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The latest Zika virus (ZIKV) pandemic caused great international concern from explosively 
proliferating throughout the Americas. Currently, there is no vaccine to prevent Zika virus 
infection and available tests rely on antibodies or RNA. Unfortunately, antibody-based detection 
systems can result in false positive results and RNA-based detection systems are costly, time-
consuming, and impractical for testing in remote regions. In this study, a potential point-of-care 
(POC) diagnostic system was developed using a chip-based potentiometric sensor to detect Zika 
virus using a 3D molecular imprinting technique. This chip-based potentiometric sensor system 
was able to detect 10-1 PFU/mL ZIKV in a buffered solution under 20 minutes without any sample 
manipulation. This sensor was tested against Dengue virus at clinical viral loads and showed no 
sign of cross-reactivity. When tested against human saliva samples containing clinical viral loads, 
this sensor was able to detect 10 PFU/mL ZIKV among the pool of bio-macromolecules. The high 
sensitivity and high selectivity demonstrated here proved that this lab-on-a-chip diagnostic has the 
potential to become a POC detection system for rapid and accurate screening of flaviviruses.
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1 Introduction

The emerging Zika virus (ZIKV) epidemic is a public health threat of international concern that is 
rapidly spreading throughout tropical and subtropical Americas.1, 2 ZIKV was first discovered in 
1947 after isolating from the serum of a caged pyrexial rhesus monkey in the Zika forest of 
Uganda.3 The first documented case of a human infected with ZIKV was published in 1954.4 In 
the succeeding decades, documented cases of human infection were relatively rare. ZIKV started 
to acquire global awareness following the first major ZIKV outbreak that occurred in Southeast 
Asia in 2007 and subsequently in 2013.5, 6 In 2015, ZIKV outbreak was documented in Brazil 
before explosively proliferating in the Americas creating a pandemic.7

Today with international air travel, the virus is rapidly spreading with cases already 
reported in the US, especially in regions where mosquitos can survive year-round. ZIKV is a 
member of the mosquito-borne virus family Flaviviridae and genus flavivirus, which also includes 
Dengue virus (DENV), Japanese encephalitis virus (JEV), tick-borne encephalitis virus (TBEV), 
West Nile virus (WNV), and yellow fever virus (YFV).7, 8 This mosquito-borne arbovirus is 
primarily transmitted through the bite from infected Aedes mosquito species.1, 7-11 Unfortunately, 
ZIKV transmission is also possible through perinatal transmission, sexual contact, blood 
transfusion, and physical contact.12-19 Not only are the modes of ZIKV transmission complex, but 
some of the symptoms associated with ZIKV infections have caused major concern.13

The majority of human ZIKV infections come across as asymptomatic, so subjects may 
not even know that they are infected. If present, the symptoms associated with ZIKV infection in 
adults are fairly mild, mimic those related to other flavivirus and influenza infections, and hence 
are frequently misdiagnosed.20-23 Following the bite of an infected mosquito, there is an incubation 
period of 3 to 12 days and then clinical manifestation in symptomatic cases persists for 2 to 7 
days.24, 25 However, ZIKV became a major health concern subsequently after being linked to the 
steep increase in documented cases of prenatal microcephaly, Guillian-Barré syndrome (GBS), 
and other severe neurological birth defects in neonates in the Americas following the recent ZIKV 
outbreak.26-30 Consequently, ZIKV infection has rapidly spread from a few cases first reported in 
Micronesia in 2007 to thousands of cases today across several continents.31 In response to the 
ZIKV crisis, the World Health Organization (WHO) declared ZIKV a public health emergency of 
international concern (PHEIC) in 2016 and called for fast-tracked development of ZIKV 
diagnostics.28, 32 Fortunately, the peak of the recent ZIKV outbreak occurred in 2016 and has since 
then drastically reduced in the reported cases of ZIKV infection in the Americas.33, 34 Even though 
the ZIKV pandemic is on a decline, there is still a demand for rapid diagnostics in regard to the 
recent ZIKV outbreak being linked to prenatal microcephaly and GBS.

Currently there is no licensed ZIKV vaccine available and rapid, early diagnosis of ZIKV 
infection is difficult. ZIKV can be detected in many body fluids, including plasma, serum, urine, 
saliva, and semen.35-41 Typical viremia found in a symptomatic patient with ZIKV infection ranges 
from 103 to 106 plaque forming unit (PFU)/mL.42 The complexity associated with ZIKV infection 
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is significantly increased due to the prolonged potential for sexual transmission of ZIKV.38 Since 
plasma and serum assay collections are invasive and subjects may not wish to provide a urine or 
semen sample, saliva testing for ZIKV infection would be more favored. ZIKV RNA detection is 
significantly higher in saliva than serum even within the first 5 days of symptom onset, while 
yielding comparable results to that of urine in acute-phase and late stage of ZIKV infection.38, 40 
In general, detection of ZIKV infection should be performed by testing saliva samples since it is 
noninvasive and yields high viral loads. 

Due to the urgency of the situation and lack of an acceptable point-of-care (POC) 
diagnostic, the FDA initially issued an Emergency Use Authorization (EUA) for suspected ZIKV 
infected patients to be screened with antibody-based detection methods.13, 36, 43, 44 However, 
diagnosing ZIKV infection from the detection of antibodies can give rise to major uncertainties 
due to high cross-reactivity to antibodies against other flaviviruses, mostly DENV. This is 
especially the case when the ZIKV infected subject has a history of infection and/or vaccination 
against other flaviviruses.36 As a result of the high serological cross-reactivity with other 
flaviviruses via antibody-based detection, the FDA then issued an EUA for ZIKV patients to be 
screened with reverse-transcription polymerase chain reaction (RT-PCR).42, 43 In contrast to 
conventional RT-PCR, real-time RT-PCR (rRT-PCR) assays with specific sets of primers were 
developed in order to increase the sensitivity and selectivity in the detection of different ZIKV 
strains.36, 40, 45 rRT-PCR is currently the method of choice when it comes to detecting human ZIKV 
infection, yet the low viremia associated with ZIKV and the necessity to amplify the RNA before 
testing drastically slows the process down. It may take up to 3 hours minimum to complete an 
rRT-PCR reaction if you include the time needed to extract, purify, and then amplify the ZIKV 
RNA from the collected sample. Furthermore, ZIKV is endemic to a majority of regions that are 
associated with large populations living in poverty and have health care centers incapable of 
performing ELISA or rRT-PCR due to the lack of financial sources or technical expertise. There 
are several reports claiming the development of a potential POC diagnostic that has the ability to 
replace ELISA and rRT-PCR in the detection of human ZIKV infection. The potential POC 
diagnostic tests may have a desirable limit of detection (LOD) value compared to that of rRT-PCR 
(Table 1), yet they all involve some form of elaborate step or reagent that may not be easily 
accessible and durable in remote locations.46-52 A desirable POC diagnostic test would be a 
detection system that does not require any manipulation of the sample to be tested. Ergo, there is 
an urgent need for an accurate and feasible POC diagnostic for ZIKV infection that can be utilized 
anywhere, even in remote regions with limited resources.

We propose that our molecular imprinting (MI) detection system can be utilized as a POC 
diagnostic to detect relatively low levels of ZIKV. Chip-based biosensing methods are a promising 
technique for detecting analytes and make wireless transmission of test results possible for remote 
regions.51, 53-60 These devices provide results quickly, are relatively inexpensive, portable, and have 
the capability of being integrated into smart responsive biomedical systems.59 This MI technique 
was first introduced in 2003 when octadecyltrichlorosilane (OTS) self-assembled monolayers 
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(SAM) and chiral templates were co-adsorbed on indium-tin oxide (ITO) electrodes to detect 
amino acids. Not only did these sensors display high sensitivity and selectivity, but also determined 
the chirality of the amino acids.61 Unfortunately, the hydrophobic nature of OTS limited these 
sensors to detect analytes capable of dissolving in non-polar solvents. Also, these sensors were 
only able to detect molecules that had similar dimensions to that of the OTS SAM. When replacing 
the backbone of the imprinting SAM with hydrophilic moieties, such as hydroxyl-terminated 
alkanethiols, larger bio-macromolecules can be detected. Contrary to the model of detecting solely 
molecules with similar dimensions to the SAM61, entire proteins can be recognized through the 
addition of hydrogen bonding and Van der Waals interactions.53, 54, 62 A 3D surface MI model was 
later proposed that demonstrated that the efficiency and sensitivity of a MI biosensor not only 
depended on the size of the analyte relative to the SAM thickness, but the size of the analyte 
relative to the surface roughness of the SAM substrate as well. This model clearly illustrated that 
the substrate surface morphology forms a niche surrounding the analyte while the SAM adsorbs 
around the analyte in 3D fashion.59 This potentiometric MI detection system has the potential to 
replace ELISA and rRT-PCR as a rapid POC diagnostic.58 The 3.8 Å resolution cryo-electron 
microscope image recently revealed ZIKV has a similar structure (radius of 24.5 nm) to that of 
other flaviviruses, except for the few repeating glycosylated envelop proteins protruding from the 
surface that make it unique from other flaviviruses and even among other strains of ZIKV.63-65 By 
matching the surface roughness of our electrode with the dimensions of ZIKV, we can successfully 
detect ZIKV with high sensitivity and selectivity against other flaviviruses. Using this technique 
would allow the detection on ZIKV in the presence of other bio-macromolecules present in various 
types of body fluids. In this study, a real-time and label-free sensing method was developed with 
the potential to become an accurate, rapid POC diagnostic for ZIKV that would require minimal 
technical expertise or sample manipulation. 

2 Materials and methods

2.1 Materials

11-Mercapto-1-undecanol (SH-(CH2)11-OH; 97 % referred to as “thiol” from hereafter), potassium 
ferrocyanide (K4[Fe(CN6]; ≥ 98.5 %), potassium ferricyanide (K3[Fe(CN6]; ≥ 99 %), sodium 
chloride (NaCl; ACS reagent, ≥ 99 %), potassium chloride (KCl; ≥ 99 %), Tween 20, and acetone 
(HPLC Plus, ≥ 99.9 %) were all purchased from Sigma-Aldrich. DENV type 2 strain 16681 and 
ZIKV strain PRVABC59 were obtained from Codagenix Inc. Dimethyl sulfoxide (DMSO; 
certified ACS) was purchased from Fisher Scientific and adhesive polytetrafluoroethylene (PTFE) 
tape (S-14538) was purchased from ULINE. Silicon wafers, (100) orientation, were purchased 
from Wafer World, Inc. with 100 mm diameter. Ag/AgCl reference electrodes (MW-2030 and 
MF-2052), a coiled Pt wire auxiliary electrode (MW-1033), and a 15 mL electrochemical glass 
cell vial (MF-1084) were purchased from BASi. Dulbecco’s Phosphate Buffered Saline (1X 
dPBS), without calcium chloride or magnesium chloride, was purchased from Life Technologies. 
Human saliva was collected by the institutional IRB-approved human subject research protocol 
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(IRB 1212002). Informed consent was obtained from all human subjects prior to collecting saliva 
samples. The deionized water (DI H2O) was prepared in-house using a MilliporeSigma Direct-Q 
3 UV-R water purification system at 23.0 ± 1.0 MΩ-cm. Ethyl alcohol (200 proof) was purchased 
from Pharmco-AAPER.

2.2 Gold chip fabrication

All fabrication of the titanium/gold chips used in this work was performed in a class 1,000 and 
class 100 cleanroom space at the Advanced Science Research Center NanoFabrication Facility of 
the Graduate Center at the City University of New York. First, the 100 mm diameter single crystal 
(100) silicon wafers were cleaned by isotropic etching via vapor hydrofluoric acid (HF) for 180 
seconds using an SPTS Primaxx Vapor HF Etcher. The cleaned wafers were then loaded in the 
electron-beam physical evaporator (AJA Orion 8E Evaporator System). The wafers were affixed 
to the loading chuck using Kapton tape and then purged with nitrogen gas prior to placing in the 
evaporator loading chamber. Under high vacuum (< 9 x 10-8 Torr), the adhesion layer of titanium 
was deposited at a rate of 0.05 ± 0.01 nm/s to reach a final thickness of 3.00 ± 0.05 nm. The gold 
layer was deposited over the titanium layer initially at a rate of 0.01 nm/s and then gradually 
increased to 0.20 ± 0.02 nm/s to reach a final thickness of 50.00 ± 0.20 nm. Using an Ultron UH114 
tape mounter, the titanium/gold-coated wafers were mounted to dicing tape and a metal frame to 
be used with a dicing saw. The titanium-gold coated side of the wafers was affixed to the dicing 
tape in order to prevent damage to the deposited films during manipulation and transportation. A 
Disco DAD3320 dicing saw was used to dice 8 x 20 mm sections into the 100 mm diameter wafers. 
An Ultron Systems UV curing system was used to cure the dicing tape on the diced wafer for 30 
seconds. The diced 8 x 20 mm chips were removed from the dicing tape and soaked in acetone for 
at least 10 minutes to dissolve any residue from the dicing tape. The chips were then rinsed with 
DI H2O, absolute ethanol, and again with DI H2O. A 6 mm diameter hole was made in the PTFE 
tape using a single-hole punch and the tape was then wrapped around the cleaned chip. The PTFE 
tape acted as a mask for the chip by exposing only the 6 mm diameter hole as the working area of 
the electrode and exposing enough gold (2-4 mm) on the opposite end to connect to the 
potentiometer. Prior to the MI process, this 2-4 mm exposed gold area on the chip was covered 
with additional PTFE tape. Following the MI and washing process, this additional PTFE tape on 
the 2-4 mm exposed gold area was removed. Having the same working area for each MI chip 
allowed for electrochemical responses from different chips to be quantitatively compared. This 
complete fabrication is illustrated in Fig. 1 and was carried out by depositing films on either the 
“smooth” polished side of the silicon wafers or the “rough” unpolished side of the silicon wafer. 
Chromium/gold (10 nm/100 nm) coatings on single crystal (100) silicon wafers were also 
prepared.58 Aside from the initial quality control testing of the gold chips (ESI), the titanium/gold 
chips were primarily used in this work.

2.3 MI process

Page 5 of 29 Analyst

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



6

To prepare the thiol-only SAM on the chips, different concentrations of thiol/DMSO and 1X dPBS 
were prepared. After optimizing the concentration of thiol/DMSO (ESI), a final thiol concentration 
of 100 µM was used for the MI process. To prepare the MI (thiol co-adsorbed with ZIKV or 
DENV) SAM on the chips, different concentrations of ZIKV or DENV were diluted in 1X dPBS 
and mixed with thiol/DMSO. The virus and thiol solutions were prepared as follows: the targeted 
virus was diluted in 1X dPBS at various concentrations, ranging from 104 – 107 PFU/mL and the 
thiols were dissolved in DMSO. The 2 solutions were mixed (19/1 [v/v], respectively for 1X 
dPBS/DMSO) and continuously stirred for at least 10 minutes with a magnetic stirrer and stir bar 
at 300 – 500 rpm. The masked 8 x 20 mm chips were rinsed with DI H2O immediately before 
being soaked in 2 mL of the mixed imprinting solution inside a closed 20 mL scintillation vial for 
2.5 hours. After optimizing the washing steps (ESI), the imprinted chips were rinsed with DI H2O 
and then soaked in 10 mL 3 M NaCl in a closed 20 mL scintillation vial at 37 °C while being 
gently agitated on a top rocking platform overnight (16 – 20 hours). The washed chips were rinsed 
with DI H2O and then soaked in 10 mL DI H2O in a closed 20 mL scintillation vial at 37 °C while 
being gently agitated on a top rocking platform for 30 minutes. The washed MI chips were stored 
in the vial of DI H2O until being tested, which occurred within 10 hours.

This MI technique using hydroxyl-terminated alkanethiols consists of: 1) Imprinting, 
which is the co-adsorption of the target bio-macromolecule and hydroxyl-terminated alkanethiols 
on a gold-coated chip; 2) Washing, where the “imprinted” bio-macromolecules are removed from 
the gold-coated chip leaving behind imprinted cavities specific to the size and conformation of the 
“imprinted” bio-macromolecules; and 3) Re-adsorption of analyte, which behaves like an enzyme-
substrate complex by only re-adsorbing the same type of bio-macromolecules that the sensors were 
imprinted with (Fig. 2). As the target bio-macromolecule re-adsorbs to the imprinted cavity, the 
surface potential of the gold-coated sensor decreases and can be measured in real-time 
potentiometrically.58, 59 The re-usability, stability, and storage of this MI biosensor had been 
previously examined against the detection of carcinoembryonic antigen (CEA). We demonstrated 
that this MI biosensor was able to provide stable and significant potentiometric responses after a 
total of 3 detection/wash cycles of CEA molecules in the crystalline lock-and-key complexes and 
1 detection/wash cycle after being stored up to 96 hours.58

2.4 Electrochemical measurements

A potentiometer (Lawson Laboratories, Model EMF16) was used to analyze the re-adsorption of 
the target virus on the MI chips. A 3-electrode system was used (ESI); 1 Ag/AgCl electrode as the 
reference electrode, 1 Ag/AgCl electrode as the common ground electrode, and 1 MI chip as the 
working electrode. The 3 electrodes were all placed in a 10 mL beaker with 8 mL 1X dPBS 
continuously stirred with a magnetic stirrer and stir bar at 300 – 500 rpm. A known amount of 
analyte was pipetted into the detection system in 5-minute intervals after allowing the system to 
come to equilibrium (10 – 20 minutes) while the open circuit potential (OCP) was recorded in real-
time using the L-EMF DAQ software. This detection system was also used to measure the OCP 
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response of adsorption of either thiol/DMSO solutions (ESI) or virus solutions on bare chips and 
the OCP response of ZIKV adsorption on thiol-only SAM chips.

Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) 
measurements were performed using a Bio-Logic Science Instruments SP-200 potentiostat with 
the corresponding EC-Lab V11.10 software. A 3-electrode system was used; 1 Ag/AgCl electrode 
as the reference electrode, 1 coiled Pt wire auxiliary electrode as the counter electrode, and 1 gold 
chip (throughout all steps of MI process) as the working electrode. The 3 electrodes were all placed 
in the 15 mL electrochemical glass cell vial with 15 mL of a KCl solution (0.1 M) containing 
[Fe(CN)6]4-/[Fe(CN)6]3- (2 mM each). CV analyses were performed at a scan rate of 100 mV/s and 
EIS analyses were performed with an amplitude of 5 mV and frequency range of 0.1 – 100,000 
Hz.

3 Results and discussion

3.1 Chip surface characterization

The chip surface topography was characterized via atomic force microscopy (AFM). Fig. 3(A) and 
(B) display the 2D view of the AFM topographical scans of the bare smooth and rough gold chips. 
The root mean square roughness (Rq) of the smooth chips was equivalent in the 1 µm2 and 30 µm2 
scan sizes at 1.31 ± 0.55 nm. The proposed 3D surface MI model demonstrated the need to match 
the chip surface roughness with the size of the targeted analyte.59 Knowing that ZIKV virions have 
a diameter of 49 nm 65 and the alkanethiol SAM ranges from 1 – 3 nm in height 62, using chips 
with a Rq of 1.31 ± 0.55 nm would not be sufficient for this 3D surface MI model. Emphasized in 
Fig. 3(C), a substrate surface with a Rq of less than 2 nm with a 3 nm tall SAM adsorbed to it 
would not be able to form a niche surrounding an analyte almost 50 nm in diameter. Chips with a 
multi-scale roughness can easily be obtained using the natural roughness of silicon wafers. For 
instance, at 30 µm2 scan sizes the rough chips produced a Rq of 403.83 ± 30.82 nm due to the large 
facets present on the bare unpolished silicon wafer surface. At 1 µm2 scan sizes the rough chips 
produced a Rq of 16.40 ± 18.36 nm. This clearly exhibits the multi-scale roughness yielded when 
fabricating the rough gold chips, in which a 3D surface MI model becomes more accessible for 
ZIKV.

The distributions of both horizontal (peak-to-peak) and vertical (peak-to-valley) length 
scales for the roughness of the smooth and rough chips are plotted in Fig. 4(A) and (B). Using the 
Nanoscope Analysis software, random dissections of the 1 µm2 scans of the smooth and rough 
chips were carried out with a total of 20 dissections for 3 chips each. The percentage of horizontal 
peak-to-peak distances greater than 40 nm were < 2 % and 35 % for the smooth and rough chips, 
respectively. The percentage of vertical peak-to-valley distances greater than 5 nm were < 1 % and 
15 % for the smooth and rough chips, respectively. These values clearly exhibit that the surface 
roughness of the rough chips is more likely to form niches surrounding ZIKV than the smooth 
chips while the SAM adsorbs around the virions in 3D fashion. This is emphasized in Fig. 4(C) 
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which plots the 2D cross-section of a 3 µm2 scan size of a rough chip. The marked zone on the 
plot displays a valley on the chip surface that would fit at least 8 nm of the 49 nm diameter ZIKV 
virion. Although this is not engulfing the entire virion, it will be able to form a lock-and-key 
complex capable of detecting roughly 16 % of the repeating surface protrusions of the flaviviruses.

3.2 Background OCP response of analyte adsorption

Before measuring the re-adsorption of ZIKV on a MI chip, it was essential to determine whether 
or not there would be any background signal in the OCP response. First, the OCP response from 
ZIKV and DENV adsorption on bare rough and smooth chips were recorded (Fig. 5). Serial 
dilutions of ZIKV (2.4 x 10-1 to 5.3 x 106 PFU/mL) and DENV (0.3 x 10-1 to 2.7 x 104 PFU/mL) 
were pipetted into the detection system and individually tested against 3 rough and 3 smooth bare 
chips. The average -ΔOCP response for all of the conditions fluctuated and did not surpass 4 mV. 
This minute change in surface charging proves that the alkanethiol SAM is vital for the MI process 
with potentiometric biosensors. Even if the surface roughness of the gold chips can form niches 
surrounding the flaviviruses, there is no significant change in OCP without a lock-and-key 
complex present. It has been reported that -OH adsorption is weak and lacks electrochemical 
activity with polycrystalline gold.66 Since the envelope protein of ZIKV and DENV is covered 
with glycosylated protrusions, these abundant -OH groups among the glycans acted as a barrier 
preventing the virions from adsorbing to the bare gold chips. 

If the lock-and-key complexes of this 3D ZIKV MI detection system depended on the 
potential hydrogen bonding between the ZIKV virions and the thiol SAM, it was necessary to 
determine if there was any interaction of the virions with a thiol-only SAM covered chip. If there 
was a potentiometric response from the ZIKV virions hydrogen bonding with the hydroxyl-
terminals of the thiols adsorbed on a gold chip without the lock-and-key complexes formed from 
the MI process, then that would translate to a chip-based detection system with unspecific binding. 
Therefore, the OCP response from ZIKV adsorption on rough chips with thiol-only SAM was 
recorded (Fig. 6). Serial dilutions of ZIKV (0.1 x 10-1 to 1.2 x 106 PFU/mL) were pipetted into the 
detection system and individually tested against 3 rough chips that were imprinted with a thiol-
only SAM. Again, the average -ΔOCP response fluctuated and did not surpass 4 mV. Hydrogen 
bonding is likely to happen among the ZIKV virions interacting with the thiols adsorbed to a gold 
chip. However, the adsorbed thiols form SAM crystalline structures that would prevent extensive 
hydrogen bonding. Only when a targeted analyte re-adsorbs to the lock-and-key complex within 
the crystalline SAM should there be a large potentiometric response due to extensive 
macromolecular hydrogen bonding. These results demonstrated that there would be no significant 
background signals for the ZIKV MI process. Whether defects and exposed gold are present on 
the SAM of ZIKV MI chips or if the chips are improperly imprinted, there would be no significant 
OCP response.

3.3 Electrochemical analysis of ZIKV MI process
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The electrochemical analyses involving CV and EIS have shown to be extremely useful in 
monitoring the thiol SAM formation on the gold chips (ESI). These analyses have previously been 
used to monitor the MI process for carcinoembryonic antigen (CEA).58 Using these 
electrochemical analyses to monitor the MI process for ZIKV would verify the success of the 3D 
MI process for ZIKV detection. Therefore, rough gold chips were imprinted with ZIKV at 104 
PFU/mL for 2.5 hours. The MI chips were soaked in 3 M NaCl overnight to wash off the imprinted 
virions and then soaked in DI H2O for 30 minutes. The washed ZIKV MI chips were then 
reintroduced to ZIKV by pipetting serial dilutions of ZIKV from 1.1 x 10-2 to 5.5 x 103 PFU/mL 
into the detection system. This MI process was monitored by CV and EIS throughout all steps: 1) 
bare gold chips before imprinting, 2) after imprinting chips with ZIKV, 3) after washing imprinted 
chips, and 4) after chip re-adsorption of ZIKV at 5.5 x 103 PFU/mL (Fig. 7). 

The results from the CV analysis display that the bare chips allow excellent electron 
transfer between the gold surface of the chips and the redox active metal ions. After imprinting, 
these redox peaks disappeared due to the barrier layer of the SAM co-adsorbing with the ZIKV 
virions resulting in a decreased electron transfer rate. This barrier layer prevented the redox active 
metal ions from interacting with the gold surface of the chips, thus impeding the reversible redox 
reaction. It is important to note that the anodic and cathodic peaks did not reappear once the MI 
chips were washed. This supports the theory that the thiols form a SAM that saturates the gold 
chip surface completely. Since the bio-macromolecules interact with the hydroxyl-terminated 
thiols through weak hydrogen bonding and Van der Waals interactions, the thiols co-adsorb with 
the ZIKV on the gold surface. As the surface roughness of the chip forms a niche surrounding the 
analyte, the SAM adsorbs around the analyte in 3D fashion. Since the redox peaks did not reappear 
after washing of the imprinted virions, it is confirmed that the ZIKV virions do not bond directly 
to the gold surface. If the virions adsorbed directly to the gold surface, there would be exposed 
gold within the SAM allowing the ferricyanide system to yield redox peaks in the CV scan after 
washing the adsorbed virions off of the chips. These CV analyses support the claims that the 
ferricyanide system only exhibits a reversible redox reaction when exposed to the gold surface of 
these chips and this gold surface becomes completely covered by the crystalline SAM lock-and-
key complexes following the MI process.

The results from the EIS analysis display that the bare chips yielded a mass diffusion-
limited electron transfer process. After imprinting, this linear line converts to a well-defined semi-
circle correlating with a largely increased charge transfer resistance (Rct). However, the Rct 
significantly increased after washing and removing the imprinted ZIKV virions. The Rct decreased 
after re-adsorption of the ZIKV but was still greater than that of the MI chips prior to washing. 
This data clearly displays that the formation of the SAM on the MI chips drastically increases 
resistivity compared to that of bare chips. The change in Rct from the chips after imprinting with 
ZIKV, removal of the ZIKV virions, and then re-adsorption of the ZIKV virions undoubtedly 
supports the molecularly wired admittance mechanism. In that sense the thiol SAM barrier acts as 
an insulator blocking the current flow and the adsorbed ZIKV virions act as conductive wires that 
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facilitate current flow from the solution through the SAM to contact the gold chip surface. The 
more adsorbed ZIKV virions present on the MI chips, the more wires there are to facilitate the 
current flow from solution to chip surface. Therefore, the MI chips became more resistant after 
removing the imprinted ZIKV virions and the Rct began to decrease as the virions re-adsorbed to 
the MI chips from increasing conductivity.67 

Biological molecules prone to be exposed to lower voltages than non-biological molecules 
since the structure of biological molecules are easily denatured.67 In the CV analyses, a scan rate 
of 100 mV/s was used to monitor the interaction of the redox active metal ions with the amount of 
gold surface exposed on the chips. This clarified how the crystalline SAM lock-and-key complexes 
form on the MI chips. In the EIS analyses, a lower load of 5 mV was applied at varying frequencies 
to showcase how the co-adsorbed ZIKV virions follow the molecularly wired admittance 
mechanism.67 Thereby demonstrating that as the ZIKV virions re-adsorbed to the MI chips, the 
resistivity of the chips decreased as well.

3.4 LOD of ZIKV MI chips

In order to claim a successful potentiometric biosensor for the detection of ZIKV infection, the MI 
chip must be highly sensitive and specific to ZIKV re-adsorption. Rough and smooth gold chips 
were imprinted with either ZIKV or DENV at 106 PFU/mL for 2.5 hours and soaked in 3 M NaCl 
overnight to wash off the imprinted virions. The washed MI chips were then reintroduced to the 
targeted virus by pipetting serial dilutions of either ZIKV or DENV from 1.2 x 104 to 5.5 x 105 
PFU/mL into the detection system for a total of 3 times each for both the rough and smooth 
surfaces. Additional washed MI chips were cross-tested by pipetting serial dilutions of the opposite 
virus from 1.2 x 104 to 5.5 x 105 PFU/mL into the detection system for a total of 3 times each for 
both the rough and smooth surfaces. The average -ΔOCP response for these MI chips are plotted 
in Fig. 8. When the ZIKV MI chips were reintroduced to ZIKV at 5.5 x 105 PFU/mL, the rough 
and smooth chips yielded average -ΔOCP responses of 31.05 ± 3.97 mV and 7.68 ± 2.24 mV, 
respectively. For cross-testing the ZIKV MI chips with DENV at 5.5 x 105 PFU/mL, the rough and 
smooth chips yielded average -ΔOCP responses of 4.60 ± 2.08 mV and 2.83 ± 1.88 mV, 
respectively. Similarly, reintroducing the DENV MI rough and smooth chips to DENV at 5.5 x 
105 PFU/mL yielded average -ΔOCP responses of 32.95 ± 5.05 mV and 11.21 ± 2.21 mV, 
respectively. For cross-testing the DENV MI chips with ZIKV at 5.5 x 105 PFU/mL, the rough and 
smooth chips yielded average -ΔOCP responses of 6.30 ± 2.78 mV and 5.07 ± 1.74 mV, 
respectively. When cross-testing either the ZIKV or DENV MI rough chips, the average -ΔOCP 
responses were more than 5-fold lower than that of the average -ΔOCP responses from targeted 
virus re-adsorption. These results clearly exhibit that this MI process can be a successful POC 
diagnostic for flaviviruses. These MI rough chips exhibited high selectivity when imprinting with 
either ZIKV or DENV by being able to distinguish flaviviruses of similar size when introduced to 
viral loads equal or greater than clinical values.42, 68 On the other hand, the average -ΔOCP of the 
MI smooth chips against the target virus were about 3-fold lower than that of the MI rough chips. 
Also, cross-testing either the ZIKV or DENV MI smooth chips yielded average -ΔOCP responses 
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that were about 3-fold lower than that of the average -ΔOCP responses from targeted virus re-
adsorption. This difference in average -ΔOCP responses regarding the roughness of the MI chip 
surface supports the 3D MI model for ZIKV. Since the rough gold chips have a greater Rq and 
have the ability to form niches surrounding the ZIKV or DENV during the MI process, they are 
able to produce larger voltage responses than the MI smooth chips when re-adsorbing the targeted 
virus. Since the envelope protein of ZIKV and DENV differ with glycosylated amino acid sites, 
they have different structures from the glycans protruding on the surface even though the virions 
may have similar dimensions. By demonstrating high selectivity after cross-testing the ZIKV and 
DENV MI chips, the potential of the 3D MI model is greatly enhanced with the ability to form 
crystalline lock-and-key complexes specific to the confirmation of amino acids on the surface 
protein of flaviviruses. Unfortunately, imprinting at too high of a concentration may lead to lock-
and-key complexes of multiple virions instead of a single virion.

Following the optimization of thiol concentration needed and the washing technique for 
the ZIKV MI process (ESI), the concentration of ZIKV needed to imprint the chips became the 
primary focus. Calculating the LOD for the ZIKV MI process can determine how competitive this 
technique is against rRT-PCR or the aforementioned POC diagnostic systems. Rough gold chips 
were imprinted with ZIKV at 10-fold serial dilutions ranging from 104 to 107 PFU/mL for 2.5 
hours. A total of 4 chips were imprinted for each concentration. The MI chips were soaked in 3 M 
NaCl overnight to wash off the imprinted virions and then soaked in DI H2O for 30 minutes. The 
washed ZIKV MI chips were then reintroduced to ZIKV by pipetting serial dilutions of ZIKV from 
0.1 x 10-1 to 5.5 x 106 PFU/mL into the detection system. The average -ΔOCP response for these 
MI chips are plotted in Fig. 9. When the ZIKV MI chips were reintroduced to ZIKV at 105 
PFU/mL, the MI chips yielded average -ΔOCP responses of 67.49 ± 20.26 mV and 104.44 ± 26.45 
mV when imprinted at 107 PFU/mL and 106 PFU/mL, respectively. When the ZIKV MI chips were 
reintroduced to ZIKV at 103 PFU/mL, the MI chips yielded average -ΔOCP responses of 24.32 ± 
13.40 mV, 55.94 ± 23.80 mV, 97.51 ± 29.08, and 105.77 ± 18.92 mV when imprinted at 107 
PFU/mL, 106 PFU/mL, 105 PFU/mL, and 104 PFU/mL, respectively. When the ZIKV MI chips 
were reintroduced to ZIKV at 101 PFU/mL, the MI chips yielded average -ΔOCP responses of 
0.86 ± 1.71 mV, 12.09 ± 4.99 mV, 63.94 ± 19.48, and 47.70 ± 25.16 mV when imprinted at 107 
PFU/mL, 106 PFU/mL, 105 PFU/mL, and 104 PFU/mL, respectively. These results clearly show 
that there is a Gaussian distribution for the concentration of ZIKV used in the MI process. This 
supports the previously made claim that imprinting at too high of a concentration can lead to lock-
and-key complexes of multiple virions aggregated together instead of creating an imprint cavity 
specific to a single virion. As the ZIKV imprinting concentration decreased, the LOD decreased 
for the ZIKV MI chips. Having a lower LOD improves the ability of the MI chips to detect ZIKV 
from samples at lower levels. When the ZIKV MI chips were reintroduced to ZIKV at 10-1 
PFU/mL, the MI chips yielded average -ΔOCP responses of 15.55 ± 1.36 mV and 16.61 ± 3.10 
mV when imprinted at 105 PFU/mL and104 PFU/mL, respectively. With the ability to detect ZIKV 
as low as 10-1 PFU/mL, the MI system became competitive with rRT-PCR and LAMP-based POC 
diagnostic systems.36, 45, 50-52
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With a fully optimized ZIKV MI chip process, the next step was to determine the ability 
of these chips to distinguish virions of ZIKV from DENV. 8 Rough gold chips were imprinted 
with ZIKV at 104 PFU/mL for 2.5 hours. The MI chips were soaked in 3 M NaCl overnight to 
wash off the imprinted virions and then soaked in DI H2O for 30 minutes. 4 of the washed ZIKV 
MI chips were then reintroduced to ZIKV by pipetting serial dilutions of ZIKV from 1.1 x 10-2 to 
1.2 x 102 PFU/mL into the detection system. The remaining 4 washed ZIKV MI chips were cross-
tested with DENV by pipetting serial dilutions on DENV from 1.2 x 10-3 to 1.3 x 102 PFU/mL into 
the detection system. The average -ΔOCP response for these MI chips are plotted in Fig. 10. When 
the ZIKV MI chips were reintroduced to ZIKV at 1.2 x 102 PFU/mL, the MI chips yielded an 
average -ΔOCP response of 77.28 ± 23.98 mV. When the ZIKV MI chips were introduced to 
DENV at 1.3 x 102 PFU/mL, the MI chips yielded an average -ΔOCP response of -7.15 ± 0.69 
mV. These results verify that the 3D ZIKV MI detection system has the capability to detect ZIKV 
from samples at low viral loads (LOD < 10-1 PFU/mL) while differentiating ZIKV virions from 
that of other flaviviruses.

3.5 Potential POC ZIKV diagnostic

The correct recipe of thiol to ZIKV concentrations and washing technique have all been determined 
for this 3D MI process. However, the aforementioned data is from testing the ZIKV MI chips 
against purified ZIKV in a buffered solution. In order to verify if this method has the potential to 
become a POC ZIKV diagnostic, it was tested with samples similar to what could be tested in the 
field. Since saliva yields relatively high viral loads of ZIKV and is a noninvasive body fluid to 
test, saliva samples were chosen to test against the ZIKV MI chips.35-41 The chips were still 
imprinted with ZIKV diluted in the 1X dPBS buffer. It was essential to imprint the chips with a 
purified bio-macromolecule in order to guarantee that the imprinted cavities, or lock-and-key 
complexes were true to the targeted analyte. If the MI chips were imprinted with ZIKV from a 
heterogenous solution, it would be extremely difficult to determine what is co-adsorbing on the 
gold surface within the thiol SAM. Thus, any potentiometric response from re-adsorption on MI 
chips imprinted with ZIKV from heterogenous solutions would yield uninterpretable data since it 
would be impossible to determine what exactly is re-adsorbing if the target of the imprinted 
cavities is unknown. Although, imprinting chips with a purified target should provide the ability 
to detect target analytes even from heterogenous solutions based on the lock-and-key complex 
mechanism of this 3D MI process.

Human saliva is known to contain vast amounts of electrolytes, enzymes, proteins, bacteria, 
and cells.69 Ergo, saliva was the perfect tool to test how accurate the proposed lock-and-key 
complexes of the 3D MI process were in distinguishing the targeted analyte within a pool of mixed 
bio-macromolecules. 6 rough chips were imprinted with ZIKV at 104 PFU/mL for 2.5 hours. The 
MI chips were soaked in 3 M NaCl overnight to wash off the imprinted virions and then soaked in 
DI H2O for 30 minutes. Human saliva was collected from a single volunteer, with no known history 
of ZIKV infection through an IRB-approved protocol. The collected saliva was kept in its natural 
state in order to test the precision of the lock-and-key complexes on the MI chips. 3 of the washed 
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ZIKV MI chips were introduced to pure saliva by pipetting aliquots of saliva into the detection 
system. In order to test the selectivity of this 3D MI detection system, the collected saliva was 
doped with ZIKV with a final concentration of 4 x 104 PFU/mL to match a clinical viral load of 
ZIKV in saliva.35 The remaining washed ZIKV MI chips were then reintroduced to ZIKV by 
pipetting aliquots of the 4 x 104 PFU/mL ZIKV-doped saliva into the detection system. The 
average potentiometric responses of the ZIKV MI chips tested against saliva and ZIKV-doped 
saliva is plotted in Fig. 11(A). When the ZIKV MI chips were introduced to the analytes at a total 
volume of 2 µL added into the detection system after providing 20 minutes for the detection system 
to equilibrate, the MI chips yielded an average -ΔOCP response of -33.18 ± 8.02 mV and 55.09 ± 
17.35 mV from pure saliva and ZIKV-doped saliva, respectively, after 5 additional minutes of 
assay time. After adding a total volume of 4 µL of the analytes into the detection system, the MI 
chips yielded an average -ΔOCP response of -37.28 ± 11.13 mV and 85.93 ± 16.87 mV from pure 
saliva and ZIKV-doped saliva, respectively, after another additional 5 minutes of assay time. The 
real-time potentiometric testing of pure saliva and ZIKV-doped saliva against the ZIKV MI chips 
is displayed in the ESI.

When a target analyte re-adsorbs to a MI chip, the surface of the MI chip becomes more 
negative in potential due to the increase in electrical conductivity at the MI chip surface. This was 
supported by the EIS data when the adsorbed ZIKV virions behaved like molecular wires.67 After 
the first 2 µL aliquot of saliva was pipetted into the detection system, there was an increase in OCP 
greater than 30 mV. As mentioned before, saliva contains a large number of bio-macromolecules 
which are all charged species. So, ions are being added into the medium of the detection system 
thereby increasing the electrical conductivity of the medium. After the first 2 µL aliquot of ZIKV-
doped saliva was pipetted into the detection system, there was a decrease in OCP greater than 55 
mV. Here, ions are being added to the working electrode and increasing the electrical conductivity 
of the MI chip. OCP is the measurement of surface potential difference between the working 
electrode and the medium, which are inversely proportional to each other. Thus, the determination 
of when a target analyte re-adsorbs to the MI chip becomes easily accessible.

A practical POC ZIKV diagnostic would require a minimal sample size which is then 
rapidly screened to provide a diagnosis on infection in real-time. These results clearly demonstrate 
that the proposed lock-and-key complexes of the 3D ZIKV MI process is accurate and precise in 
distinguishing the targeted analyte in a pool of mixed bio-macromolecules at small volumes. The 
2 µL aliquots of the ZIKV-doped saliva added into the detection system equated to 10 PFU/mL of 
ZIKV, which is well within the LOD of the ZIKV MI process testing purified ZIKV in a buffered 
solution (< 10-1 PFU/mL). Fig. 11(B) demonstrates the ability of the ZIKV MI chip to be calibrated 
to determine the viral load of a tested sample. At a detection level of 10 PFU/mL ZIKV, the 55.09 
± 17.35 mV OCP response from testing ZIKV-doped saliva falls within the 47.70 ± 25.16 mV 
OCP response from ZIKV re-adsorption in buffer. This verifies that the potentiometric response 
is true to the re-adsorption of the targeted analyte, even when mixed in a pool of other bio-
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macromolecules. Therefore, the ZIKV MI detection system has proven its potential to become a 
POC ZIKV diagnostic system.

4 Conclusion

After optimizing the fabrication of these potentiometric sensors, the 3D ZIKV MI process has 
demonstrated that it was capable of distinguishing viruses of similar size with high sensitivity and 
it has the potential to become a POC ZIKV diagnostic system. Electrochemical analyses supported 
the 3D model of the substrate surface morphology forming niches surrounding the analyte while 
the SAM adsorbs around the analyte in all directions. The strong sulfur-gold covalent bonds allow 
the thiol SAM to remain intact as the adsorbed ZIKV virions are easily removed from their weak 
hydrogen bonds and Van der Waals interactions with the hydroxyl-terminals of the thiols. The 
washed 3D ZIKV MI chips yielded lock-and-key complexes highly specific and highly sensitive 
to ZIKV. The MI chips exhibited the ability to distinguish ZIKV against DENV in buffered 
solutions and were able to effectively detect ZIKV among a pool of bio-macromolecules in human 
saliva. Testing against ZIKV in buffered solution revealed a LOD of less than 10-1 PFU/mL for 
the ZIKV MI chips, correlating to a sample with a concentration of 100 PFU/mL ZIKV after taking 
the dilution factor into account. This LOD matches that of rRT-PCR and LAMP-based POC 
diagnostics but can be accomplished in a fraction of the time without any sample manipulation or 
elaborate recipe. Testing against ZIKV-doped saliva demonstrated the ability to detect ZIKV at 10 
PFU/mL mixed within a pool of different bio-macromolecules normally present in human saliva, 
corresponding to a sample with a normal clinical viral load of 4 x 104 PFU/mL ZIKV after taking 
the dilution factor into account. Samples can be collected and then directly added to the 3D ZIKV 
MI detection system yielding a potentiometric response immediately. The large potentiometric 
responses are due to extensive macromolecular hydrogen bonding and Van der Waals interactions 
between the re-adsorbed ZIKV virions and the thiol SAM within the imprinted cavities, or lock-
and-key complexes. The confirmation of the flavivirus glycosylation sites has proven to dictate 
the formation of the crystalline SAM complexes. This detection system gives rise to the potential 
for rapid noninvasive screening of persons that may have been infected with ZIKV. As of right 
now, the 3D ZIKV MI detection system needs 10 – 20 minutes to equilibrate the OCP response 
before adding any sample to it. This time is needed since the volume of the buffer used in the 
detection system is 8 mL and must be continuously stirred to ensure that an added sample size of 
2 – 100 µL is adequately mixed in the buffer to be properly detected and analyzed. Stirring a 
solution while measuring OCP gives rise to the longer time needed to equilibrate since the ions in 
the medium are moving at a fast pace. If the detection system is brought down to the micro-scale, 
the buffer would not have to be stirred while adding the sample thereby drastically reducing the 
time needed for the OCP response to equilibrate before testing samples. The potentiometer itself 
can be simplified by being interfaced with a smart device that can be programed to digitally display 
real-time readings. Doing so would allow this 3D ZIKV MI detection system to become portable 
to be used in remote locations with little technical expertise. Therefore, this system clearly has the 
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potential to become a POC ZIKV diagnostic test after miniaturizing the entire detection system 
and making the system portable.

Figures

Detection Method/Device Limit of Detection 
(PFU/mL)

Diagnostic Test 
Time (min)

Conventional Reverse-Transcription Polymerase 
Chain Reaction (RT-PCR) (a) 337 80*

Real-Time Reverse-Transcription Polymerase 
Chain Reaction (rRT-PCR) (b,c) 0.05 – 1.86 180**

Programmable Biosensors Combined with 
Nucleic Acid Sequence-Based Amplification 
(NASBA) (d)

3.4 x 104 <180

Loop-Mediated Isothermal Amplification 
(LAMP)-Based Optomagnetic Biosensors Paired 
with AC Susceptometry (e)

1.2 27***

Portable Chemically Heated Reverse-
Transcription Loop-Mediated Isothermal 
Amplification (RT-LAMP) (f)

50 – 100 <40

Portable Battery-Powered Reverse-Transcription 
Loop-Mediated Isothermal Amplification
(RT-LAMP) (g)

0.7 – 15 15

Table 1. Zika virus (ZIKV) RNA detection methods and devices. *This time does not include the 
time needed to to extract the RNA or run an agarose gel. **This time includes the time needed to 
extract, purify, and then amplify the RNA. ***This report was based off of the detection of synthetic 
ZIKV oligonucleotides. a Faye et al., 2008; b Faye et al., 2013; c Lanciotti et al., 2008; d Pardee et 
al., 2016; e Tian et al., 2016; f Song et al., 2016; g Kurosaki et al., 2017.
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Step 1: Etch Step 2: Deposit Step 3: Dice

Step 4: RemoveStep 5: CleanStep 6: Mask

Fig. 1 Schematic representation of gold chip development: (Step 1) 100 mm  diameter silicon 
wafer is etched with vapor HF, (Step 2) titanium and gold are deposited on etched wafer via 
electron beam physical vapor deposition under high vacuum at 3nm and 50 nm, respectively, (Step 
3) whole wafer is diced into 8 x 20 mm strips, (Step 4) single chip is removed, (Step 5) chip is 
cleaned with acetone, DI H2O, and ethanol, then finally (Step 6) cleaned chip is masked with 
adhesive PTFE tape leaving a 6 mm diameter working area and exposed area (2-4 mm) to connect 
to potentiometer.
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A

B

Imprinted Cavities

1
Imprint

2
Wash

3
Re-adsorption of analyte

Electrical Interface
Gold Surface

Bioreceptor
Imprinted SAM

Substrate

Enzyme

Active Site

C

Fig. 2 Molecular imprinting process of analyte and self-assembled monolayer of alkanethiols on 
gold surface. (A) Schematic illustration of imprint and wash of analyte in alkanethiol self-
assembled monolayer to create imprinted cavities. (B) Schematic representation of biosensor to 
illustrate that the re-adsorption of analyte in the imprinted cavities represents the bioreceptor aspect 
and the gold surface represents the electrical interface aspect of the biosensor. (C) Illustration of 
the enzyme-substrate complex to portray the high selectivity of the analyte re-adsorption in the 
imprinted alkanethiol self-assembled monolayer cavities.
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20.0 nm

20.0 nm2.5 µm

20.0 nmA

B

C

Fig. 3 Topographical analysis of gold chips for MI process. AFM topographical scan of bare gold 
chip surfaces via tapping mode with a 30 µm2 scan size of smooth (A) and rough (B) gold chips. 
The red square cutout in A and B displays the 1 µm2 scans of the smooth and rough gold chips, 
respectively, with a Rq of 1.31 ± 0.55 nm and 16.40 ± 18.36 nm, respectively. (C) A 3D illustration 
of the smooth and rough gold surface with a 2D cross-section view to demonstrate the binding 
efficiency with a bio-macromolecule during the MI process.
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Fig. 4 Surface characterization of gold surfaces. The horizontal peak-to-peak distances (A) and 
vertical peak-to-valley distances (B) of gold surfaces calculated from 1 µm2 scans via AFM in 
tapping mode. The dotted arrow lines represent the point at which the roughness of the rough gold 
surfaces can accommodate the size of ZIKV greater than that of the smooth gold surface. (C) The 
cross-section of an AFM topographical scan of bare rough gold chip via tapping mode. Inset 
illustrates 3D image of an AFM topographical scan of bare rough gold chip with a 3 µm2 scan size 
and white bar to represent the 2D cross-section plotted in graph. The marked 50 nm x 8 nm 
dimensions correspond to potential areas in gold chip topography to forms niches surrounding 
flaviviruses with a 50 nm diameter.
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Fig. 5 Average potentiometric response of viruses on bare gold surfaces. Serial dilutions of ZIKV 
and DENV were individually added to detection system using bare rough and smooth gold chips.
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Fig. 6 Average potentiometric response of ZIKV on gold chip with alkanethiol SAM. The OCP 
response of serial dilutions of ZIKV was measured on a gold chip saturated with an alkanethiol 
SAM.
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Fig. 7 Electrochemical analysis of MI process on rough gold chips. Gold chips were imprinted 
with ZIKV at 104 PFU/mL. (A) Cyclic voltammograms of the different electrodes: bare gold 
(dotted line a), after ZIKV imprint (black line b), after washing off imprinted ZIKV (red line c), 
and after re-adsorption of ZIKV at 5.5 x 103 PFU/mL (green line d) on gold chips: scan rate, 100 
mV/s. (B) Electrochemical impedance spectra of the different electrodes: bare gold (dotted line a), 
after ZIKV imprint (black line b), after washing off imprinted ZIKV (red line c), and after re-
adsorption of ZIKV at 5.5 x 103 PFU/mL (green line d) on gold chips: 5 mV amplitude and 
frequency range of 0.1 – 100,000 Hz. Electrochemical analyses were performed in a KCl solution 
(0.1 M) containing [Fe(CN)6]4-/[Fe(CN)6]3- (2 mM each). 
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Fig. 8 Average potentiometric responses of analyte re-adsorption and cross-test on MI gold chips. 
Gold chips were imprinted with either ZIKV or DENV at 106 PFU/mL on smooth and rough gold 
chips, then tested against target re-adsorption (solid lines) and cross-tested with other virus (dotted 
lines) by measuring OCP response after adding analyte to buffer in detection system. (A) Rough 
gold chips imprinted with ZIKV and tested against ZIKV and DENV. (B) Rough gold chips 
imprinted with DENV and tested against DENV and ZIKV. (C) Smooth gold chips imprinted with 
ZIKV and tested against ZIKV and DENV. (D) Smooth gold chips imprinted with DENV and 
tested against DENV and ZIKV.
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Fig. 9 Average Potentiometric responses of ZIKV re-adsorption on MI gold chips. Gold chips 
were imprinted with ZIKV at either 107 PFU/mL (line a), 106 PFU/mL (line b), 105 PFU/mL (line 
c), or at 104 PFU/mL (line d) on rough gold chips, then tested against ZIKV re-adsorption by 
measuring OCP response after adding serial dilutions of analyte to buffer in detection system. Inset 
displays OCP response of ZIKV re-adsorption on a logarithmic scale.
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Fig. 10 Average Potentiometric responses of ZIKV re-adsorption and DENV cross-test on MI gold 
chips. Gold chips were imprinted with ZIKV at 104 PFU/mL on rough gold chips, then tested 
against ZIKV re-adsorption (solid line) and DENV cross-test (dotted line) by measuring OCP 
response after adding serial dilutions of analyte to buffer in detection system. (∗) P-values 
calculated to be less than 0.05.
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Fig. 11 Average potentiometric responses of ZIKV re-adsorption on MI gold chips. Gold chips 
were imprinted with ZIKV at 104 PFU/mL on rough gold chips. (A) Potentiometric cross-test of 
ZIKV MI chip against pure saliva by adding 2 µL aliquots of saliva (dotted line) and potentiometric 
test of ZIKV MI chip against ZIKV re-adsorption by adding 2 µL aliquots of ZIKV-doped saliva 
at 4 x 104 PFU/mL (solid line), corresponding to 10 PFU/mL ZIKV for each 2 µL of analyte added. 
(B) Potentiometric responses of 10 PFU/mL ZIKV re-adsorption on MI chips with analytes diluted 
in pure buffer (striped bar) and pure saliva (solid bar).
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