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Abstract—The inflammation marker Interleukin 6 (IL-6)
typically remains below 5 pg/mL in the serum of healthy
individuals but can increase tenfold during inflammation in
chronic conditions like COVID-19 and rheumatoid arthritis, as
well as acute conditions like sepsis. This study is focused on the
rapid detection of IL-6 to monitor both chronic and acute
diseases. The novel sensor, designed with gold-coated
micropyramids on the electrodes, was fabricated using the two-
photon polymerization method, enabling low-volume sensing
capabilities (2-3 pL). The micropyramids were surface
functionalized with interleukin-6 antibodies towards
developing an affinity biosensor specific to the physiological
relevant range of IL-6 of 5.1 and 18.8 pg/mL in mild
inflammation. Sensing was achieved by measuring impedance
changes associated with IL-6 binding to the antibodies on the
micropyramids interfaced using electrochemical impedance
spectroscopy. It was observed that the signals from the lowest
detection concentration was enhanced by 3 times at 1500 hz
when the 532 nm green laser was incident on the
micropyramids. This innovative approach can be expanded
to the detection of cytokines not only in serum but also in
respiratory samples. As a result, it opens up new avenues for
monitoring local inflammation within the lungs and assessing
systemic inflammation levels throughout the body.
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1. INTRODUCTION

Traditional diagnostic methods for biomarkers and
biochemical parameters often involve specialized labs and
expert personnel, leading to extended test times, high
reagent consumption, and overall inefficiency. In contrast,
point-of-care testing (POCT) technology has emerged as a
game-changer in health monitoring and disease diagnostics
by miniaturizing diagnostic tools. This innovation offers a
range of advantages, including smaller sample sizes,
reduced reagent use, user-friendly interfaces, compact
designs, and rapid results. The continuous wave of
innovation in sensors, bioelectronics, and wearables has
paved the way for advanced integrated POCT systems,
pushing the boundaries of personal healthcare and precision
medicine [1, 2]. However, the accurate measurement of
biomarkers in biofluids like blood, urine, and saliva remains
a challenge due to the presence of numerous molecules,
ions, and proteins.

Dynamic monitoring of specific biomarkers is crucial for
diagnosing various conditions, especially when the body is
subjected to external stresses such as extended periods of
isolation, radiation exposure, space travel, and overall health
maintenance [3, 4]. Early detection, particularly in the case
of cytokine storms caused by a surge in pro-inflammatory
cytokines, is paramount for preventing disease progression
and ensuring better outcomes [5-8]. Life-threatening
complications such as Cytokine release syndrome (CRS)
and sepsis often result from infections and other triggers.
Elevated levels of Interleukin-6 (IL-6) frequently serve as
indicators for these complications. Swift detection is crucial
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for early intervention, as it can reduce ICU admissions and
intensive immunosuppressive treatments [3, 9-12].

However, traditional IL-6 detection methods, such as the
enzyme-linked immunosorbent assay (ELISA) [13], offer
precision but can take up to two days, hindering rapid point-
of-care monitoring. While faster ELISA kits and ELISpot
methods exist, they exhibit varying detection ranges and
sensitivities [14]. The lateral flow assay (LFA) provides a
quicker solution for point-of-care needs, especially those
utilizing  immunofluorescent techniques and  gold
nanoparticles [15]. Yet, challenges related to sample volume
and viscosity can limit their applicability. Advanced
methods like flow cytometry and Luminex bead-based
assays offer sensitive, multiplexed detection but come with
high costs, specialized handling requirements, and
challenges related to lab standardization, cytokine stability,
and sample handling [16, 17].
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Figure 1. (a) Schematic image of the two-photon
polymerization. The two beams focus on the
photoresist to fabricate the micropyramids on the
surface of the electrode of 4.0 um in base length and
height and (b) The schematic image of the experimental
set up, where WE: is working electrode on which
micronvramids are fabricated. CE: counter electrode

Researchers have intensified their efforts to advance
cytokine detection tools, aiming to improve sensitivity and
enable multiplexed detection. Innovations include
biosensing  platforms  utilizing  fluorescence  or
electrochemical signals, deployable devices for tracking
spatially localized cytokines, and impedance aptasensors
designed for IL-6 detection. The CRISPR/Cas biosensing
system has demonstrated remarkable sensitivity in cytokine
detection, achieving low limits of detection for human IL-
6[18]. Multiplex detection of cytokines, such as IL-6, IL-1,
and TNF-0, has been achieved through a sandwich
immunosensor, offering faster results akin to ELISA [16].
Additionally, spatial coding methods, surface-enhanced
Raman scattering (SERS) [19], and microfluidic
technologies have shown impressive sensitivity and
potential for multi-cytokine detection [20], although they
may still face challenges with cross-reactivity. Despite these
advances in cytokine detection, many methods require
multiple manual steps, resulting in workload challenges and
potential inconsistencies. Therefore, there is a pressing need
for point-of-care platforms that simplify cytokine detection,

allowing real-time monitoring without extensive equipment
or preparation.

Recent advancements in additive manufacturing (AM) have
paved the way for the fabrication of high-resolution, bio-
inspired structures. Among the various 3D printing methods
such as fused deposition modeling (FDM), selective laser
melting (SLM), and digital light processing (DLP) are
central to creating innovative surfaces, two-photon
polymerization (2PP) stands out for its unparalleled spatial
resolution, enabling the creation of features smaller than
Abbe's diffraction limit through non-linear light-induced
effects in the photosensitive material. Typically, the 2PP
process utilizes pulsed lasers with repetition rates in the tens
of MHz range and light sources in green, near infrared, or a
combination of these wavelengths [21]. In 2PP 3D printing,
solid structures are created within a liquid resin, voxel by
voxel, by precisely scanning a femtosecond-pulsed laser
beam as shown in figure la [22]. As 2PP systems become
more widespread, there is a growing interest in comparing
different 2PP systems and evaluating their dimensional
accuracy [23].

This paper introduces a novel low volume sensing platform
that builds an affinity-based detection mechanism for
detecting Interleukin-6 antigens utilizing the micropyramid
structures on the existing electrodes fabricated through the
two-photon polymerization method with unparalleled
precision and intricacy. These micropyramids not only
provide a greater surface area, facilitating enhanced
biomolecule attachment, but also exhibit an exceptional
capability to amplify impedance signals in the presence of
laser light. The microstructures increase the sensitivity of
the sensor even further to detect Interleukin-6 across
physiologically relevant concentrations while providing a
location for cross-linker binding. This innovative
combination of structure and detection methodology
promises to open new avenues in various fields, including
biotechnology and sensor development, by offering superior
sensitivity and performance. The presented micropyramids
functionalized biosensor demonstrates a limit of detection
for Inelukin-6 of 0.1 pg/mL on both the lab potentiostats.
This range sufficiently covers the physiological expressed
range of interleukin-6 in human sweat reported between of
5.1 and 18.8 pg/mL in the serum in the inflammatory
conditions.

2. MATERIALS AND METHODS

Materials:

The biosensor platform was purchased from Dropsense, G-
MEA222 with 10 um distance between the electrodes. The
cross-linker 3, 3’-dithiobis (sulfosuccinimidyl propionate),
Superblock and phosphate buffered saline (PBS), I
Interlukin-6 (Int-6) antibodies, and Interlukin-6 (Int-6)
antigen were purchased from Sigma Aldrich (MA, USA).
All reagents were used as provided and without any
purification.



Methods:

The biosensor platform is constructed with gold electrodes
featuring precisely crafted 4x4x4.5 pm pyramid structures,
often referred to as micropyramids. These micropyramids
are intricately printed onto the working electrode using a
sophisticated two-photon lithographic method. The process
of creating and preparing this biosensor platform involves
several crucial steps to ensure its functionality and
reliability. Initially, the platform is submerged in deionized
(DI) water for a duration of 3 minutes, followed by a 3-
minute immersion in 99.5% acetone and an 8-minute bath in
99.9+% isopropyl alcohol (IPA). These cleaning steps are
conducted within a sonicator to effectively remove any

Figure 2. The image of the two-electrode system with
the scanning electron microscope image of the
micropyramids coated with golf and with scale bar
of 4.0 um

contaminants from the substrate. After the cleaning process,
the substrate is meticulously dried using a stream of air to
eliminate any residual moisture. Subsequently, the surface
of the cleaned gold electrode undergoes activation through
an oxygen plasma treatment, carried out using the Plasma
Etch PE-50HF system from Plasma Etch, located in Caron
City, USA. This treatment spans a duration of 40 seconds
and is critical for enhancing the adhesion properties of the
surface. The next step involves the deposition of a drop of
IP-S photoresist, obtained from Nanoscribe in Eggenstein-
Leopoldshafen, Germany, onto the center of the working
electrode. This photoresist-coated electrode is then securely
affixed to the substrate holder using polyimide tape. Once
the 63x objective lens, meticulously cleaned with IPA, is
installed in the 2PP printer, the substrate holder is carefully
inserted into the printing area. The 63x objective lens is
brought into close contact with the photoresist, initiating the
polymerization process of the liquid photosensitive resin
with the aid of a femtosecond laser beam. Following the
completion of the base layers, the microstructures are
meticulously crafted with a precise writing speed and 100%
laser power setting, ensuring their accurate formation. Upon
exiting the 2PP printer, the finished microstructures are
transferred for development in propylene glycol methyl

ether acetate (PGMEA), sourced from Merck KGaA in
Darmstadt, Germany. This 20-minute development step
serves to dissolve any excess uncured photosensitive resin,
leaving behind only the desired microstructures.
Subsequently, the structures are immersed in IPA for a 5-
minute bath to eliminate any residual PGMEA residue. To
enhance their functionality and conductivity, a thin layer of
gold is uniformly coated onto the micropyramids. This gold
coating process is accomplished using a 108 Manual sputter
coater from Ted Pella, located in Redding, USA, and the
coating duration typically lasts for 45 seconds.

In summary, the intricate process of constructing this
biosensor platform involves a series of meticulously
controlled steps, ranging from substrate cleaning and
surface activation to precise polymerization and coating.
Each step contributes to the platform's effectiveness in
facilitating advanced biosensing applications.

Affinity assay functionalization protocols:

Following the fabrication of the sensor, a crucial series of
steps were undertaken to prepare it for effective biomolecule
immobilization. Initially, a 10 mM aqueous solution of 3,3'-
dithiobis  (sulfosuccinimidyl  propionate)  (DTSSP)
crosslinker was delicately deposited onto the surface of the
micropyramid situated on the working electrode. This
deposition process was carried out meticulously, and the
sensor was allowed to incubate in this DTSSP solution for a
duration of 24 hours, maintaining a controlled room
temperature environment. Subsequently, a precise washing
procedure was performed using a 10-15 pL phosphate-
buffered saline (PBS) solution to remove any unbound
DTSSP crosslinkers from the sensor's surface. This step was
essential to ensure that only the crosslinker molecules
specifically bound to the sensor's micropyramids remained,
creating a stable foundation for subsequent biomolecule
attachment. The next critical phase involved the application
of 2.0 uL of a solution containing Interleukin-6 (Int-6)
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antibodies at a concentration of 10 pg/mL. These antibodies
were carefully added to the sensor's surface, where they
formed specific bonds with the crosslinked DTSSP
molecules. This step represents the immobilization of Int-6
antibodies onto the sensor, a pivotal process for its
biosensing capabilities. To further refine the sensor's
preparation, another round of washing was carried out using
a 10-15 pL PBS solution. This wash was essential to remove
any unbound antibodies that had not successfully adhered to
the immobilized DTSSP crosslinkers, ensuring a high
degree of specificity in antibody attachment. Finally, to
prevent biofouling and maintain the sensor's functionality, a
2.0 pL solution of superblock was applied to the sensor's
surface[24]. The superblock solution serves as a protective
barrier, minimizing non-specific interactions and ensuring
that the sensor remains free from unwanted contaminants
during subsequent biomolecule detection processes.

Experimental Set up:

Following the surface functionalization process, various
concentrations of the Int-6 antigen were prepared by spiking
1x PBS. These prepared samples were then subjected to
characterization  using  electrochemical  impedance
spectroscopy (EIS) with the BODE-100 instrument,
covering a frequency range from 1 Hz to 40 MHz. To
establish a baseline, an initial measurement was performed
using unspiked PBS. Subsequent measurements were taken
as the concentrations of the Int-6 antigen were incrementally
increased, starting from the lowest concentration and
progressing to the highest. Each of these spiked samples was
allowed to incubate for a consistent duration of 90 seconds
before impedance measurements were recorded. It is
important to note that during the functionalization steps, the
volumes of reagents and samples used were carefully
controlled, and they were maintained at or below 2.0 uL.
This was done to account for the effective volume
limitations of the sensor and to ensure accurate and reliable
results. The sensors used in this experiment were configured
in three distinct settings for comparative analysis. The first
setting consisted of a control sensor featuring a flat gold
electrode, devoid of micropyramids. In the second setting,
micropyramids were present on the working electrode.
Finally, the third setting involved micropyramids on the
working electrode, with the additional application of a 532
nm wavelength light source (green laser: 532 nm)
specifically focused on the microstructures. These different
sensor configurations were designed to explore the impact
of micropyramid structures and laser illumination on the EIS
measurements, providing valuable insights into the
detection capabilities of the system.

Infrared spectroscopy (ATR-FTIR):

Infrared spectra of the functionalization steps were carried
out using the Agilent Cary 630 FTIR spectrometer with
sampling stage with a 65° Germanium ATR crystal. ATR-
FTIR specimens were prepared by drop casting the solutions
on gold-coated glass slides with same surface
functionalization protocol as mentioned previously. The
contact area was about 1cm?. All spectra were recorded

between 4000 and 400 cm™! with a resolution of 4 cm™! and
126 scans.

Scanning Electron Microscope Imaging:

Utilizing an FEI Quanta 650 scanning electron microscopy
(SEM). The SEM imaging is performed at an acceleration
voltage of 10 kV and in high vacuum mode to minimize the
influence of atmospheric interference.

3. RESULTS

The figure la shows the 2PP polymerization set up for
fabrication of the micropyramids, and figure 1 b shows the
experimental set up with the micropyramids on the working
electrode. The figure 2 shown the scanning -electron
microscope image of the micropyraminds with scale bar of
4.0 um.The figure 3 illustrates the binding of the cross
linker, Interleukin-6 antibody for the detection of the
interleukin 6 antigen The FTIR spectrum is shown in figure
4a indicates the binding of the cross-linker on the sensor
surface with NHS ester bond (peak at 1780 cm™) and free
carboxylic acid peak (1740 cm™!). The conjugation of both
antibodies shows cleaving of C-O bond of NHS ester and
the peak at 1780cm' disappears, while enhanced
aminolysis peak (at 1652 cm™!) is observed confirming the
binding of the antibody, as shown in figure 4b. Amine-
reactive NHS ester reacts with primary amine of the
antibody to form a stable amide bond. This phenomenon is
seen by the disappearance of peak at 1743 cm™ in the
interleukin-6 spectra.
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Figure 4. Infrared spectroscopy (ATR-FTIR) plots
for the (a) crosslinked DTSSP and (b) after
functionalization with interleukin-6

The interleukin-6 dose response is represented as Bode
phase and magnitude plots in figure 5. |Z| reflects the total
impedance of the system and can be used as a measure of
both capacitive and resistance changes. In figure 5
represents as a percent change in |Z| impedance from the
baseline measurement post-antibody functionalization at 1
kHz. There is a consistent increase in impedance as the
dosage concentration of interleukin-6 increases. The percent
change with respect to a post-functionalization baseline
measurement was observed to be on the flat devoid of
micropyramids is 2.9 % for 0.1pg/ml, 9.1 % for 1.0 pg/ml
and 27.2 % for 10 pg/ml and with the micropyramids is 2.4
% for 0.1pg/ml, 5.8 % for 1.0 pg/ml and 5.8 % for 10 pg/ml.
This is attributed to the micropyramid structure (4x4
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working electrode and micropyramids at varying
concentration of Int-6: 0.1 pg/ml, 1.0 pg/ml, 10 pg/ml
Int-6 concentration. The greatest change in impedance
between flat working electrode and micropyramids
was measured at 1 kHz

micrometers) fabricated by the 2PP method. This causes
enhanced surface area for the attachments of interleukin 6
antibody. After theoretical calculations, the micropyramids
increased with surface area by 6.0 times as compared to the
flat surface. Additionally, higher surface concentration of
interleukin-6 resulted in decrease in the real impedance
value. This can be attributed to the accumulation of
biomolecules within the EDL resulting in the changes in
conductivity of solution. Additionally, in order to establish
that the observed signal response was specific to the
interleukin-6 binding events occurring on the flat electrodes
and micropyrminds and not due to non-specific and
physically absorbed mechanisms occurring on the glass
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Figure 6. EIS measurement comparison between
flat working electrode and micropyramids at
varying concentration of Int-6: 0.1 pg/ml, 1.0
pg/ml, and 10 pg/ml Int-6 concentration. The
greatest change in impedance between flat
working electrode and micropyramids was
measured at 1500Hz

substrate, a control study with the absence of DTSSP
crosslinker was conducted. The protocol followed was
identical to the one performed for the calibration dose
response, but the DTSSP crosslinker used to bind the
antibody to the gold surface was excluded. This left no place
for the antibody to chemically bind upon the gold surface.

A similar investigation was carried out to measure Bode
plots with different concentrations of 0.1 pg/ml, 1.0 pg/ml,
and 10 pg/ml, both in the presence and absence of a green
laser with a wavelength of 532nm, at frequencies of 1000
Hz and 1500 Hz, as shown in Figure 6. The percentage
change relative to a post-functionalization baseline
measurement at 1000 Hz was observed to be 1.6% for 0.1
pg/ml, 6% for 1.0 pg/ml, and 5.9% for 10 pg/ml when using
micropyramids alone, and 45.6% for 0.1 pg/ml, 56.13% for
1.0 pg/ml, and 43.0% for 10 pg/ml when using
micropyramids in conjunction with the green laser. This
represents a 1.8 times enhancement in the presence of green
light (532 nm). At a frequency of 1500 Hz, it was observed
that the percentage increase with micropyramids combined
with the green laser was 51.5% for 0.1 pg/ml, 63.8% for 1.0
pg/ml, and 48.6% for 10 pg/ml. This corresponds to a 3.0
times enhancement with light compared to the absence of
green light (532 nm). This enhancement can be attributed to
the ridges created during the two-photon polymerization
(2PP) method. The gold-coated micropyramids' ridges
interact with the green laser's electromagnetic field, leading
to an enhancement in the impedance signal. Therefore, the
choice of the detection frequency is crucial for achieving
higher enhancement through exposure to laser light.higher
enhancement through exposure to the laser light.

In a typical non-faradaic Nyquist plot, the absence of a redox
label eliminates the parameters associated with electron
transfer such as charge transfer resistance (Rct) and
Warburg impedance by becoming infinite. This is
represented by the large incomplete semicircle contributed
due to the extremely slow electron transfer step, which is not

followed by the typical diffusion tail. Therefore, in a non-
faradaic electrochemical system, the imaginary part of
impedance is inversely proportional to the electrical double
layer capacitance. Furthermore, the binding interaction
between the capture antibody and the target biomolecule at
the electrode surface creates a charge perturbation. This
phenomenon can be observed in where decrease in
imaginary impedance is observed with increase in the
concentration of interleukin-6. This can be leveraged to the
capacitive change caused as a result of antibody-antigen
binding complex within the EDL. The change in the
dielectric permittivity causes a change in the double layer
capacitance. Therefore, the decrease in impedance can be
interpreted as a result of increase in interleukin-6
concentration [25].

The Nyquist plot in figure 7 shows how the EIS response
changed with respect to increasing dose of Interleukin-6.
The first region (<5 Hz) represents the Warburg impedance
of our equivalent circuit. This component, which is created
by the diffusion of ions from PBS buffers at low frequencies.



The second region (5 Hz — 1 kHz) represents the capacitance
of the electric double layer (EDL). As Interluekin-6 dose
concentration increases, the formation of the interleukin-6
antibody complex within the EDL increases the capacitive
reactance and causes the observed shift in the Nyquist plot
in figure 5. As a result, sensing is accomplished through
changes in capacitive reactance of the system so that a dose
dependent shift in phase may not be apparent.
The results indicate that the enhanced surface area resulting
from micro-structuring of the micropyramids boosts
impedance.  Additionally, the  highly localized
electromagnetic field impacts the impedance of the
antibody-antigen-based biosensor. Increasing impedance
through resonance represents a novel and relatively
unexplored approach in impedance analysis, as it facilitates
the detection of surface property changes owing to the
highly concentrated electrons near the surface. Furthermore,
this phenomenon merits further exploration.
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4. CONCLUSIONS

In this study, a sophisticated biosensor platform was
meticulously constructed using a two-photon lithographic
method, featuring micropyramids on gold electrodes. The
process involved careful substrate cleaning, surface
activation, precise polymerization, and gold coating,
resulting in a highly functional biosensor. The biosensor
was further prepared for effective biomolecule
immobilization, involving the binding of interleukin-6 (Int-

6) antibodies to the micropyramids using a cross-linker.
This preparation was critical for the biosensor's biosensing
capabilities. Experimental results demonstrated that the
presence of micropyramids significantly enhanced the
biosensor's performance, allowing for the detection of
varying concentrations of Int-6. The increased surface area
provided by the micropyramids contributed to improved
sensitivity. Additionally, the introduction of a green laser
(532nm) further enhanced the biosensor's performance,
increasing impedance measurements compared to the
absence of laser illumination. In conclusion, this biosensor
platform, with its micro-pyramid structures and laser
enhancement, shows promise for advanced biosensing
applications. It offers increased sensitivity and specificity
for the detection of biomolecules like interleukin-6. Further
research and development in this direction hold potential for
valuable applications in healthcare and beyond.
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