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Neutral Charged Immunosensor Platform for Protein based
Biomarker Analysis with Enhanced Sensitivity
Yifan Dai,*® Liang-yuan Chiu,¥ Yinuo Chen,? Shiyi Qin,? Xiaowei Wu,? Chung Chiun Liu*®+

tElectronics Design Center, ¢ Department of Chemical and Biomolecular Engineering, ¥ Department of Chemistry, Case
Western Reserve University, Cleveland, OH, 44106, USA

ABSTRACT: A non-invasive, highly sensitive universal immunosensor platform for protein based biomarker detection is described
in this report. A neutral charged sensing environment is constructed by an antibody with an oppositely charged amino acid as surface
charge neutralizer. By adjusting the pH condition of the testing environment, this neutral charged immunosensor (NCI) directly
utilizes the electrostatic charges of the analyte for quantification of circulating protein markers, achieving a wide dynamic range
covering through the whole pico-mole level. Comparing with previous studies on electrostatic charges characterization, this NCI
demonstrates its capability on analyze not only the negatively charged biomolecules but also positively charged analytes. We applied
this NCI for the detection of HE4 antigen with a detection limit at 2.5 pM and Tau antigen with a detection limit at 0.968 pM,
demonstrating the high-sensitivity property of this platform. Furthermore, this NCI possesses a simple fabrication method (less than
2hrs) and a short testing turnaround time (less than 30min), providing an excellent potential for further clinical point-of-care

applications.
charge interaction, universal biosensor, point-of -care
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The development of single-use biosensors for biomarkers
detection is critical to effective medical care. Screening of
circulating protein markers has been widely recognized as a
valid non-invasive approach for medical diagnosis'-. Instead of
traditional sophisticated medical screening methods, such as
Western blot, mass spectroscopy, electrochemical platform has
been evaluated as a promising, rapid method for protein based
biomarkers detection*’. However, most of the electrochemical
platforms require complex fabricated sensing substrate or extra
enzymatic tags in order to achieve high-sensitivity
performance. Therefore, these methods are not suitable for
routine clinical care, which requires not only high detection
sensitivity but also a simple immunosensor fabrication method
and fast turnaround time®. Thus, the development of a simple,
cost-effective, valid and universal method for single-use
biomarker diagnostic tools remains elusive and demanding.
Herein, we report a novel neutral charged detection system,
utilizing the electrostatic charge of the analyte itself to achieve
pico-molar level sensing of protein based biomarkers within
hours.

Antibody based immunosensor fabrication methods are
recognized as the most specific way for analyte recognition’ *-
10, Typically, self-assemble monolayer (SAM) on noble metal
for antibody immobilization is commonly used for
immunosensor fabrication!!-12, However, the complex and time-
consuming process for the formation and activation of SAM and
further crosslinking with an antibody make this method
undesirable for single-use biosensor fabrication for routine
clinical usage. Also, the inhomogeneous surface layer of SAM
typically causes nonspecific binding and alignment issues'3-'4,

which are not ideal for measurement of electrostatic charge
interaction. Herein, we apply a bioconjugation method for
biosensor fabrication, which provides an external thiol linker
onto the biomolecules needed for immobilization” 1516, The
external thiol linked biomolecules are directly incubated onto
the electrode surface without any surface treatment, providing
a highly-aligned and exposed biomolecule layer suitable for
electrostatic charge interaction on the electrode surface.
Moreover, this method provides a simple immunosensor
fabrication method suitable for rapid clinical requirement.

In order to achieve a highly sensitive detection of an analyte,
we designed a neutral charged immunosensor (NCI) in order to
fully utilize the electrostatic charge on the analyte for the
quantification of biomarkers. Previous studies demonstrated the
effective utilization of electrostatic interaction for high-
sensitivity electrochemical immunosensor by the application of
external charge-labeled materials, such as charged gold
nanomaterials'”'®, DNA decorated gold nanoparticles’. The
construction of such sensing platforms required external
introduction of charged species to achieve -electrostatic
interaction with selected redox systems. However, instead of
introducing labeled-charged materials, we directly utilized the
charged analyte as an interaction target based on a
comprehensive understanding of its electrostatic property.
Electrostatic charge of an analyte is determined by its isoelectric
point (pI) and the pH value of the environment (the testing
buffer). Therefore, it is pivotal to comprehend the electrostatic
charge of the analyte for general immunosensor application. In
order to electrochemically quantify the electrostatic charge, a
redox
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Figure 1.a) Formation process of the neutral charged immunosensor (NCI) for acidic pl analyte. Bioconjugation reaction through N-
succinimidyl S-acetylthioacetate (SATA) to provide an external thiol linked antibody; thiol-linked antibody was directly incubated onto the
gold electrode; thiol-linked poly-arginine was further immobilized to neutralize any electrostatic charge through formation of hydrogen
bonding; this fabricated NCI platform was treated with biological samples containing target analyte; Differential pulse voltammetry (DPV)
was performed with the presence of [Ru(NH3)s]>"3" at basic pH condition to fully excite the negative electrostatic charge from the target
analyte; DPV measurement demonstrated the difference between +analyte and —analyte. b) Formation process of the NCI for basic pI analyte.
SATA conjugated antibody under through direct incubation onto the gold electrode; thiol-linked poly-glutamic acid was further immobilized
to neutralize positive electrostatic charge through formation of hydrogen bonding; NCI was further treated with biological samples containing
target analyte; DPV was performed with the presence of [Fe(CN)s]*”* at acidic pH condition to fully excite the positive electrostatic charge
from the analyte; DPV measurement demonstrated the difference between +analyte and —analyte.

ACS Paragon Plus Environment



Page 3 of 15

oNOYTULT D WN =

coupling solution, such as [Ru(NH;)s]**?*, is typically applied
to interact with the analyte?*-2*, However, when encountering
with positive charged analyte, repulsion of the cationic probe in
the liquid-electrode interface leads to an increase of diffusion
length and a decrease in sensitivity!”-2%. Therefore, in this study,
based on the charge condition of the analyte, we present the
proper applications for both cationic and anodic probes for
recruiting its corresponding charged substance. Also, for
accurate quantification of electrostatic charge, any charged
substance (other than the analyte) on the electrode surface needs
to be neutralized in order to provide a neutral environment
before the introduction of the analyte. For further directing the
charge of the analyte, the buffer pH value of the redox coupling
solution is altered. Therefore, there are two circumstances of the
electrostatic charge based on electrochemical detection using a
redox probe solution. First, for an analyte with an acidic pl
value (< pH=7), a testing buffer with a pH over 7 is used to
promote a negatively charged analyte. Second, for an analyte
with a basic pl value (>pH=7), a testing buffer with a pH below
7 is used to promote a positively charged analyte. Most of the
previous studies were limited to investigate the electrostatic
performance only based on negatively charged substances?¢?°.

We  aimed to
provide a comprehensive and simple approach to meet the
detection demands for all different analytes (with acidic/basic
pl) by using electrostatic charges interaction. Consequently,
with the purpose of detection of a wide range of analytes, we
developed this NCI for both described conditions as a universal
immunosensor platform.

RESULTS AND DISCUSSION

A thin gold film based sensor fabricated by chemical vapor
deposition was used as the immunosensor developing platform.
This gold sensor prototype was produced on an industrial scale;
therefore, it is ideal for single-use immunosensor development.
The detail description of this sensor configuration and
characterization of the stability and reproducibility of this
sensor prototype were reported in previous studies® 7. In order
to immobilize the antibody onto the gold sensor surface, N-
succinimidyl S-acetylthioacetate (SATA) was applied to
conjugate the lysine side chain, producing an external thiol
linker that reacted with the gold electrode surface. The
characterization of SATA based bioconjugation method is
shown in a previous study’.

NCI Construction for Analyte with Acidic pl. For an
analyte with an acidic pl value, the principle that underlies the
NCI is shown in Figure 1a. The bioconjugated antibody was
immobilized on the gold electrode surface through the gold-
thiol reaction, forming a single layer of antibody. Therefore,
prior to the introduction of antigen, the charge condition of the
immunosensor surface was only determined by the antibody
itself. After incubation of antigen onto the immunosensor, the
surface charge was then controlled by both the electrostatic
charges of the antibody and the antigen. Consequently, for
conventional electrochemical sensor development, tedious
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study for a balanced antibody concentration was always
required in order to minimize the effects of electrostatic charge
interaction within a certain electrochemical redox system? 3031,
Therefore, in order to utilize the electrostatic charge for
quantification of the biomarker, the background signal from
the antibody needs to be reduced or even neutralized to
prevent the possibility that the background signal is dominant
comparing with that of analyte?®, because the degrees of
charges of antibody and antigen are different. In order to
resolve this research difficulty, we utilized a naturally highly-
charged amino acids*?, poly-arginine as the surface charge
neutralizer for negatively charged antibody under the pH
condition of the electrochemical testing environment. Arginine
possessed the highest isoelectric point (pI) among amino
acids®. It maintained a positive charge for pH under 10.763*.
After immobilization of poly-arginine, the electrostatic charge
from antibody on the immunosensor surface was then
neutralized. The whole surface charge condition was now only
determined by the electrostatic property of the analyte, and
therefore enhancing the detection accuracy and sensitivity.
The whole construction time of this NCI was approximately 1
hr, agreeing with the requirement for quick turnaround time
for clinical routine applications.

An electrochemical redox system based on the
cationic probe, [Ru(NH;)s]*"3* was applied as the indicator of
the intensity of negative charges on the immunosensor surface.
[Ru(NHj3)6]*>"** was commonly used for electrochemical signal
readout for nucleic acids® 33 owing to its ability on corporation
with negative charged nucleic acids backbone. For the
detection of negatively charged analyte, we used the
electrostatic interaction between [Ru(NH;)s]**** and
negatively charged amino acids (Asp & Glu). The cationic
probe was attracted into the antigen binding layer instead of
being repulsed to the outer layer of the liquid interface.
Therefore, the diffusion distance of the electron was
decreased, providing a higher degree of electron accessibility
of the Au electrode and leading to a higher sensitivity?*. In
order to fully utilize the negative charges from the amino
acids, a basic buffer (pH=9.6), carbonate bicarbonate, while
maintaining the positive charges of poly-arginine, was used as
the composition for the redox solution. Differential pulse
voltammetry (DPV) was used as high-sensitivity
electrochemical transduction mechanism?®: 36.

NCI Construction for Analyte with Basic pl. For an analyte
with a basic pl value, the principle of this NCI is shown in
Figure 1b. An analyte with a basic pl value possesses positive
charges under physiological condition. Therefore, in order to
interact with positively charged targets, a negatively charged
redox system, [Fe(CN)¢]*"*, was applied. In this case, the
anodic probe was attracted into the positively charged antigen
layer, decreasing the electron diffusion distance and increasing
the sensitivity. To further fully utilize the positively charged
amino acids, the anodic probe was prepared in an acidic buffer,
Bis-Tris

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Sensors
a b C
-2.0x10* -2.0x10° -1.5x10°
——— CBC based redox 90uM
—— PBS based redox
A.5x10% | {  sxofp . 4.0x10°}
2 2 (1) Antibody only -
= = =
£ £ -tox10¢} -
£ -1.0x10° s E.5.0x10¢
o o (]
f 1k
5.0x107 et (2) +Poly-arginine -
010 -015 020 -025 030 035 010 -015 020 -0.25 -0.30 -0.35 010 045 020 025 -0.30 -0.35
Potential (V) Potential (V) Potential (V)

d Cation probe *

;*: * Positively charged
protein <

Cation probe

*’ Negatively £l
charged protein g 2o

Figure 2. a) Comparison of DPV measurements of electrostatic interactions of HE4 antibody with [Ru(NH;)s]?*?* in CBC buffer (pH=9.6)
and in PBS buffer (pH=7.4). b) DPV measurement by [Ru(NH3)s]?>"** in CBC buffer (pH=9.6) on HE4 antibody with the addition of poly-
arginine as negative charge neutralizer. ¢) DPV measurements by [Ru(NH3)s]>"** in CBC buffer (pH=9.6) on various concentrations of
poly-arginine alone. d) Proposed cation probe interaction models for positively charged protein and negatively charged protein.

buffer (pH=6.2). After immobilization of the antibody, under
acidic pH condition, the antibody was partially positively
charged. Therefore, in order to minimize the background signal,
negatively charged poly-glutamic acid was applied as positive
charges neutralizer owing to the low isoelectric point of
glutamic acid (pI=3.08). Once the NCI was constructed, the
electrostatic charge readout from DPV would only be
determined by the charge interaction between the positively
charged analyte and the anodic probe [Fe(CN)g]*>** under acidic
condition. To demonstrate  the
validity of this NCI platform, we applied this NCI (1) to detect
HE4 (WFDC?2) protein, a biomarker for ovarian cancer?’, based
on the [Ru(NHj3)¢]*"?* redox interaction with negative charged
analyte. We also used this NCI (2) to detect T-tau protein, a
biomarker of neuro-degenerative disorders®, based on the
[Fe(CN)g]** redox interaction with positive charged analyte.
The performance of other non-charged immunosensor platform
was also compared with that of NCI, demonstrating the high-
sensitivity and low-detection limit advantages of this NCI
platform. This study provided a novel perspective on a simple
development method for a universal single-use immunosensor
platform with highly enhanced sensitivity.

NCI Development for HE4 Detection. First, we demonstrated
this NCI for the detection of HE4 antigen, which possessed an

acidic pl value. In order to utilize the electrostatic charge for the
detection, the charge condition of the antibody while testing,
needed to be comprehended. The surface charge of the antibody
was derived from the pH difference between its own isoelectric
point and the pH value of the testing buffer. Therefore, in order
to fully induce the negative charges from the antibody, the
influence of basicity of the testing buffer on electrostatic charge
was firstly evaluated based on the HE4 antibody. Two different
buffers prepared redox coupling, phosphate buffer saline
(pH=7.4) and carbonate bicarbonate (pH=9.6), were
investigated using DPV in the presence of 50uM of
[Ru(NHs3)6]>"3*. As shown in Figure 2a, using the HE4 antibody
layer covered immunosensor, the carbonate bicarbonate
dissolved redox coupling resulted in a higher current outputs
comparing with that of phosphate buffer saline dissolved redox
coupling, indicating that a more basic buffer medium improved
the electrostatic charge interaction between the protein and the
ruthenium based redox probe. Therefore, CBC buffer based
redox coupling solution was chosen for further application in
HE4 detection.  As shown in Figure 2b, the blue line (1)
demonstrates the electrostatic charge signal based on the
negatively charged
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Figure 3. a) DPV measurements of various concentrations (2.5pM-250000pM) of HE4 antigen using HE4 NCI. b) Calibration curve for the
DPV measurements of NCI. ¢c)Comparison of detection resolution of NCI with non-neutralized immunosensor in response to various HE4
concentrations (2.5pM-250000pM). d) Interference study using CA125 antigen on the HE4 NCI.

antibody (2.43uM) covered electrode surface. To investigate
the charge compensation ability of poly-arginine, we further
incubated SATA conjugated poly-arginine onto the HE4
antibody covered electrode, producing a neutral charged surface
under testing condition. In order to mediate the charge from
antibody, multiple concentrations of thiol linked poly-arginine
were tested and shown in Figure S1. The red line (2) in Figure
2b presents the electrostatic charge signal based on negatively
charged antibody electrode surface plus the selected
concentration (30.4uM) of positively charged poly-arginine.
The decrease of current output was caused by that the negative
charged amino acids in the antibody, which were interacted
with poly-arginine instead of [Ru(NH;)s]*"3*, due to the
formation of hydrogen bonding between negative charged
amino acids and positive charged poly-arginine. Consequently,
the reduction process of [Ru(NH;)¢]** to [Ru(NH;)s]>" was
weakened. To verify that electrostatic interaction was the
dominant component for the decrease of current outputs, we
further evaluated the interaction of [Ru(NHj)e]>”3* with
different concentrations of poly-arginine alone on the gold
sensor surface. As shown in Figure 2c, various concentrations
of poly-arginine did not cause significant decrease of current
outputs based on the cation redox reaction, indicating that the
cation redox reaction process was not impeded by the addition
of poly-arginine. Therefore, we concluded that the decrease of

current in Figure 2b was not initiated by the electron transfer
hindrance from the addition of poly-arginine. Furthermore, this
phenomenon (Figure 2¢) can be explained as that the repulsion
between cation probe and positively charged biomolecules
creates a gap preventing their interactions.

Based on above observations, we proposed an
electrostatic interaction model as shown in Figure 2d. After the
redox solution is placed on the sensor surface, if the
immobilized biomolecules are oppositely charged, the
attractive force moves the cation probe closer to the electrode
surface, decreasing the electron transfer distance during the
redox reaction. Consequently, the repulsion and attraction of
cation probe with differently charged biomolecules lead to
different electron diffusion distance, further delivering different
intensity of current outputs from the redox reaction. With the
understanding of the electrostatic interaction, this developed
NCI was further applied to investigate the electrostatic
detection of HE4 antigen.

For electrostatic quantification of HE4 antigen, the
amino acids sequence of HE4 antigen were firstly evaluated and
shown in the SI, which was used for calculation of the
isoelectric point of the HE4 antigen. The pl for HE4 antigen is
4.50, which is lower than the pH value of CBC buffer,
indicating that under the CBC buffer based redox coupling
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solution, it possesses strong negative charges. Multiple
concentration of HE4 antigen in human serum was incubated on
the HE4 NCI for 30 min at room temperature. After this short
incubation time, DPV measurements were performed using
CBC based [Ru(NHj3)s]*"** redox solution. The incubation time
of the [Ru(NH;)s]*"?" redox based CBC solution was also
investigated and shown in the Figure S2. A quiet time of 15s
was selected, allowing the electrostatic cooperation between
[Ru(NHj3)6]>"3* and negative charged HE4 antigen. As shown
in Figure 3a, the concentrations of HE4 antigen show a positive
correlation with the current outputs. A low detection limit of
HE4 antigen was observed at 2.5 pM. Comparing with recent
report on nano-molar level HE4 detection®, the results of this
study demonstrated a detection limit of three order of magnitude
lower, confirming the high sensitivity property of this NCI. The
calibration curve is shown in Figure 3b with a R-square value
of 0.905 and RSD value of 3.066%, indicating a good linear
relationship and the high reproducibility of this detection
platform. To further demonstrate the high-sensitivity property
owing to the application of charge neutralizer, we compared the
performance of this NCI platform with a non-neutralizer
platform, which only possessed the thiol-linked antibody on the
gold sensor surface. These two types of immunosensor
employed identical antigen incubation process and tested by the
same electrochemical method. As shown in Figure 3c, the
changes of current referring with the base line are presented.
The NCI platform not only demonstrated a higher resolution for
the same concentration range of detection, but also defined a
lower detection limit comparing with those of the non-
neutralizer platform, indicating a lower possibility of false
positive results and a higher sensitivity of this NCI platform.
The specificity
of this HE4 NCI platform was further assessed by using CA-
125 protein, also a biomarker of ovarian cancer’’. Mixed CA-
125 (11000pM) and HE4 antigen (2500pM) samples were
applied to incubate on the prepared HE4 NCI. We also applied
only CA-125 (11000pM) incubation on the HE4 NCI. As shown
in Figure 3d, the change of current was compared between the
interference samples and the only HE4 sample and non-analyte
baseline. The change of current was lower than the RSD of this
NCI platform. Therefore, the interference test demonstrated that
there was no signal based on only CA-125 antigen and also
proved that there was no interference from CA-125 antigen on
the recognition of HE4 antigen. These two experiments
validated the high-selectivity using the NCI platform.

NCI Development for Tau Detection. In order to demonstrate
the NCI on analysis of analyte with basic pl value, T-Tau
protein was employed as target for NCI development. We first
analyzed the influence of the pH condition of the detection

buffer by comparing the DPV measurement of the immobilized
antibody using PBS based redox (pH=7.4) and Bis-Tris based
redox (pH=6.2). As shown in Figure 4a, with the application of
more acidic buffer, the electrostatic charge performance of the
antibody (6.67 nM) was enhanced based on the DPV
measurement using [Fe(CN)¢]*”#+. In order to produce NCI
based on a positively charged condition, a highly-negative
charged, hydrophilic amino acid, aspartic acid was applied as
the charge neutralizer. In order to immobilize the poly-aspartic
acid, a bioconjugation mechanism aiming at modification of
side chain carboxylic group was applied by reacting with 1-
ethyl-3-(-3-dimethylaminopropyl) carbodiimide hydrochloride
(EDC), cystamine, and 2-MercaptoethylamineHCl (2-MEA)
sequentially, providing an external thiol linker (Figure S3).
Figure S4 shows the optimization of DPV signal based on
different concentrations of poly-aspartic acids. As shown in
Figure 4b, after incubation of selected concentration (3.10 nM)
of thiol-linked poly-aspartic acid, the DPV signal produced by
the electrostatic interaction was significantly decreased based
on the positively charged amino acids interaction with
[Fe(CN)g]**. To verify that the decrease of DPV signal was
caused by the formation of salt bridge (between negatively
charged glutamic acid and positively charged amino acids of the
antibody at the testing environment) instead of electron
hindrance due to addition of surface molecules, we further
analyzed the interaction between [Fe(CN)y]*/* and different
concentrations of poly-glutamic acid. As shown in Figure 4c,
the interaction of anion redox probe with negatively charged
poly-glutamic acids did not change significantly with a large
increase of concentration of poly-glutamic acid. This
phenomenon first confirmed that the decrease of DPV signal
shown in Figure 4b was not caused by increase of surface
impedance. Second, the unchanged DPV signal in Figure 4c
indicated that the redox reaction process was not interfered by
the immobilized poly-glutamic acid, because there was
repulsion force between the anion probe and negatively charged
biomolecules. Moreover, based on our observations, an
interaction model between the anion probe and charged
biomolecules was suggested as shown in Figure 4d. We
proposed that the difference in electron diffusion distance
caused by electrostatic interaction and incorporation led to
different current outputs behavior. This fabricated NCI was
further applied for incubation of T-Tau antigen.
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T-Tau protein has a basic isoelectric point (pI=8.6).
The amino acids sequence of T-Tau protein is shown in the SI.
Therefore, under pH<8.6, T-Tau protein is highly positive
charged™ 38, Multiple concentrations of T-Tau antigen were
incubated onto the prepared T-Tau NCI for 30 min. After
incubation, the immunosensors were tested by DPV in the
presence of Bis-Tris based [Fe(CN)4]*"+ solution. As shown in
Figure 5a, the DPV measurements demonstrated a positive
correlation with the current outputs, indicating the positive
electrostatic interaction between the T-Tau antigen with
[Fe(CN)g]**. Comparing with the results of recent studies on
Tau detection that demonstrated a sensitivity at micro/nano-
molar level> %%, our NCI platform establishes a low detection
limit of 0.968 pM in human serum. The calibration curve is
shown in Figure 5b with a R-square value of 0.943 and RSD
around 3.6%.

We further compared this NCI with non-
neutralized platform. Non-neutralized platform did not
incorporate the charge neutralizer, poly-glutamic acid. As
shown in Figure 5c, comparing with non-neutralized
immunosensor, our T-Tau NCI demonstrated one order lower
of the detection limit, confirming the high-sensitivity of this
NCI platform. For interference study, 9.68pM T-Tau antigen
sample was mixed with TAR DNA binding protein 43 (133pM)
and B-amyloid 42 antigen (153pM), which are confirmed
biomarkers for neurodegenerative disorders*-*3. As shown in
Figure 5d, all the interference currents produced by non-target
analyte were within the range of RSD from the DPV calibration
curve. Therefore, this T-Tau NCI also confirmed its high-
specificity on electrochemical detection.

CONCLUSION

In summary, the developed neutral charged
immunosensor (NCI) provides a simple, rapid immunosensor
fabrication protocol suitable for routine clinical point-of-care
usages. By triggering the electrostatic charge of the target
analyte, we provide two perspectives for the NCI, covering the
detection methods for both negative charged and positive
charged analytes. Therefore, this NCI platform provides a
universal method for electrochemical quantification of antigen.
The pico-molar level detection limit of this simple
immunosensor platform is sufficiently low for quantification of
most of the circulating protein biomarkers.

REFERENCES

1. DePrimo, S. E.; Bello, C. L.; Smeraglia, J.; Baum,
C. M.; Spinella, D.; Rini, B. .; Michaelson, M. D.; Motzer,
R. J., Circulating protein biomarkers of pharmacodynamic
activity of sunitinib in patients with metastatic renal cell
carcinoma: modulation of VEGF and VEGF-related
proteins. Journal of translational medicine 2007, 5 (1), 32-
42.

2. Danesh, J.; Wheeler, J. G.; Hirschfield, G. M.;
Eda, S.; Eiriksdottir, G.; Rumley, A.; Lowe, G. D.; Pepys,
M. B.; Gudnason, V., C-reactive protein and other
circulating markers of inflammation in the prediction of

Page 8 of 15

AUTHOR INFORMATION

Corresponding Author
* Email: cx19@case.edu

ASSOCIATED CONTENT

Supporting Information. This material is available free of charge
via the Internet at http://pubs.acs.org.

Materials, bioconjugation procedure for Anti-HE4, Bioconjugation
procedure for poly-arginine, Amino acid sequence of HE4 antigen,
HE4 NCI preparation, Differential pulse voltammetry (HE4
measurement), Bioconjugation procedure for Anti-T-Tau,
Bioconjugation procedure for poly-glutamic acid, Amino acid
sequence of T-Tau antigen, T-Tau NCI preparation, Differential
pulse voltammetry (T-Tau measurement), Evaluation of different
concentrations of thiol-linked poly-arginine (Figure S1),
Incubation time of the [Ru(NH3)6]3+ redox for optimization of
electrostatic charge readout (Figure S2), Bioconjugation method
for providing thiol-linker onto glutamic acid (Figure S3),
Evaluation of different concentrations of thiol-linked poly-
glutamic acid (Figure S4).

Author Contributions

Y.D and C.C.L designed and conceived the research. Y.C, S.Q,
X.W conducted the experiments. Y.D, C.C.L and L.Y.C analyzed
data. Y.D and C.C.L drafted the manuscript. The manuscript was
written through contributions of all authors. All authors have
given approval to the final version of the manuscript.

Funding Sources

Wallace R. Persons research fund of Case Alumni Association.

Notes
The authors declare no competing financial interest.

ACKNOWLEDGMENT

We acknowledge the funding support from Wallace R. Persons
research fund of Case Alumni Association. Yifan Dai gratefully
acknowledges Dr. Harihara Baskaran from Department of Chemical
and Biomoleculear Engineering and Department of Biomedical
Engineering, Case Western Reserve University, and Dr. Blanton
Tolbert from Department of Chemistry, Case Western Reserve
University, and Laurie Dudik from Department of Chemical and
Biomolecular Engineering, Case Western Reserve University for their
insightful discussion over the course of this research.

coronary heart disease. New England Journal of Medicine
2004, 350 (14), 1387-1397.

3. Shao, H.; Chung, J.; Balaj, L.; Charest, A.; Bigner,
D. D.; Carter, B. S.; Hochberg, F. H.; Breakefield, X. O.;
Weissleder, R.; Lee, H., Protein typing of circulating
microvesicles allows real-time monitoring of glioblastoma
therapy. Nature medicine 2012, 18 (12), 1835-1840.

4. Shui, B.; Tao, D.; Cheng, J.; Mei, Y.; Jaffrezic-
Renault, N.; Guo, Z., A novel electrochemical aptamer—
antibody sandwich assay for the detection of tau-381 in
human serum. Analyst 2018, 143 (15), 3549-3554.

5. Dai, Y.; Molazemhosseini, A.; Liu, C. C., A
Single-Use, In Vitro Biosensor for the Detection of T-Tau

ACS Paragon Plus Environment


mailto:cxl9@case.edu
http://pubs.acs.org

Page 9 of 15

oNOYTULT D WN =

Protein, A Biomarker of Neuro-Degenerative Disorders, in
PBS and Human Serum Using Differential Pulse
Voltammetry (DPV). Biosensors 2017, 7 (1), 10-20.

6. Kelley, S. O.; Mirkin, C. A.; Walt, D. R;
Ismagilov, R. F.; Toner, M.; Sargent, E. H., Advancing the
speed, sensitivity and accuracy of biomolecular detection
using multi-length-scale engineering. Nature
nanotechnology 2014, 9 (12), 969-980.

7. Dai, Y.; Wang, C.; Chiu, L.-Y.; Abbasi, K.;
Tolbert, B. S.; Sauvé, G.; Yen, Y.; Liu, C.-C., Application
of bioconjugation chemistry on biosensor fabrication for
detection of TAR-DNA binding protein 43. Biosensors and
Bioelectronics 2018, 117, 60-67.

8. Labib, M.; Sargent, E. H.; Kelley, S. O.,
Electrochemical methods for the analysis of clinically
relevant biomolecules. Chemical reviews 2016, 116 (16),
9001-9090.

9. Crivianu-Gaita, V.; Thompson, M., Aptamers,
antibody scFv, and antibody Fab'fragments: An overview
and comparison of three of the most versatile biosensor
biorecognition elements. Biosensors and Bioelectronics
2016, 85, 32-45.

10. Prieto-Simon, B.; Saint, C.; Voelcker, N. H.,
Electrochemical biosensors featuring oriented antibody
immobilization via electrografted and self-assembled
hydrazide chemistry. Analytical chemistry 2014, 86 (3),
1422-1429.

11. Yang, H.; Zhou, H.; Hao, H.; Gong, Q.; Nie, K.,
Detection of escherichia coli with a label-free impedimetric
biosensor based on lectin functionalized mixed self-
assembled monolayer. Sensors and Actuators B: Chemical
2016, 229, 297-304.

12. Crudden, C. M.; Horton, J. H.; Narouz, M. R.; Li,
Z.; Smith, C. A.; Munro, K.; Baddeley, C. J.; Larrea, C. R.;
Drevniok, B.; Thanabalasingam, B., Simple direct
formation of self-assembled N-heterocyclic carbene
monolayers on gold and their application in biosensing.
Nature communications 2016, 7, 12654.
doi.org/10.1038/ncomms12654

13. Chaki, N. K.; Vijayamohanan, K., Self-assembled
monolayers as a tunable platform for biosensor
applications. Biosensors and Bioelectronics 2002, 17 (1-2),
1-12.

14. Vericat, C.; Vela, M.; Benitez, G.; Carro, P.;
Salvarezza, R., Self-assembled monolayers of thiols and
dithiols on gold: new challenges for a well-known system.
Chemical Society Reviews 2010, 39 (5), 1805-1834.

15. Dai, Y.; Abbasi, K.; DePietro, M.; Butler, S.; Liu,
C. C., Advanced fabrication of biosensor on detection of
Glypican-1 using S-Acetylmercaptosuccinic anhydride
(SAMSA) modification of antibody. Scientific Reports
2018, 8 (1), 13541. DOI:10.1038/s41598-018-31994-2

16. Dai, Y.; Chiu, L.-Y.; Sui, Y.; Dai, Q.;
Penumutchu, S.; Jain, N.; Dai, L.; Zorman, C. A.; Tolbert,
B. S.; Sankaran, R. M., Nanoparticle based simple
electrochemical biosensor platform for profiling of protein-
nucleic acid interactions. Talanta 2018, 195, 46-54.

17. Zhang, H.; Li, P.; Han, X., A charge-labeled
electrochemical immunosensor: enhanced sensitivity by

ACS Sensors

electrostatic interaction of the electrode/solution interface.
Ionics 2018, 24 (2), 589-596.

18. Wang, D.; Zheng, Y.; Chai, Y.; Yuan, Y.; Yuan,
R., Target protein induced cleavage of a specific peptide
for prostate-specific antigen detection with positively
charged gold nanoparticles as signal enhancer. Chemical
Communications 2015, 51 (52), 10521-10523.

19. Wang, Z.; Sun, N.; He, Y; Liu, Y.; Li, J., DNA
assembled gold nanoparticles polymeric network blocks
modular highly sensitive electrochemical biosensors for
protein kinase activity analysis and inhibition. Analytical
chemistry 2014, 86 (12), 6153-6159.

20. Das, J.; Cederquist, K. B.; Zaragoza, A. A.; Lee,
P. E.; Sargent, E. H.; Kelley, S. O., An ultrasensitive
universal detector based on neutralizer displacement.
Nature chemistry 2012, 4 (8), 642-648.

21. Steichen, M.; Decrem, Y.; Godfroid, E.; Buess-
Herman, C., Electrochemical DNA hybridization detection
using peptide nucleic acids and [Ru (NH3) 6] 3+ on gold
electrodes. Biosensors and Bioelectronics 2007, 22 (9-10),
2237-2243.

22. Cui, H.-F.; Xu, T.-B.; Sun, Y.-L.; Zhou, A.-W ;
Cui, Y.-H.; Liu, W.; Luong, J. H., Hairpin DNA as a
biobarcode modified on gold nanoparticles for
electrochemical DNA detection. Analytical chemistry 2015,
87 (2), 1358-1365.

23. Das, J.; Ivanov, L.; Safaei, T. S.; Sargent, E. H.;
Kelley, S. O., Combinatorial Probes for High-Throughput
Electrochemical Analysis of Circulating Nucleic Acids in
Clinical Samples. Angewandte Chemie International
Edition 2018, 57 (14), 3711-3716.

24. Stimpson, S.; Jenkinson, D. R.; Sadler, A.;
Latham, M.; Wragg, D. A.; Meijer, A. J.; Thomas, J. A.,
Tuning the Excited State of Water-Soluble IrIII-Based
DNA Intercalators that are Isostructural with [Rull (NN) 2
(dppz)] Light-Switch Complexes. Angewandte Chemie
2015, 127 (10), 3043-3046.

25. Nuzzo, R. G.; Dubois, L. H.; Allara, D. L.,
Fundamental studies of microscopic wetting on organic
surfaces. 1. Formation and structural characterization of a
self-consistent series of polyfunctional organic monolayers.
Journal of the American Chemical Society 1990, 112 (2),
558-5609.

26. Li, M.; Bhiladvala, R. B.; Morrow, T. J.; Sioss, J.
A.; Lew, K.-K.; Redwing, J. M.; Keating, C. D.; Mayer, T.
S., Bottom-up assembly of large-area nanowire resonator
arrays. Nature nanotechnology 2008, 3 (2), 88-92.

217. Clack, N. G.; Salaita, K.; Groves, J. T.,
Electrostatic readout of DNA microarrays with charged
microspheres. Nature biotechnology 2008, 26 (7), 825-830.
28. Huang, H.; Bai, W.; Dong, C.; Guo, R.; Liu, Z.,
An ultrasensitive electrochemical DNA biosensor based on
graphene/Au nanorod/polythionine for human
papillomavirus DNA detection. Biosensors and
Bioelectronics 2015, 68, 442-446.

29. Guerrini, L.; Krpeti¢, Z.; van Lierop, D.;
Alvarez-Puebla, R. A.; Graham, D., Direct
Surface-Enhanced Raman Scattering Analysis of DNA
Duplexes. Angewandte Chemie 2015, 127 (4), 1160-1164.

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Sensors

30. Zhang, J.; Wu, X_; Chen, P.; Lin, N.; Chen, J.;
Chen, G.; Fu, F., Electrochemical genotyping and detection
of single-nucleotide polymorphisms based on junction-
probe containing 2'-deoxyinosine. Chemical
Communications 2010, 46 (37), 6986-6988.

31. Wang, P.; Wu, H.; Dai, Z.; Zou, X., Picomolar
level profiling of the methylation status of the p53 tumor
suppressor gene by a label-free electrochemical biosensor.
Chemical Communications 2012, 48 (87), 10754-10756.
32. Skoog, B.; Wichman, A., Calculation of the
isoelectric points of polypeptides from the amino acid
composition. Trac-Trends in Analytical Chemistry 1986, 5
(4), 82-83.

33. Govindjee, R.; Misra, S.; Balashov, S. P.; Ebrey,
T. G.; Crouch, R. K.; Menick, D. R., Arginine-82 regulates
the pKa of the group responsible for the light-driven proton
release in bacteriorhodopsin. Biophysical journal 1996, 71
(2), 1011-1023.

34. Osborne, T. C.; Obianyo, O.; Zhang, X.; Cheng,
X.; Thompson, P. R., Protein arginine methyltransferase 1:
positively charged residues in substrate peptides distal to
the site of methylation are important for substrate binding
and catalysis. Biochemistry 2007, 46 (46), 13370-13381.
35. Das, J.; Ivanov, I.; Montermini, L.; Rak, J.;
Sargent, E. H.; Kelley, S. O., An electrochemical clamp
assay for direct, rapid analysis of circulating nucleic acids
in serum. Nature chemistry 2015, 7 (7), 569-575.

36. Sina, A. A. I.; Howell, S.; Carrascosa, L. G.; Rauf,
S.; Shiddiky, M. J.; Trau, M., eMethylsorb: electrochemical
quantification of DNA methylation at CpG resolution using
DNA-—gold affinity interactions. Chemical Communications
2014, 50 (86), 13153-13156.

37. Bast Jr, R. C.; Hennessy, B.; Mills, G. B., The
biology of ovarian cancer: new opportunities for
translation. Nature Reviews Cancer 2009, 9 (6), 415-428.

Page 10 of 15

38. Min, S.-W_; Chen, X.; Tracy, T. E.; Li, Y.; Zhou,
Y.; Wang, C.; Shirakawa, K.; Minami, S. S.; Defensor, E.;
Mok, S. A., Critical role of acetylation in tau-mediated
neurodegeneration and cognitive deficits. Nature medicine
2015, 21 (10), 1154-1162.

39. Williams, R. M.; Lee, C.; Galassi, T. V.; Harvey,
J. D.; Leicher, R.; Sirenko, M.; Dorso, M. A.; Shah, J.;
Olvera, N.; Dao, F., Noninvasive ovarian cancer biomarker
detection via an optical nanosensor implant. Science
advances 2018, 4 (4), eaaq1090. DOLI:
10.1126/sciadv.aaq1090

40. Esteves-Villanueva, J. O.; Trzeciakiewicz, H.;
Martic, S., A protein-based electrochemical biosensor for
detection of tau protein, a neurodegenerative disease
biomarker. Analyst 2014, 139 (11), 2823-2831.

41. Rushworth, J. V.; Ahmed, A.; Griffiths, H. H.;
Pollock, N. M.; Hooper, N. M.; Millner, P. A., A label-free
electrical impedimetric biosensor for the specific detection
of Alzheimer's amyloid-beta oligomers. Biosensors and
Bioelectronics 2014, 56, 83-90.

42, Chen-Plotkin, A. S.; Lee, V. M.-Y; Trojanowski,
J. Q., TAR DNA-binding protein 43 in neurodegenerative
disease. Nature Reviews Neurology 2010, 6 (4), 211-220.
43. Treusch, S.; Hamamichi, S.; Goodman, J. L.;
Matlack, K. E.; Chung, C. Y.; Baru, V.; Shulman, J. M.;
Parrado, A.; Bevis, B. J.; Valastyan, J. S., Functional links
between A toxicity, endocytic trafficking, and
Alzheimer’s disease risk factors in yeast. Science 2011,
1213210. DOI:10.1126/science.1213210

FOR TOC ONLY:

Target Biomarker

@@@ +‘ +
& :J-a‘; = = *a;.,"ua *
q%rgg pl< [pH 71 < pl it

+) 9
+

ACS Paragon Plus Environment



Page 11 of 15 ACS Sensors

1
2
3
4
5
6
7 a
8 s N s o
P o Ny A
9 gol,,)\ H \ ) AY 2 m
1 _ _
Direct incubation Thiol linked
12 Poly-arginine
13 Thiol-linked antibody
14 )
1 5 Antigen '.‘-.
16
17
18 .
19 H
20 ° DPV testing
21 " @basic pH (>p)
22
23 b

NNNN
NOoO b
Vi
AY

Direct incubation Thiol linked
Poly-glutamic acid

N
[ee]

A W o °
° o o \NMS o a
AL = / \ ) I \2 J 1
W’ I 4 :

N
O

Thiol-linked antibody

w w
- O

Antigen

w W
w N

w w w
[o) WU, NN
Current (A}

DPV testing
—

w
N

@ acidic pH (<pl)

B W W
o OV ©

Figure 1.

b
N —

257%x272mm (168 x 168 DPI)

cgUuuUuuUuuuUuuuuuADNDNDNDNDNSARN
OCONOOULDBDWN_=2O0OOVONOUV DWW

ACS Paragon Plus Environment

(o))
o



oNOYTULT D WN =

ACS Sensors

a b c
2.0x10* -2.0x10° 1.5x10°
——CBC based redox ——90pM
———PBS based redox
1.5x10* A1.5x10° . -1.0x10°
2 g (1) Antibody only 2
H g 1.0x10¢ H
£ -1.0x10° - gﬁumn‘
5] < J
T
s0x107 i @) +Poly-arginine o
010 015 020 025 030 035 010 015 020 025 030 035 010 015 020 025 -0.30 035
Potential (V) Potential (V) Potential (V)

Cation probe *
Positively charged *
protein < s

Figure 2

269x162mm (168 x 168 DPI)

ACS Paragon Plus Environment

Cation probe *’
*’ Negatively 1
i & charged protein g Ro4®

Page 12 of 15



Page 13 of 15 ACS Sensors

a b

-3.0x10°®

oNOYTULT D WN =

-3.0x10°°

25210 |
" -25%10° |

R-square=0.905
-20x10° |

-2.0x10°¢ |

-1.5x10° |

—_
N
Current (A)
Current (A)

-1.5x10° |

14 A4.0x10°

-1.0x10°¢ |

5.0x107 |

0 L L 1 1 L 5.0x107 1 1 L 1 1
-0.10 -0.15 -0.20 -0.25 -0.30 -0.35 1 10 100 1000 10000 100000

18 Potential (V) Log of Concentration (pM)

20 2.5x10°° — T T T T r 1x10°

21 -Neutral charged immunosensor =07F  HE4 HE4+CA125

8x107 | T
IS

22 2.0x10°¢ |- Non-neutralized immunosensor

=

707 b
23 15x10° | Sl ¥
sxto” b

Al(A)
Al(A)

ax107 |
1.0x10°° |

26 3)(10" u

2107 | b
27 5.0x107 | 1x107 -analyte +CA125 |
28 0 1 |

1
29 0.0 -xto7 b
25 25 250 2500 25000 250000

Concentration (pM)

33 Figure 3

34 184x148mm (168 x 168 DPI)

60 ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Sensors
a b c
v T T 7x10*
310 Bis-Tris based redox 310 i
PBS based red
ased redox (1) Antibody only 5x10°
Z 2x10% = 2x10° = axt0®
H g £ axi0®
£ g E
G 1xi0°® “ x10° { a0t
1x10*
0 0 I o
(2) +Poly-glutamic acid N X N N N
-0.3 -0.2 -0.1 0.0 0.1 02 0.3 -0.3 -0.2 0.1 0.0 0.1 0.2 03 -0.3 -0.2 01 0.0 0.1 0.2 0.3
Potential (V) Potential (V) Potential (V)
LT3 14
d Anion probe  se4-se Anion probe 9
o

Negatively x Positively charged 1§
charged protein > protein .

Figure 4

265x162mm (168 x 168 DPI)

ACS Paragon Plus Environment

Page 14 of 15



Page 15 of 15

oNOYTULT D WN =

Current (A)

ACS Sensors
2.0x10° r 2.0x10°
484pM
P 3
1.6x10° | R-square=0.943
1.5x10% |
2
1.0x10° | -
[
2
= 1.0x10° |
]
s b
5.0x10 oskspM
OpM
ook 5.0x10° |-
0.4 02 0.0 02 04 1 10 100 10
Potential (V) d Log of Concentration (pM)
3.5x10° r r r r r 1.0x10°% ¢ T
. -Tau T-Tau+ TDP-43+ Ap-42
-Neuh"al charged immunosensor P-4
3.0x10° | h . T T
Non-neutralized immunosensor 8.0x10° | 1 1
2.5x10°% |
6.0x10° |
— 2.0x10° | —~
2 2
= 15x10° b 3 a0x10® E
+TDP-43
1.0x10° | 2.0x10° +AB-42 A
-analyte
5.0x10° | 1 |_I_|
0.0 T
0.0
0.968 344 968 484 9638 484
Concentration (pM)
Figure 5

182x142mm (168 x 168 DPI)

ACS Paragon Plus Environment



