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ABSTRACT

In this work, we develop a label-free electrochemical immunosensor for the detection of
interleukin-6 (IL-6) in human cerebrospinal fluid (CSF) and serum for diagnostic and therapeutic
monitoring. The IL-6 immunosensor is fabricated from gold interdigitated electrode arrays
(IDEAs) that are modified with IL-6 antibodies for direct antigen recognition and capture. A
rigorous surface analysis of the sensor architecture was conducted to ensure high structural fidelity
and performance. Electrochemical characterization was conducted by cyclic voltammetry (CV)
and electrochemical impedance spectroscopy (EIS), and sensing was performed using differential
pulse voltammetry (DPV). The DPV peak current was used to quantify IL-6 in buffer, CSF, and
serum in the range 1 pg mL™! < [IL-6] < 1 pg mL!. The IL-6 IDEA sensor achieved a limit of
detection (LOD) of 1.63 pg mL™! in PBS, 2.34 pg mL"! in human CSF, and 11.83 pg mL"! in human
serum. The sensor response is linear in the concentration range 10 pg mL™! < [IL-6] < 10 ng mL"!,
and the sensor is selective for IL-6 over other common cytokines, including IL-10 and TNF-a.. EIS
measurements showed that the resistance to charge transfer, Rcr, decreases upon IL-6 binding, an
observation attributed to a structural change upon Ab-Ag binding that opens up the architecture so
that the redox probe can more easily access the electrode surface. The IL-6 IDEA sensor can be
used as a point-of-care diagnostic tool to deliver rapid results (~ 3 min) in clinical settings for
traumatic brain injury, and potentially address the unmet need for effective diagnostic and
prognostic tools for other cytokine-related illnesses, such as sepsis and COVID-19 induced
cytokine storms. Given the interdigitated electrode form factor, it is likely that the performance of

the sensor can be further improved through redox cycling.



INTRODUCTION

With the ever-growing demand for improved diagnostic testing and health monitoring, a
substantial amount of effort has been invested to identify biomolecules that can serve as indicators
of physiological states, i.e. biomarkers. These efforts have led researchers to focus on cytokines -
small (6-70 kDa) signaling proteins produced by cells in the immune system that regulate immune
responses, inflammation, and infection trauma in complex networks.! Because they are pervasive
in inflammation, many diseases involve cytokines and accordingly, cytokines are widely studied
as biomarkers useful to diagnosis and prognosis.> ™

The sensitive quantitative determination of cytokine levels in patient samples holds great
promise for early detection, leading to clinical intervention and improved patient outcomes. For
example, traumatic brain injuries (TBI) are a leading cause of death and disability in adults and
children in the U.S., affecting 2.5 million people every year.”® Unfortunately, diagnosis of TBI is
difficult; neurological exams to assess thinking and motor function are not definitive, and imaging
tests such as CT and MRI cannot detect all TBIs. Diagnosis is further complicated by the fact that
following TBI, high levels of cytokines are released to initiate powerful inflammatory cascades
that can contribute to secondary brain damage. Importantly, this post-trauma damage is a
significant contributor to patient outcome and survival,'®!! because it is a potentially reversible
pathological process.'” Thus, the early post-traumatic monitoring of mediating cytokines takes on
added importance.

Cytokines such as interleukin (IL)-1p, IL-6, IL-8, and tumor necrosis factor-alpha (TNF-
o) have been implicated in the development of inflammation following TBI. Their concentrations
in both cerebrospinal fluid (CSF) and blood have been observed to rise significantly in TBI,

especially during the first 24 hours after injury.!® IL-6 is a one of the most intensely studied



biomarkers for TBI due to its major role in the acute phase response for inflammation in the central
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nervous system (CNS). Normal levels of IL-6 in the CNS are low (~ 3 pg mL"
much as ~ 35 ng mL' immediately after trauma in CSF and remain stable for several days
afterwards.!®!>16 In fact, CSF IL-6 levels have been shown to correlate with the severity of injury
and survival in both children and adult TBI patients.!”'” Additionally, IL-6 is always found in
significantly higher (> 10-fold) concentrations in CSF than blood plasma or serum, although serum
IL-6 levels can rise to ~ 1 ng mL™! post-TBI. Easier access to serum has dictated its predominant
use in determining IL-6.'32%2! Nevertheless, although the acquisition of CSF via lumbar punctures
is invasive, its use is clinically recommended, and lumbar punctures are commonly performed
following head injury to monitor cytokine levels and to relieve intracranial pressure post-
trauma.?>??
Motivated by these factors, we have developed a rapid, low-cost electrochemical
immunosensor for the sensitive detection of IL-6 in human samples, such as CSF and serum,
based on gold interdigitated electrode arrays (IDEAs) modified with IL-6 antibodies (IL-6 mAb)
for recognition and capture of IL-6 antigen. The sensor is designed to quantify IL-6 using
[Fe(CN)s]>”* as a redox mediator. Electrochemical sensing offers numerous advantages such as
speed, sensitivity, miniaturization in a portable format, and low-cost instrumentation.>*2” The
IL-6 IDEA sensor reported here was developed to support direct sensing, circumventing the use
of labels, e.g., fluorescence, radioactivity, efc., to enable simple, straightforward detection of IL-
6.

IL-6 IDEA sensor performance was assessed in buffer solution, as well as whole CSF and

whole serum, to study the sensor’s versatility and potential for use in biomedically-relevant

operating environments. To the authors’ knowledge, this is the first report of electrochemical IL-



6 sensing in whole human CSF, and we demonstrate that CSF is a desirable physiological fluid
for biomarker detection. The sensor exhibits excellent sensitivity, achieving a limit of detection
(LOD) of 1.63 pg mL™! in PBS and LODs of 2.34 pg mL! and 11.83 pg mL"! in whole CSF and
whole serum, respectively. The sensor exhibits a linear range at clinically relevant concentrations
of 10 pg mL! — 10 ng mL"! for TBI diagnosis in both CSF and serum. Preliminary experiments
in buffer solution suggest that the sensitivity of the IDEA construct can be further improved by
redox cycling in generator-collector (GC) mode.

Overall, these results suggest that the IL-6 IDEA sensor can be used as a point-of-care
(POC) tool for diagnosis and prognosis related to TBI. Furthermore, the IL-6 IDEA sensor has
potential to be used for other serious inflammation-based diseases such as sepsis, the most
common cause of death in adult intensive care units,?* 3! and COVID-19 induced cytokine
storms - excessive immune responses caused by overproduction of proinflammatory cytokines,

for which IL-6 is a reliable early-stage biomarker.*?3¢

EXPERIMENTAL METHODS

Reagents and Materials. 3-Mercaptopropionic acid, N-hydroxysuccinimide (NHS), N-(3-
dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC), sulfuric acid (95-98% ACS
Reagent), hydrogen peroxide 30% (w/w) solution, ethanol, 2-(N-morpholino)ethanesulfonic acid
(MES), phosphate buffered saline (PBS, pH 7.4), monoclonal anti-interleukin-6 antibody, Tween®
20, bovine serum albumin (lyophilized), potassium ferricyanide, potassium ferrocyanide, lithium
perchlorate, human interleukin-6 (recombinant, expressed in E.coli, lyophilized), human
interleukin-10 (recombinant, expressed in E.coli, lyophilized), and human serum (heat-inactivated,

clotted from whole blood) were purchased from Millipore Sigma. [gG H&L Alexa Fluor® 568



(Abcam), human TNF-o (recombinant, expressed in E.coli, lyophilized, PeproTech), pooled
human cerebrospinal fluid (Innovative Research), and Au interdigitated electrodes on glass (10
um digit/gap, Metrohm Dropsens) were also used. Aqueous solutions were prepared using
deionized (DI) water (p = 18.2 MQ cm) from a Millipore Milli-Q system.

Sensor Electrode Derivatization. The derivatization procedure is shown schematically in
Scheme 1. IDEAs were cleaned with piranha solution (Caution: piranha, 3:1 sulfuric
acid/hydrogen peroxide, is a strong oxidizer and should be used with extreme caution!) for 5 min
and rinsed with DI water to obtain clean hydrophilic gold surfaces. Next, IDEAs were incubated
in 30 mM mercaptopropionic acid in ethanol (3-MPA) for 16 h. The resulting self-assembled
monolayers (SAMs) were washed successively with ethanol and DI water. The modified electrodes
were then activated with a solution of 200 mM EDC and 200 mM NHS in MES buffer (pH 5) for
1 h. IL-6 antibodies (IL-6 mAb) were covalently immobilized onto the IDEAs by incubating the
electrodes in a solution 25 ug mL™! IL-6 mAb in PBS (pH 7.4) for 5 h. Electrodes were washed
with 0.05% (v/v) Tween-20 solution and DI water to remove unbound antibodies and incubated in
1% (w/v) bovine serum albumin (BSA) in PBS for 1 h at 300 K to block non-specific adsorption.
After incubation in BSA solution, the electrodes were washed with 0.05% (v/v) Tween-20 and DI

water to remove unbound BSA. All procedures were performed at ~300 K.
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Scheme 1. Schematic of the Au IDEA/3-MPA/IL-6 mAb/BSA derivatization process.

Grazing Angle Reflectance Fourier-Transform Infrared Spectroscopy (FT-IR). Grazing
angle reflectance FT-IR measurements were acquired on a Thermo Nicolet 6700 FTIR
spectrometer with a mercury-cadmium telluride detector and a PIKE grazing angle (80°)
attachment (p-polarization). These measurements were used to verify surface modification and to
interrogate films between derivatization steps on one spot of a single planar Au-coated (50 nm Ti,
150 nm Au, ~75 mm x 50 mm) electrode. Spectra were acquired at four points in the surface
assembly process: (1) Au-MPA, (2) Au-MPA-NHS (intermediate in which -COOH groups are
converted to amine-reactive NHS esters), (3) Au-MPA-mAb, and (4) Au-MPA-mAb-BSA.
Spectra were acquired in an N> atmosphere, and the background from a clean Au-coated substrate
was subtracted.

Fluorescence Measurements on IL-6 IDEA Sensors. Fluorescence measurements were
obtained using an Axiovert 200M inverted fluorescence microscope and a 20x objective. To

confirm IL-6 mAb immobilization on the IDEA substrates, IL-6 IDEA immunosensors were



prepared using the protocol described above and incubated in a solution of 2 pg mL™!' Alexa Fluor
568-conjugated 2° antibody (IgG-Alexa Fluor, Abcam) in PBS (pH 7.4) for 1 h. Then they were
washed with 0.05% (w/v) Tween-20 solution and DI water. The fluorescence signal produced by
the IgG-Alexa Fluor was used to determine IL-6 mAb immobilization on the interdigitated
electrode surface due to binding of 2° IgG-Alexa Fluor to 1° IL-6 mAb. Fluorescence
measurements were also taken on a control IL-6 IDEA immunosensor prepared without exposure
to IL-6 mAb. The control sample was then incubated in 2 pg mL! secondary IgG-Alexa Fluor
solution for 1 h and washed with 0.05% (w/v) Tween-20 solution.

Electrochemical Measurements. All cyclic voltammetry (CV) and differential pulse
voltammetry (DPV) measurements were obtained on a CHI842C potentiostat (CH Instruments).
Electrochemical impedance spectroscopy (EIS) measurements were taken on a PARSTAT
MC1000 (Princeton Applied Research) potentiostat. Electrochemical characterization of the
immunosensor assembly was performed between derivatization steps using CV and EIS, and
sensing capabilities were characterized using DPV and redox cycling CV in generator-collector
mode. Electrochemical measurements were performed in 5.0 mM K3[Fe(CN)s]/Ka[Fe(CN)g] in 0.1
M LiClO4 in PBS (pH 7.4) solution using a Pt wire counter electrode (CE) and a Ag/AgCl reference
electrode (RE). For CV measurements, the potential of the working electrode (WE) was scanned
from -0.4 to +0.8 V at a scan rate of 100 mV/s. For EIS measurements, an AC perturbation with
an amplitude of 10 mV was applied at frequencies ranging from 0.1 — 10° Hz at open circuit
potential. Nyquist plots were prepared at different assembly stages by equivalent circuit fitting to
a Randles circuit using a custom Python program. DPV measurements were performed at a scan
rate of 0.005 V s™!, pulse amplitude of 0.05 V, pulse width of 0.05 s, sample width of 0.0167 s, and

pulse period of 2 s. For CV, EIS, and DPV measurements, both arms of the IDEA were biased at



the same potential and used as a single working electrode enabling the sensing platform to operate
in a conventional 3-electrode configuration with WE: both sets Au IDEAs, CE: Pt, RE: Ag/AgCl.
Generator-collector (GC) mode measurements were performed with the arms of the IDEA
operated as separate working electrodes (WE1, WE2) in a 4-electrode configuration. One set of
IDEA digits was scanned from -0.4 V to +0.7 V at 0.1V s™! (WE1) while the other set of digits was

held at a constant potential of -0.5 V vs. Ag/AgCl (WE2).

RESULTS AND DISCUSSION

Sensor Construction and Characterization. After assembly of the immunosensor, the
surface architecture was subjected to rigorous compositional and structural characterization.
Grazing angle reflectance FT-IR spectra were acquired at four separate steps of the sensor
surface assembly: (1) Au-MPA, (2) Au-MPA-NHS, (3) Au-MPA-mAb, and (4) Au-MPA-mAb-
BSA, as shown in Figure 1. The first spectrum exhibits characteristic peaks associated with the
3-MPA SAM: OH-bending at 1444 cm™!, C=0 stretching at 1736 cm™!, alkane C-H stretching at
2960 cm™!, and OH-stretching at 3639 cm™'. Upon EDC/NHS exposure, -COOH groups are
converted to NHS esters, and new bands are observed: NHS C=O stretching at 1815 cm™, NHS
ester imidyl C=0 antisymmetric stretch at 1743 cm™,>” and amide I vibration at 1640 cm’'.

Upon immobilization of IL-6 mAb, the spectrum shows a loss of the NHS C=0
stretching peak and displays three prominent new bands indicative of protein assembly: a broad
band at 3296 cm™! arising from the N-H stretching of aliphatic amines, an increase in the amide I
vibration peak at 1640 cm™, and an amide II peak at 1598 cm™.. The final spectrum indicates

immobilization of BSA blocking protein based on the increase in absorbance for the



characteristic protein peaks. The FT-IR spectra acquired at sequential steps of immobilization of
the Au substrate confirm successful functionalization. Furthermore, these results are supported
by contact angle measurements taken in parallel with the FT-IR measurements (Figure S1,

Supporting Information, SI).
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Figure 1. Grazing angle FTIR angle measurements at different steps in the immunosensor

surface assembly: (1) Au-MPA, (2) Au-MPA-NHS, (3) Au-MPA-mAb, (4) Au-MPA-mAb-

BSA. Intensity values are normalized. Markers are used to indicate significant peaks of

interest: 1598 cm™! amide II peak (V), 1640 cm™! amide I peak (*), 1815 cm™ NHS C=0

stretching (), 3296 cm™ N-H stretch (v).

After validating the immobilization of IL-6 mAb on planar Au-coated substrates, the
procedure was applied to the Au IDEA digits to prepare IL-6 IDEA immunosensors. Completely

functionalized IDEA sensors were incubated in 2 ng mL™! 2° IgG-Alexa Fluor 568 solution to

allow for 1° IL-6 mAb-2°IgG-Alexa Fluor binding. Bright-field and fluorescence images were
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obtained, Figure 2(a)-(c), and the resulting background-subtracted fluorescence-only image,
Figure 2(c), confirmed successful, selective immobilization of primary IL-6 mAb on the
electrode digits. Bright-field and fluorescence images obtained for a control IDEA sensor
prepared without immobilization of 1° IL-6 mAb and incubated in identical 2° IgG-Alexa Fluor
solution, Figure 2(d)-(e), indicated no fluorescence signal in the absence of the IL-6 mAb.
Although there is a small amount of spatial heterogeneity in the fluorescence on the derivatized
digits, these results clearly show that the fluorescence signal resulted from 1° IL-6 mAb-2° IgG-
Alexa Fluor binding, rather than physical adsorption of the 2° IgG-Alexa Fluor directly onto the
electrode. Thus, the fluorescence images of the IL-6 IDEA sensor demonstrate uniform IL-6
mADb immobilization on the IDEA surfaces, confirming the high structural fidelity of the IL-6

sensing interface.

(a)

Figure 2. (a) Bright-field image of derivatized IDEA sensor. (b) Overlaid bright-field
and fluorescence images of sensor after capture of I[gG-Alexa Fluor 568. (¢) Fluorescence
image of IDEA sensor obtained by subtracting image (a) from image (b). (d) Overlaid bright-

field and fluorescence images of control sensor, (e) Fluorescence image of control sensor.
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The immunosensor assembly was also characterized after each derivatization step using
CV and EIS, as shown in Figure 3(a). A well-behaved pair of redox peaks was observed in the
CV for the underivatized IDEA. However, as additional layers were functionalized on the
electrode, significant changes in the CVs were observed: (i) decreases in the current, suggesting
a reduction in the effective electroactive surface area, and (if) greater peak separation, indicating
more sluggish kinetics with increasing derivatization. The data were further used in conjunction
with the Randles-Sevcik equation to estimate the electroactive area (Table S1), which was found
to decrease at every step in the derivatization.

EIS measurements were also used to electrochemically characterize the derivatization
process, as shown in Figure 3(b). The experimental data were fitted to a standard Randles circuit
to generate Nyquist plots for the IDEA substrate at each derivatization stage. Based on the fitting
to a Randles model circuit,*® the values for circuit components were obtained at each
derivatization stage, and the > goodness-of-fit parameters were calculated, Table 1. A Nyquist
plot for the underivatized sensor substrate is shown in the inset of Figure 3(b), which after
assembly of the 3-MPA SAM shows clear indications of the formation of a kinetic barrier to
electron transfer of [Fe(CN)s]***, consistent with the increased charge transfer resistance, Rcr,
recovered from the model, Table 1. Addition of the IL-6 mAb and BSA blocking protein layers
were accompanied by further increases in Rcr, with the Warburg coefficient, o, providing
additional evidence of an increasing kinetic barrier to electron transfer as the electrode is

progressively functionalized.
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Figure 3. Electrochemical characterization of derivatized IDEA structures. (a) Cyclic

voltammetry of 5 mM Fe(CN)s** in 0.1 M LiClO4 in PBS after each step of modification of
the IL-6 IDEA immunosensor electrode. CVs were acquired at 0.1 V s™!. (b) EIS spectra of 5
mM Fe(CN)6** in 0.1 M LiClO4 in PBS after each step of modification of the IL-6 IDEA

immunosensor electrode. Inset - Underivatized (clean) electrode. Color scheme in the main

figure identical to panel (a). Fitted EIS response curves shown as solid white lines.

Table 1. Randles circuit component values of IL-6 immunosensor.

15000

“Rs (Q) Rer ()

172
6 (Qs )

2

X
Au 39.7+1.1 652+1.3 73.8+0.7 8.96 x 107
Au-MPA 307+ 1.4 2559.7+£9.7 4020.5+21.0 537 x10*
Au-MPA-mAb 33.0+1.0 3860.1 £10.1 8164.0+13.4 3.37x10*
Au-MPA-mAb-BSA 30.1+1.1 4699.8 £ 12.1 97959 +14.8 5.63 x 10+

% Quoted parameter errors indicate standard errors.

Electrochemical Sensing of IL-6 in PBS. Initial experiments to assess sensor response to

the change in interfacial properties of the IL-6 IDEA electrodes due to Ab-Ag binding were

conducted via EIS. IL-6 IDEA immunosensors were incubated in 1 ng mL™' IL-6 standard
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solutions for 20 min, followed by washing and immediate measurement. Typical results are
shown in Figure 4 and Table 2. Surprisingly, Rcr decreases upon incubation with the analyte, an
unexpected result. Surface characterization by the spectroscopic and electrochemical techniques
presented above confirm the covalent immobilization of IL-6 antibodies and sensor stabilization
by BSA blocking proteins. Ellipsometry measurements (SI) also support the formation of a well-
structured and functional IL-6 mAb/Ag binding layer based on the increase in surface film

thickness after incubation of the immunosensor with IL-6 (Table S2).
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— o
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Figure 4. Nyquist plots from IL-6 IDEA sensors before and after exposure to 1 ng mL™! IL-6

in 0.1 M LiClOg4 in PBS. Fitted curves were added as solid white lines.
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Similar EIS results have been reported®® in which a decrease in Rcr was observed upon
IL-6 Ab-Ag binding on a gold microelectrode array. The authors attributed this to a characteristic
of the microelectrode architecture used in their study. In addition, other biosensing studies that
utilize Fe(CN)¢** as the redox probe have reported analogous unexpected EIS results and even
utilized reduction in Rcr upon target binding as a sensing principle.**** While these studies have
attributed the reduction of Rcr upon antigen binding to a number of disparate factors, we
hypothesize that the most likely explanation is a structural change upon Ab-Ag binding that
opens up the architecture so that the redox probe can more easily access the electrode surface.

After establishing proper sensor assembly and function, IL-6 IDEA sensors were
incubated in IL-6 in PBS (pH 7.4) solutions at concentrations ranging from 1 pg mL™" to 1 ug
mL! for 30 min at 300 K. After incubation, the sensors were washed extensively with 0.05%
(w/v) Tween-20 solution and DI water to remove unbound species. Next, DPV measurements
were acquired immediately in 5.0 mM Fe(CN)¢>’*, 0.1M LiClOs4 in PBS. At each IL-6
concentration, the DPV response was averaged over 5 individual sensors, Figure 5(a). The effect
of IL-6 concentration on the peak current, /,, was evaluated and used to generate a calibration
curve, Figure 5(b). 7, decreases with increasing IL-6 analyte concentration, suggesting
increasing passivation of the electrode due to IL-6 antibody capture by the immobilized IL-6

mAb. The DPV peaks shift slightly, from ~+0.10 V to +0.15 V with increasing IL-6

Table 2. Randles circuit component values of IL-6 immunosensor pre- and post-incubation.

12
“Rs () Rer (Q) o (Qs ) ©
Pre-incubation 30.1= 1.1 4699.8 + 12.1 9795.9 + 14.8 5.63 x 10
Post-incubation 388+1.1 25163 £6.5 2930.5+ 14.0 2.17 x 1073

“ Quoted parameter errors indicate standard errors.

concentrations, Figure 5(a), a phenomenon commonly observed in DPV-based electrochemical

biosensing, which is attributed to hindered transport of redox probe to the electrode/electrolyte

15
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Figure 5. Performance of the IL-6 electrochemical immunosensor. (a) DPV current
response as a function of IL-6 concentration in the range 1 pg mL™! to 1 ug mL™!. (b)
Working curve based on DPV I, values. Errors represent +1 standard deviation measured
across n = 5 different sensors at each concentration.

interface with increased Ab-Ag binding. The /, working curve in Figure 5(b) is sigmoidal, as

expected, with a linear response to the log of the IL-6 analyte concentration from ca. 10 pg mL!

to 10 ng mL™! and an LOD of 1.63 pg mL™! in PBS buffer.

Sensor Selectivity. TNF-a and IL-10 were selected as model interferents to challenge the
selectivity of the IL-6 sensor due to their presence in CSF and serum following TBI. TNF-a is
also a proinflammatory cytokine whose levels elevate in the early stages post-TBI, while IL-10 is
an anti-inflammatory cytokine whose levels rise rapidly and stabilize hours after TBI. To test
sensor selectivity, IL-6 IDEA sensors were challenged individually with the non-target cytokine
(TNF-a, or IL-10) at concentrations in the range 100 pg mL™!' - 100 ng mL™!' in PBS. DPV
measurements were acquired under the same conditions used for IL-6, except TNF-a and IL-10
DPV results were averaged over 3 sensor devices. The results compared against the DPV

response for IL-6 in Figure 6 show that when IL-6 IDEA sensors are challenged against TNF-a

16



or IL-10, the I, values are significantly higher than those for IL-6 at the same concentration.
Another way to interpret the plot is assess the concentration change needed to cause the same
normalized Al,. Examined according to this criterion, the sensor exhibits ca. 10x selectivity for
IL-6 over IL-10 and ca. 100x selectivity over TNF-a. Thus, the IL-6 IDEA sensor is specific for

the target analyte and exhibits good resistance towards nonspecific binding.
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Figure 6. DPV working curves for TNF-a (red), IL-10 (green), and IL-6 (black) standard
solutions in PBS. Errors for TNF-a and IL-10 represent =1 standard deviation across n = 3

sensor devices.

Sensing in Human Cerebrospinal Fluid and Serum. To validate the sensor for clinical
applications, the IL-6 IDEA sensors were tested in human-derived cerebrospinal fluid (CSF) and
serum. Assays and measurements were undertaken with the same methods that were used for
PBS-based DPV experiments. Standard solutions were prepared from both types of physiological
samples in the range 1 pg mL™! to 1 pg mL™!, and DPV I, values obtained from 5 individual
sensors at each IL-6 concentration were used to generate the working curves for CSF (blue) and

17



serum (red), as shown in Figure 7. Both working curves follow similar sigmoidal trends, and in
whole CSF, the sensor shows a linear sensing range of 10 pg mL™! to 10 ng mL™! and a LOD of
2.34 pg mL!, while in serum the sensor shows the same linear range and a LOD of 11.83 pg mL"
!. The superior performance of the immunosensor in CSF is attributed to the lower background

of potential interferences in CSF relative to serum.
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Figure 7. Sensor performance with human-derived samples. IL-6 IDEA sensor working
curves for IL-6 spiked in human CSF (blue), and human serum (red). Error bars represent +1

standard deviation across n = 5 sensors at each concentration.

The performance of the IL-6 IDEA sensor was also explored in both CSF and serum. The
IDEA sensor is less sensitive to IL-6 in CSF and serum than in in PBS, which is expected due to
the presence of interferents, such as cellular debris, proteins, lipids, efc. In addition, the LOD
was higher by a factor of approximately 1.5 in CSF compared to PBS, while the corresponding

LOD in serum was an order of magnitude higher. The larger LOD in serum than in CSF is likely

18



due to the higher serum protein content; typically, total CSF protein (15 to 60 mg dL™! ) is ~ 1%

of total serum protein (6-8 g dL™).

CONCLUSIONS

A highly sensitive, label-free immunosensing platform based on Au IDEAs was
developed for the detection of IL-6, a critical cytokine biomarker for inflammation and trauma.
In comparing the performance of the IL-6 IDEA sensor to other biosensors, it exhibits a LOD in
PBS that is comparable to other label-free sensors and ELISA-based electrochemical
immunosensors, and it achieves linear ranges at IL-6 concentrations across 4 orders of magnitude
for all fluids, which is wider than most label-free electrochemical immunosensors. Thus, the IL-6
IDEA sensor is an excellent candidate for clinical application as a POC tool, given its simple
assembly, ease of operation, straightforward analysis, and good sensitivity for IL-6 in
physiological fluids. Furthermore, it may be possible to extend the sensitivity. Preliminary
experiments on non-optimized structures show that the IDEAs can operate in generator-collector
redox cycling mode and produce amplification factors of 3-5 (Supporting Information). We
expect further development of these architectures to yield comparably lower LODs.
Additionally, the IL-6 IDEA electrochemical immunosensor can reliably detect IL-6 across 4
orders of magnitude at clinically relevant concentrations in CSF and serum. Thus, CSF is a
desirable physiological fluid for biomarker detection due to its exceptionally low concentration
of non-target interferents relative to blood plasma or serum.

Overall, the IL-6 IDEA sensor is a versatile, low-cost POC diagnostic tool that can
deliver rapid (~ 3 min) results for traumatic brain injury, and also address the unmet need for

effective diagnostic and prognostic tools for other cytokine-related illnesses, such as sepsis, a
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systemic inflammatory response that takes nearly 270,000 American lives per year.*> A
significant factor associated with the high mortality rate in sepsis patients is delayed diagnosis,
caused by non-specific initial symptoms and a lack of rapid diagnostic tools for sepsis. Blood
cultures, the clinical gold standard in diagnosing sepsis, take 2-3 days to return results. Early
detection, which can potentially be achieved through the sensitive detection of inflammatory
cytokines, and timely administration of antibiotics are the two most important factors in
improving sepsis patient outcome.*® Another example of dangerous hyperinflammatory
responses is ‘cytokine storms’ which are gaining increased attention due to their association with
the most severe cases of COVID-19 and are implicated in 20-30% of all COVID-19 deaths.
Because the runaway immune response rapidly escalates to severe medical complications and
eventually death, treatment requires early detection and intervention. Recent studies suggest that
elevated levels of IL-6 are a reliable precursor to COVID-19 cytokine storms as well as adverse
patient outcomes, e.g. intensive care unit admission, severe medical complications, acute
respiratory distress syndrome, and death.*’>° The electrochemical immunosensor developed
here has the potential to be an effective tool to address the unmet clinical need for near-real time

and ultrasensitive tools for deadly inflammation-based diseases and illnesses.
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Contact Angle Measurements

Contact measurements were taken to follow surface modification of the planar Au-coated
(50 nm Ti, 150 nm Au) substrate using a pendant drop tensiometer (Biolin Scientific Theta Flex
Optical Tensiometer) in a sessile drop arrangement. In order to normalize for variations caused
by differences in surface topography/nanopatterning, all measurements were acquired from the
same single spot on the surface. DI water droplets (10 uL) were pipetted onto the surface, and
contact angles on each side (0., Or) were measured at ambient temperature and pressure, from

which mean contact angles (0) were calculated.

= —
Au-MPA-mAb-BSA

Figure S1. Mean contact angles at each step in the derivatization procedure.

Measurements were taken on an unmodified (clean) Au substrate showed the mean
contact angle 0 = 64.5°, which agrees with reported values of 60 - 65° for unmodified gold.!
After 3-MPA SAM formation, the contact angle decreased to 0 = 28.1°, consistent with values
reported in the literature of ~ 30°,% arising from a 3-MPA SAM. Upon immobilization of IL-6
mADb, the contact angle changes to 6 = 46.4° indicating a modest but reproducible increase in

hydrophobicity. Finally, upon addition of BSA blocking protein (Au-MPA-mAb-BSA) 6 =
30



58.4°, this further increase in surface hydrophobicity being in agreement with previously
reported measurements from BSA-immobilized thiol SAMs.?
Electroactive Area Calculations using the Randles-Sevcik Equation

The electroactive area of the IDEA substrate was calculated at each derivatization step

using the Randles-Sevcik equation:

I, = 2.69 x 10° A DY/2n3/2p1/2 ¢
where I, is the peak current, A4 is the electroactive area, D is the diffusion coefficient of the
electroactive species, n is the number of electrons transferred, v is the scan rate, and c is the

concentration of the electroactive species.

Table S1. Effective electroactive area of IL-6 IDEA sensors during derivatization.

Structure Electrode Active Area (mm?)
Au 51.5
Au-MPA 45.2
Au-MPA-mAb 32.3
Au-MPA-mAb-BSA 30.0

Ellipsometry Measurements

Film thickness measurements of a derivatized planar Au substrates were acquired before
and after incubation in 10 pg mL! IL-6 antigen in PBS (pH 7.4) for 1 h, as shown in Table S2.
Measurements were taken on 3 randomly selected spots of the sample surface for each pre- and
post-incubation measurement to account for nonuniformities on the surface film. The average

value of the film thickness increased from 16 A to 22 A after incubation in analyte and the
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Student’s t test shows that there is a significant difference between the pre-incubation and post-

incubation film thicknesses at the 99% confidence level, as shown in Table S3. In comparison, a

control sample not exposed to the IL-6 analyte, produced statistically indistinguishable thickness

measurements after incubation with the analyte.

Table S2. Ellipsometry measurements from Au-MPA-mAb-BSA substrates.

Au-MPA-mAb-BSA-IL6

Control (Au-MPA-mAb-BSA)

Film Thickness (A) Film Thickness (A)
1 2 3 Average 1 2 3 Average
| Pre- 15 16 160 | Pre- 19 18 17 180
incubation incubation
. Post- 21 22 223 . Post- 16 19 16 170
incubation incubation

Table S3. Student’s t-test for Au-MPA-mAb-BSA substrate film thicknesses at various
confidence levels (t0.99, t0.95, t0.90)

Au-MPA-mAb-BSA-IL-6

Control (Au-MPA-mAb-BSA)

t0.99 t0.99
Pre-incubation Post-incubation Pre-incubation Post-incubation
Min (A) 12 19 Min (A) 15 14
Max (A) 19 31 Max (A) 24 27
to.95 to.95
Pre-incubation Post-incubation Pre-incubation Post-incubation
Min (A) 14 19 Min (A) 16 12
Max A) |17 26 Max (A) |20 21
t0.90 t0.90
Pre-incubation Post-incubation Pre-incubation Post-incubation
Min (A) 15 20 Min (A) 16 14
Max A) |17 24 Max (A) |20 20

Generator-Collector Mode Redox Cycling

Interdigitated electrodes have been widely used for generator-collector (GC) mode redox

cycling measurements to enhance affinity-based biological and chemical detection. For such
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measurements, an electroactive species is oxidized or reduced at one electrode digit (generator)
and diffuses across a gap towards an adjacent electrode digit (collector) where the species is
electrochemically converted back to its original state. The redox species can diffuse back and
forth repetitively to achieve redox cycling. This method has several advantages including current
enhancement and increased sensitivity without increasing noise.

Given these potential advantages, experiments were implemented to study the sensing
capabilities of the IL-6 IDEA sensor in GC mode operation. First, experiments and calculations
were used to estimate the diffusion layer thickness in the IDEA geometry. The diffusion layer

thickness, &, of a microband electrode, is given by:

ZFADc
6= i

where Z is the number of electrons transferred, F is Faraday’s constant, 4 is the electrode area,
and D is the diffusion coefficient of the redox species, c is the concentration of the electroactive
species in the bulk, and 7 is the current. The current / was obtained from electrochemical
measurements with the IDEA IL-6 sensor in GC mode (4-electrode configuration) without
exposure to IL-6 antigen, as shown in Figure S2. Based on this, the diffusion layer thickness was
calculated to be 25.4 um, which is larger than the electrode digit width (10 pm) and electrode
gap width (10 pm), suggesting that there is significant diffusion layer overlap between electrode

digits on the IL-6 IDEA sensors.
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Figure S2. Example of a voltammetric scan of the IL-6 IDEA sensor operated in GC mode.

Both current responses are plotted vs. the potential on WE1 (blue), which was scanned from

-0.4 V to +0.7 V vs. Ag/AgCl, while WE2 (orange) was held at -0.5 V. The steady state current

was used for AF calculations.

Current amplification factors, AF, are defined by

IGC

where Igc is the current in GC mode, and /j is the current in non-GC mode. AF values were
confirmed in both underivatized and fully derivatized IL-6 IDEA sensors, Table S4. AF of the
clean IDEA substrate indicates a nearly 5x current amplification when operated in GC mode,

whereas AF values decrease to approximately 3x for IL-6 IDEA sensors, likely due to the
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reduced access of redox probes to the electrode surface following derivatization. The AF values

of the three different IL-6 IDEA sensors also indicate excellent reproducibility.

Table S4. Amplification Factors (AF) of clean and derivatized IL-6 IDEAs.

Sample Description AF AF Avg Std (S(t)fl, /,E;‘lzxivgexs:((i)())
0 Clean (unmodified) IDEA 4.48 ) ) i
substrate
1 IL-6 IDEA Sensor 3.09
2 IL-6 IDEA Sensor 3.10 3.09 0.015 0.49 %
3 IL-6 IDEA Sensor 3.07

IL-6 IDEA sensor performance in GC mode operation was also characterized after

incubation in IL-6 spiked PBS solutions at concentrations ranging from 100 pg mL™"! to 100 ng

mL!. As shown in Table S5, AF values decreased to values slightly above 2x with increasing

IL-6 analyte concentration, indicating reduced transport of redox probe to the electrode surface

due to IL-6 mAb/Ag binding. Nonetheless, these experiments demonstrate that signal

amplification can be achieved through redox cycling and suggest the potential of IL-6 IDEA

sensors to achieve even better performance in GC mode, especially after careful optimization of

the IDEA electrode structure to maximize AF.

Table S5. Amplification Factors of IL-6 IDEAs vs. concentration

IL-6 IDEA IL-6 Concentration AF
Sensor #

1 100 pg mL"! 2.90

2 1 ng mL"! 2.75

3 10 ng mL™! 2.61

4 100 ng mL"! 2.35
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