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ABSTRACT: With the current intense need for rapid and accurate detection
of viruses due to COVID-19, we report on a platform technology that is well
suited for this purpose, using intact measles virus for a demonstration. Cases
of infection due to the measles virus are rapidly increasing, yet current
diagnostic tools used to monitor for the virus rely on slow (>1 h)
technologies. Here, we demonstrate the first biosensor capable of detecting
the measles virus in minutes with no preprocessing steps. The key sensing
element is an electrode coated with a self-assembled monolayer containing the
measles antibody, immobilized through an N-heterocyclic carbene (NHC). = 3
The intact virus is detected by changes in resistance, giving a linear response ”b d ’ :> do \E
to 10—100 pg/mL of the intact measles virus without the need to label or Sl o S -
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process the sample. The limit of detection is 6 ug/mL, which is at the lower
limit of concentrations that can cause infections in primates. The NHC-based
biosensors are shown to be superior to thiol-based systems, producing an
approximately 10X larger response and significantly greater stability toward repeated measurements and long-term storage. This
NHC-based biosensor thus represents an important development for both the rapid detection of the measles virus and as a platform
technology for the detection of other biological targets of interest.
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used in electrochemical sensors are thiol-based,” these are

D espite the widespread availability of a vaccine for measles,
known to suffer from instability, leading to irreproducibility.”

infections from the measles virus increased by over 300%
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in the first quarter of 2019," likely a consequence of its high basic
reproduction number (R, = 12—18).” This value is significantly
higher than for other viruses of large-scale public health concern,
including the SARS-CoV-2 coronavirus (R, = 1.4—3.9)" and
smallpox (R, = 3.5—6)." Rapid identification and quarantine
protocols are hampered by current detection methodologies,
which are relatively slow (>1 h).> While polymerase chain
reactions are the World Health Organization-recommended
method, some laboratories, especially in the developing world,
rely on simpler immunological methods, requiring hours to days
for detection. Thus, there is an urgent need for a rapid and
sensitive method to detect the measles virus to prevent the rapid
spread of the disease. While biosensors have been previously
explored for the detection of measles,”” these efforts have
involved detection of the human immune response after the
disease has taken hold, rather than identification of the virus
itself before symptoms appear.

Here, we describe an ultrasensitive method for the rapid
detection of the measles virus using an antibody (Ab)-based
electrochemical sensor. The antibody is attached to an Au
electrode via a self-assembled monolayer (SAM) based on N-
heterocyclic carbenes (NHCs). Although most common SAMs
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Recently, NHCs have been shown to form more robust SAMs
that can be tethered to a range of metal surfaces, with exemplary
resistance to degradation.w’11 However, to date, NHC-based
biosensors have only been described using optical techniques,
such as surface plasmon resonance.'”~"* In this work, we employ
an antibody (Ab) that is specific toward the transmembrane H
protein of the measles virus.'"> Thus, we require no
preprocessing steps to break open the virus particles prior to
sensing (i.e., viral lysis), providing a simpler workflow compared
to current approaches.” The resulting sensors have a linear
response to 10—100 pg/mL of the intact measles virus, with a
limit of detection of 6 ig/mL, encompassing the range of virus
concentrations relevant to human health applications. A gamma-
inactivated virus was used in this work, preserving the properties
of the viral capsid such that it is comparable to live virions,
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Scheme 1. Assembly of Ab-SAM Electrochemical Measles Virus Sensor and Fc—SAM Model”
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iv-a) 1 mM FcNH, in water, 24 h, 4 °C and (iv-b) 1 ug/mL Ab, 24 h, 4 °C. Ab = Antibody, SAM = self—assembled monolayer, Fc = ferrocene.
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Figure 1. (a) CV of bare Auand 1-Au ester-NHC SAM in 1 M NaClO,, (b) Contact angles for bare Au and 1-Au and 2-Au SAMs, (c) CV and (d) peak
characteristics of Fe-NHC SAM, (e,f) XPS showing Fe 2p and N 1s regions for the Fe-NHC and COOH-terminated SAMs.
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Figure 2. (a) CV and (b) impedance spectroscopy in S mM ferro/ferricyanide. (c) Contact angle and (d) ELISA results for the measles sensor, before

and after Ab immobilization on the modified SAM.

including those found in aerosols. This approach is thus
expected to have a significant impact on measles monitoring and
could be generalized to other viruses, including SARS-CoV-2.

To fabricate the biosensor (Scheme 1), we prepared a
previously described ethyl ester-terminated benzimidazolium
trifluoromethanesulfonate salt 1 (Scheme 1).'® The SAM was
formed by placing clean Au into a methanolic solution of 1 and
KHCO; for 24 h, followed by thorough washing, affording the
ester-NHC SAM 1-Au. The drop in the double layer charging
current of the Au electrode after ester-NHC SAM formation
observed by cyclic voltammetry (CV) confirms the deposition of
an insulating layer (Figure 1a)."” Contact angle analysis (Figure
1b) provided further evidence for SAM formation, as the surface
hydrophilicity increased after ester-NHC deposition. It should
be noted that, due to a lower degree of surface ordering, contact
angles for NHC SAMs are typically lower than those of
comparable thiol SAMs."°

Hydrolysis of the ester with base forms a carboxyl-terminated
monolayer, 2-Au. The success of this step was also confirmed by
contact angle measurements, which showed a decrease in
contact angle after ester hydrolysis, consistent with the more
hydrophilic carboxylic acid-terminated surface (Figure 1b).

The presence of the carboxylic acid on the surface was further
confirmed by its reactivity in amide coupling reactions. Using a
standard amide coupling protocol with EDC, NHS, and MES,"®
aminoferrocene (FcNH,) was reacted with the SAM for 24 h at
4 °C to form 3a-Au. Ferrocene was employed due to its ability to
be easily observed electrochemically and via XPS, as well as its
use in biosensor designs.'” The coupling was carried out at a low
temperature to mimic the conditions that would be necessary for
the attachment of the measles Ab.

Following amide coupling, Fc redox peaks were seen at 0.25V
(cathodic) and 0.35 V (anodic) (Figure 1c). The classical sweep
rate dependence of the electroactive surface species (Figure 1d)
confirms that the Fc-NHC redox chemistry is very rapid, as
expected.”” It was shown from electrochemical and computa-
tional data in prior published work that one full monolayer of an
NHC SAM equates to 3.5 molecules/ cm?'% As our calculated
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Fc surface density is 0.88 molecules/nm? this corresponds to
~25% of a single NHC monolayer.'’ Assuming that the Fc
surface density reflects the NHC SAM surface coverage, this is
more than sufficient to form a full monolayer of the immobilized
anti-measles antibody in 3b-Au, due to the much larger size of
proteins (>1 nm*) compared to the NHC molecules (~0.3
nm?).1°

XPS analysis of the surface after amide bond formation with
aminoferrocene shows the presence of Fe**. The observed N:Fe
ratio of approximately 3:1 is consistent with the full conversion
of the ester-NHC SAM to the Fc-NHC SAM (Figure le,f).
However, due to the fact that NHC SAMs are still relatively
unexplored and have never been previously modified with EDC/
NHS while attached to a Au surface, DFT analysis was carried
out to confirm that the Au-NHC bond would remain stable.
Figures S2—3 and Table S1 suggest that each stage (1-Au, 2-Au,
and 3a-Au) has a similar reorganization of charge density at the
Au/NHC interface, with no significant differences arising from
the amide coupling procedure. The DFT analysis also predicted
fast electron transfer between the NHC and Au, critical to rapid
sensor response. Figure 1 and the DFT results thus provide a
strong indication that the NHC-SAM:s will be stable and can be
further modified after deposition on Au.

Having demonstrated that the carboxylic acid-terminated
NHC is a suitable surface for coupling to simple amines such as
FcNH,, we employed these conditions to bind the anti-measles
Ab to the SAM. The effectiveness of this step was confirmed by
electrochemical measurements, contact angle analysis, and a
modified enzyme-linked immunosorbent assay (ELISA)."” Both
CVs (Figure 2a) and impedance (Figure 2b) clearly show that
the Ab was successfully immobilized on the NHC surface (3b-
Au), as the CV peak separation increases, the peak current
decreases, and the impedance increases (Tables S2,3).

Contact angle analysis (Figure 2c) demonstrates that the
sensor surface becomes more hydrophilic after modification by
the measles Ab, as expected. Finally, the ELISA response of the
various surfaces clearly demonstrates the immobilization of the
measles Ab. Figure 2d clearly shows that only the final surface
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Figure 4. (a) Resistance increase of NHC and thiol Ab-SAM sensors to measles virus concentration (n = 3). (b) ELISA response from sensors modified
with Ab or BSA (n=9). (c) Change in R2 over repeated measurements. (d) Response to 100 yg/mL of measles virus before (Fresh) and after 2 weeks

of storage at 4 °C (Aged), n = 3.

resulting from NHC SAM formation, ester hydrolysis, and
coupling with the measles Ab has a response above background
(p < 0.00S). This response, quantified by measuring the
absorbance at 650 nm as the ELISA substrate (TMB) is oxidized
by the horseradish peroxidase-labeled secondary Ab, indicates
that this secondary Ab was bound to the modified SAM and

2750

verifies that the anti-measles Ab was successfully immobilized on
the NHC SAM surface.

With anti-measles Ab-functionalized electrodes in hand, we
then examined the response (in S mM ferro/ferricyanide) of the
Ab-modified electrodes to various concentrations of gamma-
inactivated measles virus without labeling or preprocessing (i.e.,
lysis). The Nyquist plot shown in Figure 3a demonstrates that,
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from 1 ng/mL to 1 mg/mL, the high-frequency arc experienced
little change, as it originates from the underlying SAM (Figure
SS), while the low-frequency resistance changed substantially
(Figure 3a, Table S4) for two duplicate biosensors.

The sigmoidal R2/concentration curve in Figure 3b is the
classical response expected from an antibody interacting with its
target, with no binding (low % increase) observed until 10 ug/
mL of the intact virion is present and a plateau seen above 1 mg/
mL of measles virus. The sensors demonstrated exceptional
reproducibility, with minimal variation until the sensor response
was saturated. The ECyy, a measure of the strength of an
interaction between an Ab and target molecule, was 118 pg/mL
(R* = 0.990) for the immobilized Ab and the measles virus.

A reproducible linear response is shown in Figure 3¢,d for
triplicate NHC SAM biosensors over a narrow range of measles
virus concentrations (1 pug/mL to 1 mg/ mL), giving a limit of
detection of 6 ug/mL (R* = 0.957). The sensor response
plateaus at higher concentrations, with a minimal increase above
250 pg/mL of the virus. The infectious dose for the measles
virus, based on primate studies, is 105108 virus particles.m’22
Using electron microscopy data,” this converts to a minimum
infectious dose of 1—100 pg/mL, which corresponds extremely
well with the sensing range of the NHC-based measles biosensor
described herein (Figure 3d). The 6 pg/mL limit of detection
thus falls below the previously published infectious dose (IDs;)
values. As the structure of the viral capsid was preserved in this
work, the results from these experiments could be directly
translated to aerosol detection of infectious measles virus.

To compare the NHC sensor platform performance with that
obtained using traditional thiol-based monolayers, 6-mercapto-
hexanoic acid was employed to form a thiol-based SAM and the
anti-measles antibody was tethered to it, using the amide
coupling process described above. No defects were purposefully
introduced into the thiol-based monolayer to emulate the 25%
coverage observed in the case of the NHC-based SAMs. This is
because thiol-based SAM stability relies more heavily on lateral
interactions than is predicted for NHC-based SAMs.'® Thus, a
comparison of the stability of a thiol vs NHC-based SAM, both
with a 25% coverage, would not be meaningful.

The electrochemical results (Figure S6, Table SS) showed
that the thiol sensor produced a 10-fold smaller response to virus
concentration (Figure 4a, S7), with a maximum increase in R2 of
60% at 1 mg/mL, compared to ~650% for the NHC-based
SAM. This is attributed to the lower packing density of NHC
SAMs compared with thiolate SAMs,'” resulting in a smaller
proportional resistance increase upon binding of the virus.

In Figure 4b, we compare ELISA results for the thiol and
NHC SAMs, where either bovine serum albumin (BSA, a
negative control) or the anti-measles Ab were attached using the
amide coupling procedure. A much larger response is obtained
from both Ab-modified SAMs than for the BSA-modified or
negative control samples, verifying that the antibody is tethered
to these SAMs. The slightly higher ELISA signal for the Ab-
modified thiol vs NHC-SAMs is likely indicative of the larger
amount of Ab immobilized on the thiol-SAM. The response
from the BSA samples is indistinguishable from the negative
control (p < 0.0001), confirming that the ELISA response
cannot be attributed to nonspecific binding.

Importantly, when BSA-thiol and BSA-NHC SAMs were
tested with the measles virus, the sensor resistance did not
change (Figure S8, Table S6). In addition, the thiol and NHC-
based monolayers, both modified with the anti-measles Ab, were
repeatedly tested using EIS over 90 min to establish their
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stability during the testing protocol. Figure 4c shows a much
larger change in R2 for the thiol vs NHC-based monolayers, also
seen by CV (Figure S9), indicating that the thiol-based
monolayer was significantly less stable than the NHC SAM.

The differences in shelf life between the thiol and NHC-based
sensors were also examined. In Figure 4d, we show the response
of triplicate thiol and NHC-based sensors to 100 pg/mL of the
measles virus directly after sensor construction (“Fresh”) or after
2 weeks of storage at the Ab supplier’s recommended
temperature (4 °C, “Aged”). The response of both sensors
after 2 weeks was much weaker, indicating degradation in both
cases. However, the NHC-based sensors still responded to the
virus after 2 weeks at 4 °C, albeit to a lesser degree than freshly
prepared sensors (Figure 4d). Aged thiol-based sensors did not
respond when challenged with the virus.

Considering the relative instability of proteins, which is
exaccerbated in the presence of perchlorate,” it is plausible that
the decrease in performance after the storage is due to protein
degradation rather than loss of the SAM. However, the clear
difference between the NHC and thiol SAMs cannot be
attributed to Ab degradation alone. Thus, while aging issues
need to be addressed, the NHC SAMs remain more stable than
their thiol SAM counterparts.

In conclusion, we have developed an electrochemical
biosensor for the intact measles virus using NHC SAMs. The
NHC-based sensor produced a >10 times larger response to the
virus than a comparable, conventional thiol-based sensor and
also showed demonstrably greater stability. The sensor, which is
active over the range of virus concentrations relevant to human
health applications (6—100 yg/mL), is shown to function with
the intact measles virus without the need for preprocessing (i.e.,
lysis) or labeling steps. Such a system could be directly translated
to real-world detection, including monitoring aerosols for active
viruses. Additionally, this sensor required ca. 15 min to perform
the detection and has an estimated cost of only $3.72 USD per
test (Tables S7,8), which would further aid in future
implementation. While still preliminary, these results show
great promise for the application of NHC SAMs in future
electrochemical biosensors, both for the detection of the measles
virus and as a platform technology for the detection of other
biological targets of interest, including SARS-CoV-2.
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