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Abstract:

The analysis of protein-nucleic acid interactions is essential for biophysics related research. However, simple, rapid,
and accurate methods for biomolecules interaction analysis are lacking. We herein establish an electrochemical
biosensor approach for protein-nucleic acid binding analysis. The fabrication method of a highly-controlled, inkjet
printing and plasma based nanoparticle sensor is presented. A novel bioconjugation method is demonstrated as a
simple and rapid approach for protein-based biosensor fabrication. As a proof of concept, we analyzed the binding
interaction between unwinding protein 1 (UP1) and SL3¥55 RNA, confirming the accuracy of this nanoparticle
based electrochemical biosensor approach with traditional biophysical methods. We further accurately profiled and
differentiated a unique binding interaction pattern of multiple G-tract nucleic acid sequences with heterogeneous
nuclear ribonucleoprotein H1. Our study provides insights into a potential universal platform for in vitro
biomolecule interaction analysis based on an electrochemical biosensor approach.

Graphical abstract
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1. Introduction

Quantitative sensing of biomolecules interactions is critical to fundamental understanding of
biological pathways, biomarker analysis, drug function evaluation and biophysical properties study [1-8].
A cost-effective, sensitive, and biologically specific analytical technique combined with an accurate
quantification model is desirable for these applications. Magnetically responsive nano-sensor
demonstrated an accurate, high-throughput binding kinetic analysis method[6]. Silicon nano-wire field-
effect transistors were also applied for the analysis of protein-ligand binding affinities[4]. These methods
typically required complex fabricated sensing platform and expensive transduction mechanism.
Therefore, these methods are not ideal for common laboratory arrangement. In order to develop this
demanding analytical technique, we herein apply a nano-particle based highly sensitive universal
biosensor platform as a powerful tool to quantify biomolecule interaction. This unique biosensor platform
demonstrates a simple nanostructured electrode fabrication method based on plasma treatment and a
novel universal biosensor fabrication process using a simple and rapid bioconjugation method. In this
study, we apply this electrochemical biosensor platform to profile and distinguish the exclusive
interaction pattern of multiple G-tract nucleic acid sequences with heterogeneous nuclear
ribonucleoprotein H1 (hnRNP H1)[9-11].

A high-sensitivity and low-detection limit biosensor application typically requires a large sensing
surface area based on nanoparticle covered electrode[12, 13]. Typically, researchers applied nanoparticle
ink printing on different substrates with the assistance of organic capping molecules for the
immobilization of nanoparticles, which significantly decreased the electric conductivity on the substrate
surface[14]. Therefore, it is not ideal for high-sensitivity sensing applications. We herein present a unique
and highly-controlled nanoparticle biosensor fabrication approach that uses inkjet printing with a post-
print plasma treatment creating conductive gold nanoparticles (AuNPs) electrode from a metal (gold
based) salt at ambient temperature.



In order to specifically recognize a target biomolecule in biosensor development, the
immobilization of the biomolecule catalysts, such as enzyme, antibody and nucleic acid probe on the
biosensor surface is required. Unfortunately, the common immobilization method, which often involves
the use of self-assembled monolayer (SAM) to establish multifaceted organic layers for biomolecule
bonding, which can significantly interfere with the selectivity and reproducibility of the biosensor[7, 15,
16]. Moreover, SAM requires complex surface treatment process that are time-consuming and exhibit a
low-reproducibility [17-19]. In this study, we employed a single-layer system using bioconjugation
chemistry for the immobilization of biomolecules for the biosensor fabrication[20], which considerably
enhanced the time-efficiency for biosensor production. Furthermore, it simplified the alignment of the
immobilized biomolecules on the biosensor surface, generating a highly sensitive and readily
biomolecule accessible platform for biomolecule detection.

Quantification of nucleic acid is a powerful solution for the diagnosis of infectious diseases at a
time-sensitive manner, mostly using enzymatic amplification strategy for nucleic acid sequence
determination[21]. We hereby present a new perspective for nucleic acid sequence study using specific
nucleotide binding protein along with the biosensor platform. Based on an accurate quantitative analysis
using differential pulse voltammetry (DPV), further analysis of biophysical property of certain
biomolecules, such as binding interaction, can be accomplished. DPV provides a direct electrochemical
quantification of biomolecule complexes on the biosensor surface, and is therefore free of enzymatic
amplification bias[7, 22]. In this study, the quantification of nucleic acid-protein complexes was achieved
by monitoring the Faradic current generated by [Fe[CN]e]>*#[23, 24], which was a negative correlated
function of surface impedance produced by the quantity of immobilized nucleic acid-protein complexes.
The obtained current signal was calibrated by Hill equation to compute the dissociation constant (Kb) [25].
The association rate (kon) was also modeled based on the same concentration of nucleic acid solution
versus different static incubation time. This technique demonstrated an accurate fit of the binding
interaction models based on the concise experimental condition. Our investigations provide a new
approach for quantification of biomolecule interaction, using electrochemical method along with rapid
fabrication of AuNPs sensor. Using this high-sensitivity biosensing platform, we were able to distinguish
the binding effect based on wild type hnRNP H1 protein with different nucleic acid oligomers.

2. Results and Discussion
2.1 Characterization of bioconjugation modified protein

In order to immobilize the target protein onto the gold electrode surface, bioconjugation method was
applied to provide an external thiol linker onto the protein[26]. Figure 1A demonstrates the
bioconjugation process of N-succinimidyl S-acetylthioacetate (SATA) and hnRNP H1 HqRRM12 (H12)
protein. Comparing with the long processing time (over 48 hrs) of traditional SAM method, this
immobilization procedure only takes 1hr to form a highly-aligned and simplified protein layer, which can
then be further interacted with other biomolecules. We assessed the thiolation of the protein based on the
bioconjugation method using Matrix Assisted Laser Desorption/Ionization (MALDI-TOF). As shown in
Figure 1B, MALDI-TOF confirms the increase in the molar mass of the H12 protein after conjugation with
SATA. The theoretical molecular weight of H12 without SATA modification is 21.271kDa. The average
mass result of H12 with conjugated SATA was 21.369kDa, which was close to the addition of one SATA
molecule. Moreover, a previous study has demonstrated that this external modification would not affect



the tertiary structure of the protein, therefore does not perturb the binding function of the domain.[26]
This conjugated protein can then be stored at -20°C and ready for biosensor fabrication.

2.2 Characterization of plasma converted gold biosensor

We further characterized the nanoparticle-containing working electrode fabricated by inkjet printing and
plasma treatment based on a three-electrode biosensor prototype (Figure 1), which was defined and
characterized in previous studies[7, 26]. Gold was selected as the material because of its strong affinity
with thiol group, providing a stable linkage with biomolecules[16]. The plasma converted AuNPs
working electrode is shown in Figure 1C. XRD characterization of gold is shown in Figure 1D. Cyclic
voltammetry was then used to assess the stability and reproducibility of the AuNPs sensor. Cyclic
voltammograms (Figure 1E) were obtained at different scan rates ranging from 20mV/s to 120mV/s in a
redox solution containing 5mM [Fe(CN)e]*/* with 0.1 M KCl. According to Randles-Sevick equation[27],
the square root of the scan rate was linearly proportional to the current (Figure 1F). The standard
deviation based on n=3 was less than 1.5% and the R- square value was 0.99847, indicating a high
reproducibility and stability. Also, comparing with chemical vapor deposition fabricated biosensor[7], the
conductivity of the plasma-converted AuNPs biosensor was about 50% higher based on the current
outputs from the cyclic voltammetry.



A

i

HI2 Protein

o]

9 1000 |
}-s%ow y [ \‘
Yy & saTa) B
_— 0 |
= 1 = |

_>_/s_<

)/"“ ; \
|

n

¥ ] 3
H | \
iy |\

Intens. [a.u] w

’ .
C 16000 18000 20000 22000 24000 26000
=
=
pb
El
S
>
=
7]
o
Q
g
=
g —
& =) =
T § =8
. L L
20 40 60 80 100 120
EF 2()
T T
|
2:9c10 fgngs 1.4x104 |
—— 40mVis
sociock 60mVis R-square=0.99847
——— 80mV/s 1.2x10% F
5.0x10° [ 100mVis e
< ——120mVis <
t €
S oof S 1.0x10% F
£ E
= 3
O sox10° | = O
8.0x10° |
A.0x10 |
5|
P 6.0x10
L L L L L L L L L
02 0.0 0.2 0.4 0.6 4 6 8 10 12

Potential (V) Square Root of Scan Rates (mV/s)'?

Figure 1. A) Bioconjugation reaction mechanism using N-succinimidyl S-acetylthioacetate (SATA) to produce thiol-
linked hnRNP H1 protein. B) MALDI-TOF mass spectrum of HQRRM12 protein with one SATA labeling. A sample
HqRRM12 intact spectrum is reported in the range between 10000 to 20000 m/z. C) Microscope picture of the AuNPs
cluster on working electrode. Optical profilometry of the printed AuNPs. D) XRD characterization of plasma
converted gold electrode. E) Cyclic voltammetry characterization of AuNPs sensor surface based on scan rate from
20mV/S- 120mV/s. F) Linear calibration plot based on oxidation current outputs from cyclic voltammetry against
square root of scan rates.



2.3 Analysis of biosensor performance

As shown in section 2.2, plasma converted AuNPs biosensor shows a higher level of conductivity
comparing with that of traditional chemical vapor deposited gold-based biosensor. Therefore, we further
examine the morphology of plasma converted gold layer. The top-down SEM image of the AuNPs film
(Figure 2A) shows that the printed Au has a Velcro-loop like morphology. Plasma treatment is a simply
controlled metal conversion process by fixing the voltage and pressure[28], which provides a
reproducible morphology based on inkjet printing. This highly-controlled process makes it suitable for
fabrication of cost-effective single-use sensor. The root-mean-square (RMS) value of the surface
roughness was 390 nm as calculated from the profilometry data shown in Figure 2B.

The morphology roughness of the plasma converted gold surface can contribute to a higher
biomolecule accessibility, leading to improvements on the detection sensitivity and detection limit.
Therefore, the biomolecule accessibility of the plasma converted AuNPs electrode was compared with the
chemical vapor deposited Au electrode. Using the thiol-linked H12 protein, we assessed the amount of
biomolecule tethered on the electrode based on the same incubation period. As shown in Figure 2C,
plasma converted sensor shows a higher change of current outputs based on DPV measurements at the
same incubation time comparing with that of vapor deposited sensor. This result indicated that a rougher
electrode surface provides a higher degree of biomolecule accessibility and a faster biomolecule
absorption process.

Time of Flight- Secondary Ions Mass spectroscopy (TOF-SIMS) was also used to further confirm
the effectiveness of the reaction with the thiol-linked protein and the biomolecule accessibility difference
based on these two types biosensors. Au-S bond mapping was obtained through TOF-SIMS analysis
based on negative polarity. The sputtering gold electrode and plasma reduced AuNPs covered electrode
were both applied for thiol-linked H12 protein incubation process for the same amount of time. As shown
in Figure 2D, the plasma reduced gold nanoparticles covered electrode showed nearly 19 times higher
Au-S bond counts comparing with that of the sputtering gold electrode, indicating that the AuNPs
electrode possessed a much larger effective gold surface area available for the formation of gold-sulfur
bond on the electrode surface. Combination of the above results confirmed and demonstrated two critical
points of this biosensor development. First, effectiveness of bioconjugation chemistry on target protein
modification and the formation of gold-sulfur bond are confirmed. Second, the plasma converted AuNPs
biosensor demonstrates the larger effective surface area and higher degree of roughness, which advances
the conductivity and detection sensitivity through a higher biomolecule accessibility.
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Figure 2. A) SEM top-down image of the printed AuNPs, the scale bar on the image is 10um. B) Optical profilometry
of the printed AuNPs. C) DPV examinations of biomolecule accessibility based on two different surface morphology
D) TOF-SIMS mapping of Au-S bond on the sputtering gold sensor surface and AuNPs sensor surface.

2.4 Kinetic binding model derivation

In addition to a high-sensitivity biosensor platform, an accurate mathematical model is also pivotal in
order to provide accurate quantification of biomolecule interaction based on the electrochemical
quantification results. Based on the current measurements from DPV as a function of the nucleic acid
concentration, a steady-state binding curve was constructed using the current response

(Al = I(no analyte) — I(with anaylte)) from the differential pulse voltammetry against different nucleic
acid concentrations. The dissociation constant (Kj) was derived from the steady-state binding curve
based on 30min of noncompetitive binding model given by Langmuir isotherm equation as shown in
equation E. 1[10],

Al = Vmaxlanalyte] (E‘ 1)
Kp+[analyte]

in which V},,,, is the maximum reaction rate that is observed at the saturating concentration of analyte

and K, is the dissociation constant of the binding activity that is further used to calculate the off-rate (k,f)
using the equation E. 2,

Kp = koff/kon (E.2)




in which k,;, is the on-rate/association rate that is derived from the association kinetic model through an
unsteady-state condition of the following kinetic model.

The kinetic model applied in this study was derived from the traditional two compartment model, in
which both transport kinetics and reaction kinetics were incorporated. Traditional kinetic analytical
techniques, such as surface plasmon resonance (SPR), required complex experimental arrangements
limiting the simplification of the two-compartment model[29]. However, our bio-sensing platform
applied static incubation, which simplified the two-compartment model to a simple reaction kinetics
model for describing the association kinetics of protein and nucleic acid. Thus, the net reaction rates of
the association reaction can be derived from the following equation[6]:

d

== kn(Cp =€) = konCsP + kopn  (E. 3)

where k,, is the diffusion-limiting rate constant, C, is the bulk solution concentration of the analyte
nucleic acid solution, C; is the surface concentration of the nucleic acid solution, P is the binding protein
concentration on the biosensor surface, k,, and ks are the association rate (on-rate) and dissociation
rate (off-rate) describing the protein-nucleic acid binding process, and n is the concentration of protein-
nucleic acid complexes on the biosensor electrode surface after protein-nucleic binding.

Unlike SPR or any flow system, the mass transport coefficient, k,,, does not contribute or affect the
kinetic binding process of nucleic acid and protein in our static incubation system, minimizing the
estimation error produced by any flow system kinetic modeling[30] [31]. As shown in Figure 5, the
dissociation rate (off-rate) was negligible based on the time scale of binding reaction up to its saturation
(which was less than 30 min). Concentrations of nucleic acid in each compartment were considered as
uniform at t=0. Due to the small incubation volume of 20uL for the nucleic acid solution, the surface
concentration of nucleic acid solution was assumed to be the same as the bulk concentration. When the
association binding took place, the P value in the model would start decreasing with the increasing of
protein-nucleic acid complexes. The amount of decreasing protein sites would equal P — n. Therefore,
equation SI E.3 for calculating the association rate (on-rate) was expressed as E.4:

& = kon(Cp)(P= 1) (E. 4)

After solving the derivative from E.4, at the condition in which C» is the limiting reactant compared to the
surface protein concentration, the integrated E.4 transformed to equation E. 5:

n(t) = C, — ae *atpt (E.5)

which is the same model as the Langmuir adsorption equation and 4 is a constant in E. 5.

2.5 Characterization of unwinding protein 1 with SL3ES3RNA

Following the preparation of protein probe-functionalized electrode surface, quantification of
interactions with different target biomolecules was carried out by electrochemical measurements using
differential pulse voltammetry (DPV), which has been widely applied as a sensitive electrochemical
transduction method[32-35]. The derived kinetic models in section 2.4 were applied using the DPV results
to fit and quantify the biomolecules interaction. In order to establish and verify this methodology, we
studied the binding behaviors between unwinding protein 1 (UP1) with SL3E5% RNA, which was
examined previously by high-throughput sequencing analysis of equilibrium binding (HTS-EQ),
isothermal titration calorimetry (ITC) and biolayer interferometry (BLI).[11]



Different concentrations of SL3ESS3 GUAGGAG RNA were tested by the UP1 based biosensor. The
procedure for fabrication of UP1 based biosensor is shown in SI. Only 20uL of each RNA sample was
required for analysis. Quantification of surface UP1-SL3 RNA complexes was achieved by DPV with the
presence of [Fe[CN]e]**requiring less than 30s for each data point. As shown in Figure 3A, the highest
current output (red line) represents OnM of ESS36UAGGAG based on the UP1 immobilized biosensor under
steady-state condition. The quantity of current output difference between OnM and different
concentrations was extracted as shown in Figure 3B. Al of different concentrations were used to construct
the Hill Equation curve to obtain the dissociation constant (n>3) as shown in Figure 3C. Based on the
calibration curve in Figure 3C, kinetic analysis of binding association was achieved in a time range of 0-
1200s by conducting unsteady-state experiments. Three different concentrations of ESS3GUAGGAG were
evaluated using the same concentration UP1 prepared biosensor. The dissociation constant and
association rate constant obtained by electrochemical method were shown in the Figure 3C and 3D,
respectively, and Kp=6.2x10¥M and kon=43521 M-s. kot was calculated to be 2.70x103 s'using equation
E. 2. These values were compared with literature values acquired through ITC and BLI, as shown in
Figure 3E[11]. The binding affinity values from these different methods are in the same magnitude,
indicating that the surface immobilization of protein did not interfere with the binding ability of active
binding site on the protein. Moreover, this comparison confirms that the electrochemical method and the
derived kinetic model provide a feasible and proper mean for the quantification of binding behaviors of
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Figure 3. A) Differential pulse voltammetry quantification of UP1/ESS3GVAGGAG complexes on 20min interaction time.
B) Different UP1/ESS3GUAGGAG complex concentrations against the change of current. C) Hill equation calibration
curve for different concentrations of UP1/ESS3GUAGGAG complex against the change of current. D) Global fitting of
kinetic binding curve constructed by E.5 for three different concentrations of UP1/ESS3GVAGGAG complex. E)
Comparison of literature values of dissociation constant, association constant and off-rate constant with those values
obtained from electrochemical biosensor platform.



2.6 Profiling interactions between heterogeneous nuclear ribonucleoprotein H1 with multiple DNA
strands

After verification of the experimental principle, we profiled the interaction of four different DNA
strands with heterogeneous nuclear ribonucleoprotein (hnRNP) H1. hnRNP H family protein plays an
important role on the HIV alternative spicing and specifically recognizes G-tract nucleic acid through
three consecutive guanines[9, 36]. Furthermore, G-tract nucleic acid is strongly related to the formation of
triplex or quadruplex G-tract nucleic acid. Triplex and quadruplex nucleic acids have been identified
negatively affecting cellular DNA replication and transcription. Therefore further impact biological
processes including gene rearrangements and telomere defects can lead to human diseases, such as
neuro-degenerative disorders[37, 38][39] and various cancers[40].Thus, a rapid, simple quantification of
G-tract nucleic acid using its specific binding protein is a promising method for disease control. Also,
there is no detail nucleic acid binding affinity study of hnRNP H1. Also, limited information is known
about the binding interactions between the sequences other than the G tract and the hnRNP H family.
Thus, the characterization of the binding affinity of hnRNP H1 and the test detection accuracy and range
of the electrochemical biosensor platform are of interest by comparing the ITC result.

H |RRM1] |RRM2 [ |

100 110 194 234 289 364 433 449

Figure 4. A) Domain organization of human hnRNP H1 showing the three RNA recognition motifs (RRM1 = blue,
RRM2 = gray and RRM3 = orange) and the C-terminal glycine-rich domains (red). HQRRM12 domain boundaries
used in the studies is from 10-194 residue number, including the first and second RRM domain. B) a cartoon
representative HADDOCK model of the HQRRM12-AGGGC complex with showing residues involving binding.

Human hnRNP H1 consists of three quasi-RNA Recognition Motifs (QRRMs) and two glycine-
rich domains (Figure 4A). At its N-terminus, qRRM1 and qRRM2, which are connected through an ~10
amino acid linker (QRRM12), whereas qRRM3 is embedded between the glycine-rich domains at its C-
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terminus as shown in Figure 4B. In order to quantitatively determine the nucleic acid sequence
contribution to hnRNP H1-HIV recognition, prepared hnRNP H1 biosensor (procedures shown in SI) was
used to quantify different nucleic acid oligonucleotides, 5-AAAAA-3’, 5-AGGGG-3’, 5-AGGGA-3" and
5-AGGGC-3’ (purification procedures are shown in SI). After incubation of different nucleic acid strands
for 30min at room temperature, the biosensor was tested by DPV at the presence of [Fe(CN)s]>** to
quantify the DNA-protein complexes. With a fixed amount of hnRNP H1 protein linked to the biosensor
surface, the electrical impedance difference was caused by the concentration difference of the nucleic
acids bonded with the target protein on the biosensor surface. The change of current comparing with the
base line was plotted against different concentrations as shown in Figure 5 (upper part). The DPV
detection demonstrated a reproducible result based on n>3 with an average R-square of 0.936 and RSD of
3.66%. From the Figure 5D, the poly-A region did not contribute to binding affinity since different
concentrations of AAAAA displayed very minor current, while obvious difference in change of current
was observed for different G-tract contained nucleic acids as shown in Figure 5A(AGGGG), 5B(AGGGC),
5C(AGGGA). Based on the quantification results from DPV, to further define and differentiate the minor
difference based on G-tract DNA sequence, we applied the constructed binding affinity model and its
relative curve based on multiple concentrations of DNA analyte was calibrated using E. 1. The
dissociation constant (Kp) was obtained as shown in Figure 5(lower part). The data of 5-AGGGG-3’, 5'-
AGGGA-3’and 5-AGGGC-3’ showed that hnRNP H1 binds AGGGA and AGGGC oligonucleotides with
moderate affinities (Kp=1.621-4.566 uM) and it binds strongest to 5'-AGGGG-3’ (Kp=1.308uM). In order to
verify the results and compare the accuracy of our biosensing system with a standardized system,
isothermal titration calorimetry (ITC) was used to test the same protein-DNA interaction. The ITC data is
shown in Figure 51, and the relative binding affinity plot between ITC and biosensor is shown in Figure
6A.
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(Kp=1.3081uM), AGGGC (Kp=4.4566pM), AGGGA (Kp=1.6221pM) and AAAAA (Kp=NA) based on change of current

against concentrations (lower part).

We further evaluated the kinetic association rate constant of DNA-protein interaction. Unsteady-
state experiment was conducted to construct a kinetic model of surface biomolecules complex
concentration against time at the same concentration of nucleic acid analyte. For the same concentration
of DNA analyte, a time frame of 0-1200s was applied for evaluation. Each current output data was
transformed by the calibration equation constructed in Figure 5 to the value of DNA-protein complex
concentrations. A non-linear global fitting of DN A-protein complex concentrations against time was
conducted by kinetic equation (E. 5) to acquire the association rate, kon. The association rate of AGGGG,
AGGGA, AGGGC with hnRNP interaction is shown in Figure 6B, 6C, &6D. AGGGG/hnRNP H1 showed
the highest rate constant, indicating the strongest binding interaction between AGGGG with hnRNP H1.
The intensity sequence of the protein-nucliec acid interaction on association process was the same as the
sequence of the dissociation constant derived from Hill equation in Figure 5. The results revealed general
rules for specificity of hnRNP H1 providing a quantitative understanding on the discrimination between
alternative competing nucleic acid ligands in vitro. The ability to discriminate minor binding affinity
between single nucleotide differences also demonstrated the high-sensitivity performance of our

biosensing platform.
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Figure 6. A) Comparison of relative binding affinities between ITC and biosensor platform. B),C),D) Association rate
constant fitting for AGGGG, AGGGA, AGGGC interaction with hnRNP H1 based on complexes concentration

against time in a range of 0-1200s.
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In conclusion, we have developed a high-sensitivity, non-invasive biosensor platform that used
plasma reduced AuNPs combined with bioconjugation chemistry for biosensor fabrication. The high-
sensitivity property enabled the biosensor system to discriminate minor structure difference of G-tract
nucleic acids. The quantification of G-tract nucleic acids using specific nucleic acid binding protein
provides a new perspective for nucleic acids quantification using electrochemical method. Also, the
binding interaction of hnRNP H1 and relative nucleic acids revealed by biosensor platform offer a
quantitative aspect for hnRNP H1 differentiating between G-tract nucleic acids. This biosensor platform
demonstrates a high-sensitivity method for quantification of biomolecules and analysis of binding
interactions within a short analyzing timeframe and a small quantity of sample. This platform is highly
versatile allowing investigation of other biomolecules interactions based on a simple, rapid and accurate

quantification method.
3. [Experimental

3.1 Gold nanoparticle (AuNPs) Sensor Fabrication

Ink formation and inkjet printing: 0.5 M gold (III) chloride trihydrate (HAuCls-3H20, 99.9% purity, Alfa
Aesar) was rendered to an ink by dissolving it in a mixture of deionized (DI) water and ethylene glycol of
a 1:1 ratio. The ink was loaded into a Fujifilm Dimatix DMC-11610 material cartridge by a syringe with a
200 nm filter filtering out any particle contaminant. The inkjet printing was accomplished with a Fujifilm
Dimatix DMP-3000 printer with 16 piezoelectric nozzles The spacing of the ink drops was adjusted to 15
pum and the number of printed layers was set to 3. The printing plate was heated to 50°C. Typically, an
array of twenty sensors was prepared for printing at once. Prior to inkjet printing, the three-electrode
based sensor prototypes were first cleaned by ethanol, followed by DI water then dried by compressed
air. The cleaned sensor prototypes were placed onto the printing plate and located by a printing fiducial
camera. A size of 1 mm x 1 mm square pattern of Au ink was printed on the working electrodes of the
sensor prototype.

Plasma treatment: Plasma treatment was performed in a pure argon (Purity 99.9999%, Air Gas)
environment. The plasma chamber (March PX250) was connected to an external 600 W, 13.56 MHz RF
power supply (ENI, ACE-6B-06). The sensors with inkjet-printed Au electrodes were placed on the power
plate of the capacitive coupled plasma system. The chamber was evacuated to 60 mTorr and then purged
with Ar for 10 minutes ensuring the absence of any foreign species. Plasma treatment of the printed gold
nanoparticle film was carried out at 300 W plasma power and 600 mTorr background pressure for 15
minutes.

3.2 Differential pulse voltammetry evaluations of biomolecules complexes

Differential pulse voltammetry was used as the electrochemical transduction mechanism for
biomolecular quantification. Firstly, biosensors immobilized with unwinding protein 1(UP1) were tested
with HIV ESS3 RNA demonstrating the validity of the electrochemical method based quantification
model. Secondly, for the purpose of determining the interaction between hnRNP H1 protein and different
DNA, a hnRNP H1 protein immobilized biosensor was used to quantify the amount of DNA-protein
complexes formed on the biosensor surface. Purified DNA sequences were diluted by a 0.1IM PBS
solution into different concentrations. 20uL of diluted DNA solution was drop-casted onto the biosensor
with a static incubation time of 30 min. After incubation, the biosensors were rinsed by 0.1M PBS solution
and dried by nitrogen gas before electrochemical testing. For differential pulse voltammetry, a potential
range of -0.3 V to +0.3 V (versus the Ag/AgCl reference electrode) was applied with a potential increment
of 0.004V, an amplitude of 0.05V, a pulse width of 0.05s, a sampling width of 0.0167s and a pulse period
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of 0.2s. 20uL of redox coupling solution, KsFe(CN)s and KiFe(CN)s, with 5mM in each component was
dropped onto the biosensor immediately prior to DPV measurement, which took around 30s to complete.

3.3 Differential pulse voltammetry for unsteady-state analysis of kinetic binding behavior

For biomolecules binding kinetic analysis, an array of ten bioconjugation chemistry prepared hnRNP H1
biosensors were employed. A time range of 0-1200s for incubation time was applied for the kinetic
analysis. 20uL each biosensor of certain concentration of the specific DNA strand (such as AGGGG) was
dropped cast onto all the prepared biosensors. Before individual testing, the tested biosensor was rinsed
by DI water and dried by nitrogen gas. At the beginning of the kinetic experiment, 45-100s interval per
test was conducted by DPV to obtain the build-up process of the kinetic; after the significant change of
current was observed, 100-300s interval per test was conducted to study the saturation of the binding
association behavior. Once the saturation behavior was confirmed by three consecutive stable current
output, the whole association kinetic test was considered complete.
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