using the 
root mean square (RMS, Rq), which was 1.074 ± 0.330 µm (Rsk = -
0.0143) for the cort-eNIP electrode respectively. Before template 
removal, the Rq value increased to 2.059 ± 0.249 µm (Rsk = -0.0286) 
for the cort-eMIP electrode, likely due to cortisol entrapment within 
the polymeric scaffold. After template extraction, further 
topographical analysis revealed a significant increase in Rq value, 
indicating a substantial rise in surface roughness attributed to the 
formation of cavities. The Rq value for the cort-eMIP electrode (post-
template removal) was 2.524 ± 0.196 µm (Rsk = -0.0258). The 
negative skewness, indicating surface asymmetry, supports the 
presence of cavities after template extraction. The obtained results 
are well aligned, as reported in the literature 60,62. Furthermore, one 

Figure 4: High-resolution XPS survey and deconvoluted spectra for (a-c) bare electrode; (d) e-NIP electrode without and (e-i) after 
cortisol (template) extraction; cort-eMIP electrode (j) before extraction and (k-o) after cortisol extraction.
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might be interested in performing a Brunauer-Emmett-Teller (BET) 
surface area analysis. This could allow measurement of the surface 
area and pore size distribution of electropolymerized MIP and will 
help in studying in detail the cavities formed from eluting the bound 
template 70. This was not the focus of this study, as characterization 
studies employed confirmed the surface morphology  60,62,71.

In Fig. S6a, the CV study demonstrates the sensor response at 
different scan rates ranging from 10 to 500 mV/s. The CV analysis 
revealed a quasi-reversible process observed at a slower scan rate. 
The oxidation and reduction peaks depicted in the CV (Fig. S6a) show 
a relatively equivalent potential response. As the scan rate increased, 
the peak current increased, indicating steady electron transfer 
kinetics on the sensor strip surface. Furthermore, the oxidation and 
reduction currents exhibited a linear increase with the square root of 
the scan rate (Fig. S6b). This suggests electrochemically reversible 
electron transfer processes involving freely diffusing redox species, 
closely matching the Randles−Sevcik equation.

Optimization and analytical performance

Fig. 2c shows that the cort-eMIP sensor, fabricated through 
electropolymerization/ elution, displays an oxidation peak around 
0.10 V. This peak can be attributed to the PB redox mediator 
embedded in the eMIP scaffold. To investigate this further, eMIP 
sensors were subjected to CV measurements in PBS at a 
concentration of 0.10 M and a pH of 7.4, both with and without 
cortisol concentrations (1.0 pg mL-1). The results obtained in Fig. 6a 
(DPV) and 5b (CV) reveal that an increasing cortisol concentration 
causes a decrease in the magnitude of the oxidation peak current 
signal around 0.10 V. This reduction is attributed to cortisol diffusing 
from the solution into unoccupied cavities within the cort-eMIP 
scaffold, which acts as binding sites. In contrast, the cort-eNIP 
sensors did not exhibit any similar changes. The bound cortisol 
molecules hinder the charge transfer or PB oxidation, resulting in a 
decrease in current. Based on these findings, the current signal (CA) 
was measured at a fixed potential of 0.10 V across a series of eMIP 

sensors with 60 µL of cortisol solutions in PBS at varying 
concentrations (ranging from 0.10 to 10000 pg mL-1).

The chronoamperogram displayed in Fig. 6c shows an apparent 
stabilization of the current signal after approximately 60 seconds, 
governed by diffusion 72. Therefore, the signal at 60 seconds for each 
cortisol concentration was used to establish a calibration curve. The 
resulting graph (Fig. 6c) illustrates a decrease in the eMIP current 
signal with an increase in cortisol concentration from 0.10 to 10000 
pg mL-1. The cort-eNIP sensor did not significantly change in the 
current with increased cortisol concentration (Fig. 6d). Fig. 6e and 5f 
show the magnified chronoamperogram for the eMIP and eNIP cort 
sensor, respectively. The sensors’ sensitivity within the 0.10 to 10000 
pg mL-1 cort concentration range is 0.8518 µA log-1 (pg mL-1), with a 
coefficient of correlation (R2) of 0.9844 for n=4 sensors at each 
concentration (Fig. 6g). The limit of detection (LOD) was calculated 
from the regression equation in Fig. 6g, using the average standard 
deviation (SD) and slope, where LOD = (3.3 x SD) / slope, resulting in 
a LOD of 0.08 pg mL-1. The relative reproducibility over four sensor 
sensing strips for each concentration was also calculated. The high 
precision is further demonstrated in Fig. 6h, where 
chronoamperometric measurements obtained from four sensors at 
cortisol/PBS concentrations of 0.0 and 10 pg mL-1, with a sensor 
current at 60 seconds, present relative standard deviations (% RSD) 
of 3.29%, and 2.69 %, respectively are presented.

 A series of incubation times were tested to optimize the optimal 
time required to allow the diffusion of cortisol molecules from the 
test solution into the eMIP sensor strip cavities. Fig. S7 demonstrates 
that the measured current from sensors incubated in 60 µL of 1.0 pg 
mL-1 cortisol for 1, 2, 5, 7, and 10 min. The change in current did not 
change much after 2 min of incubation. Therefore, the 2-minute 
incubation time was used as the optimum time, which provided a 
rapid measurement time of 3 minutes, including a 1.0-minute 
measurement time. The saliva pH may vary in each individual based 
on their diet and health status. This suggests that pH might affect 
sensor performance. To investigate this, measurements were 
performed in 1.0 pg mL-1 cortisol at pH levels of 6, 6.5, 7.0, 7.4, and 
7.8, covering the physiological range of human saliva. The results 

Figure 5: SEM images of (a) cleaned LEG-electrode (at 100 µm); (b) zoom-in image of LEG-electrode (at 10 µm); (c) LEG-electrode (at 2 µm); 
(d) cort-eMIP electrode before extraction (at 10 µm); (e) cort-eMIP electrode after extraction (at 10 µm); (f) cort-eNIP electrode after 
extraction (at 10 µm).
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(Fig. S8) confirm that the maximum change in current was observed 
at pH 7.4. Therefore, pH 7.4 was used in further experimentation. Fig. 
S9 and S7 show the effect of monomer and template-monomer ratio. 
It is evident from Fig. S9 (monomer concentration) and Fig. S10 that 
the monomer: template ratio of 2:1 and 4:1 showed similar 
responses. This higher response could be attributed to the optimum 
polymer matrix network (PPy-PB) with maximum interaction with 
template (cortisol) molecules. However, to maximize and achieve 
higher binding efficiency, a 4:1 (pyrrole: cortisol) ratio was selected 
and used in further experimentation (Fig. S10).

The developed sensor is specifically designed to analyze human 
saliva samples, representing intricate compound mixtures. Saliva 
contains various small molecules, including hormones that bear 
structural similarities to cortisol, such as testosterone, glucose, 

lactate, etc. These analogous molecules can potentially disrupt the 
sensor's performance by binding to the eMIP cavities, thereby 
altering the sensor's signal. To assess the cort-eMIP sensor's 
specificity, we conducted current response measurements across a 
spectrum of potential structural and non-structural interferents at 
concentrations relevant to physiological conditions. Fig. 6i depicts 
the current responses that were obtained from interference 
experiments. Our findings indicated that these potential interferents 
induced a significantly smaller deviation in the current (less than 
10%) compared to the sensor's response to the cortisol target (at 1.0 
pg ml-1). The current response observed during cross-reactivity could 
be derived from the unwanted interaction of interferents with 
hydroxyl groups, resulting in interaction or somehow trapped due to 
their small size, such as glucose. Furthermore, a control experiment 
employing cort-eNIP sensor strips (depicted in Fig. 6d and 5g) 

Figure 6: Characterization of cort-eMIP and cort-eNIP sensor performance. (a) differential pulse voltammogram (DPV) with and without 
1.0 pg mL-1 cort concentration with an oxidation peak at around 0.10 V; (b) change (decrease) in current response in cyclic voltammogram 
(CV) with and without 1.0 pg mL-1 cort concentration with an oxidation peak at around 0.10 V at 0.10 V/s scan rate; (c) Chronoamperogram 
(CA) of the cort-eMIP sensor with increasing cortisol concentration (0.10 to 10000 pg mL-1) reducing the oxidation current magnitude at 
0.10 V bias; (d) ) Chronoamperogram (CA) of cort-eNIP sensor with increasing cortisol concentration (0.10 to 10000 pg mL-1) reducing the 
oxidation current magnitude at 0.10 V bias; (e and f) magnifying CA curve of eMIP and eNIP sensor for varying cort concentrations; (g) 
Calibration curve of cort-eMIP (blue linear-fit) and cort-eNIP (violet linear-fit) sensor in PBS (0.10 M, pH 7.4) with cortisol ranges from 0.10 
to 10000 pg mL-1. (h) Reproducibility performance of the sensor; (i) interference studies with structural and non-structural analogs. Each 
plot with an error bar depicting the replicate measurements of n = 4 sensors.
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conclusively verified that the NIP film lacks selectivity for cortisol 
over the cort-eMIP sensor.

During the fabrication of e-NIP sensors, the absence of cortisol 
molecules should not lead to the formation of complementary 
cavities for selective cortisol binding, akin to those found in e-MIP 
sensors. To substantiate this assumption, we generated a calibration 
plot using e-NIP sensors (Fig. 6g) and cortisol solutions in spiked 
artificial saliva (Fig. 7a). The resulting plot, depicted in Fig. 6g, 
demonstrates a sensitivity of 0.082 µA log-1 (pg mL-1) with R² = 0.8488 
in PBS. This shows the significantly lower performance of the cort-
eNIP to be deployed as a cort-sensor. Furthermore, the fabricated 
sensing device is meant for cortisol sensing in human saliva samples, 
so an additional calibration curve was constructed in cortisol-spiked 
artificial saliva samples. Fig. 7a demonstrates the ability of the 
developed sensor to quantify cortisol in spiked artificial saliva 
samples mimicking the real environment. Cort-eMIP sensor showed 
a sensitivity of 0.1655 µA log-1 (pg mL-1), LOD of 0.08 pg mL-1 with R2 
= 0.9983 (n=4). In comparison, the cort-eNIP sensor showed a 
sensitivity of 0.012 µA log-1 (pg mL-1), with R2 = 0.8492 (n=4). This is 
one of the lowest LODs achieved using LEG-based electrodes for 
cortisol quantification in human saliva compared to other reports, as 
summarized (see supplementary table ST3).

Cortisol quantification in human saliva and validation

After performing studies in spiked artificial saliva samples, the 
performance of the cort-eMIP sensor was validated to quantify 
cortisol in human saliva samples. The procedure used for testing the 
saliva sample is depicted in Fig. 7b. Fig. 7b illustrates the results 
obtained for quantifying cortisol from a saliva sample collected from 
a human volunteer at Tufts University as part of a stress study (see 
experimental section). It is important to note that this cort-eMIP-

based sensor was designed as a single-use disposable strip-based 
sensor that employs dielectric ink to define a sensing region, 
restricting the sample to this area for electrochemical 
measurements. The operational principle of the cort-eMIP-based 
sensor ensures that once cortisol molecules (the target analyte) are 
bound to the complementary cort-binding sites on the cort-eMIP 
layer, they will remain in place during subsequent measurements 
while measuring the signal. Consequently, each sensor strip was 
designed for single-use measurement purposes. In the future, if 
there arises a need to reuse the sensor patch, regeneration may be 
possible through methods such as overoxidation or incubating the 
sensor strip into a porogenic solvent such as methanol: acetic acid 
mixture 46,73.

The sensors were tested rigorously in saliva samples obtained 
from human subjects as part of a longitudinal stress study. The 
cortisol circadian rhythm refers to the 24-hour biological cycle with 
fluctuating cortisol levels in response to stress. Saliva samples were 
collected from human volunteers at various time points, including 
baseline, before stress induction, after stress exposure, and 20 
minutes post-stress, to investigate the change in cortisol level and 
stress response pattern (as per approved IRB protocol for stress 
study mentioned in our earlier study 3). These time points 
mentioned- are widely used and generally appropriate for capturing 
cortisol variability in response to stress 3,74. These intervals align with 
the dynamics of cortisol secretion, as cortisol levels typically rise 
within 15–20 minutes following a stressor and then gradually return 
to baseline levels. Cortisol quantification was conducted on triplicate 
saliva samples collected from 12 human volunteers. The current 
signal was measured at 60-second intervals for each sample, akin to 
the calibration curve. Concurrently, the same samples were analysed 
using a commercial cortisol-ELISA kit and a Salimetric analysis for 

Figure 7: (a) Calibration curve in spiked artificial saliva sample with increasing cortisol ranges from 0.10 to 10000 pg mL-1 for cort-eMIP 
(blue curve) and cort-eNIP (violet curve) sensor strip; (b) Illustration of sample collection and testing for study stress level through salivary 
cortisol quantification (Note: Biorender was used to partly draw the Figure 7b); (c) Comparison and validation of developed cort-eMIP 
strip sensor with ELISA and Salimetric analysis for the same human saliva samples (*Salimetric is the third-party commercial service 
provider for independent measurement); establishment of correlation between cort-eMIP/LEG sensor with (d) Salimetric and (e) with 
ELISA methods for cortisol determination in same salivary sample.
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salivary cortisol measurement (Fig. 7c). We calculated the regression 
between the cort-eMIP sensor and the cortisol ELISA kit. The results 
summarized in the supplementary table (ST4) show excellent 
agreement with less than an 8.0% standard deviation (ranging from 
94.0% to 108.0%) for each testing method. These findings 
demonstrate that the developed cort-eMIP sensor strip is highly 
reliable and exhibits strong to excellent consistency and agreement 
with the widely used ELISA method for detecting salivary cortisol in 
student volunteers exposed to varying stress levels. There is a high 
correlation between the results obtained from the developed cort-
eMIP/LEG sensor strip with Salimetric (Fig. 7d) and ELISA (Fig. 7e) 
with a correlation factor of r = 0.9965 (with Salimetric) and r = 0.9936 
(with cortisol ELISA), respectively. The obtained comparative results 
validate the accuracy of rapid cortisol detection using our proposed 
cort-eMIP/LEG sensor. The sensor's precision, with an average 
coefficient of variation of less than 10 %, is comparable to that of 
conventional commercial methods and covers the acceptable range 
for cortisol detection in stress monitoring.

Conclusions

We developed an ultrasensitive and disposable biosensor strip for 
detecting cortisol, a potent stress biomarker, using an eMIP on a LEG 
electrode (known here as cort-eMIP/LEG). The sensor demonstrated 
a dynamic determination of 0.10 to 10000 pg mL-1 and a low 
detection limit of 20 fg mL-1 in saliva (S/N=3), which exceeds the 
requirements for cortisol levels in saliva. Requiring minimal to no 
sample preparation, it is highly suitable for monitoring stress in the 
general population anywhere. The sensor was validated on saliva 
samples from human volunteers who were subjected to stress. The 
obtained results also indicate that the cortisol sensor exhibits high 
reliability and strongly correlates to the on-site ELISA Standard assay. 
This validation was further confirmed by an external third-party 
service for all samples. This rigor demonstrates reliability from low 
sensor-to-sensor variation and scalable fabrication. While a given 
design with a known geometry was tested, there is considerable 
flexibility in choosing both the design and dimensions of the LEG 
electrodes owing to the nature of the direct-write capability of the 
laser. The scalability of the fabrication process for producing LEG 
electrodes and the cost-effectiveness of the raw materials used in 
developing the highly sensitive sensor platform are noteworthy 
advantages of this sensor platform. 

Other salient features of the proposed eMIP/LEG-based cortisol 
sensors are its higher sensitivity due to increased electrode surface 
of LEG electrode, improved selectivity due to the use of eMIP, and 
the ease of reproducibility of the sensor, making this an ideal 
platform for point-of-care diagnostics and health monitoring. It is 
important to note that incorporating budget-friendly LEG-based 
eMIP integrated sensor strips makes it possible to deploy in a public 
health setting, even in resource-limited settings. Future research 
could enhance selectivity and reduce cross-reactivity by leveraging 
molecular dynamics simulations to optimize eMIP and allow one to 
fine-tune the materials and the polymerization process. Moreover, 
this eMIP/LEG sensor strip can also be developed to monitor other 
biomarkers, such as hormones and metabolites, whether in saliva, 
serum, or any other biological fluids.
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