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ABSTRACT: A human cytomegalovirus (HCMV) causes a
persistent asymptomatic infection in healthy individuals and possesses
unexpected dangers to newborn babies, immunocompromised people,
and organ transplant recipients because of stealth transmission. Thus,
an early and accurate diagnosis of HCMV infection is crucial for
prevention of unexpected transmission and progression of the severe

diseases. The standard method of HCMV diagnosis depends on HCMV-infected cell

serology, antigen test, and polymerase chain reaction-based nucleic

acid detection, which have advantages for each target molecule. iy % D‘)\\,’\‘,N AR
However, the serological test for an antibody is an indirect method Cys-PNADGON  HCMV  hemv-miRNAs  Cy5-PNA/hcmv-miRNA

assuming the past virus infection, and antigen and viral nucleic acid

testing demand laborious, complex multistep procedures for direct virus detection. Herein, we present an alternative simple and
facile fluorometric biosensor composed of a graphene oxide nanocolloid and fluorescent peptide nucleic acid (PNA) probe to detect
the HCMYV infection by simply monitoring the virally encoded microRNA as a new biomarker of Iytic virus infection. We verify the
sensing of HCMV-derived microRNA accumulated within 72 h after HCMYV infection and examine the diagnosis of HCMV in living
cells. We proceed with the time course and concentration-dependent investigation of hcmv-miRNA sensing in living cells as a direct
method of HCMV detection at the molecular level on the basis of an intracellular hemv-miRNA expression profile and graphene
oxide nanocolloid-based simple diagnostic platform. The fluorometric biosensor enables the sequence-specific binding to the target
HCMYV miRNAs in HCMV-infected fibroblasts and shows the quantitative detection capability of HCMV infection to be as low as
4.15 X 10° immunofluorescence focus unit (IFU)/mL of the virus titer at 48 h post-infection with picomolar sensitivity for HCMV
miRNA.

KEYWORDS: asymptomatic infection, fluorometric biosensor, graphene oxide, HCMV infection, live-cell fluorescence imaging,
viral microRNA

n asymptomatic infectious disease possesses unexpected (IgM) antibody but cannot identify the virus itself directly."

dangers such as Coronavirus disease 2019 (COVID-19) In contrast, the antigen test and nucleic acid amplification test
caused by SARS-CoV-2 because of stealth transmission.”” One are direct methods targeting viral protein and viral genome,
of the B-herpesviruses, the human cytomegalovirus (HCMV), respectively. However, both methods are labor-intensive and
cause a persistent asymptomatic infection to healthy require complex processes.'” Therefore, we need an alternative
individuals,”™> and most babies with congenital cytomegalo- strategy to address the shortcomings of the existing methods
virus infection caused by intrauterine transmission during and to achieve a simple and facile detection of HCMV
pregnancy are mostly asymptomatic. Nevertheless, it has infection.
become a leading cause of birth defects.”® Moreover, To date, microRNA (miRNA) has been suggested as a
opportunistic HCMV infection can induce infectious mortality biomarker of disease diagnosis and prognosis in biomedical

in immunocompromised populations including newborns, research fields."*™'® Many studies have indicated that
human immunodeficiency virus (HIV)-infected people, or herpesviruses, a family of DNA virus, have their own viral

. 57,8 . )
organ transplant recipients. Thus, a simple and facile miRNAs, which are virally encoded short non-coding RNAs
diagnosis of HCMV infection is crucial for preventing further

viral spread and managing the progression of the severe
diseases. The standard HCMYV diagnosis relies on conventional
methods including the serological test, antigen test, and
polymerase chain reaction (PCR)-based nucleic acid detec-
tion.””'” The serological assays detect the past virus infection
indirectly by measuring the host immune response to the virus
such as the immunoglobulin G (IgG) or immunoglobulin M
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containing ~22 nucleotides, and it has been revealed that
HCMV encodes at least 22 kinds of its own viral miRNAs
during the lytic phase of productive infection.'”>* The hcmv-
miRNAs have regulatory roles to the gene expression targeting
both host cellular mRNA and viral RNA at the post-
transcriptional level, and viral miRNAs offer valuable
information of virus pathogenesis and play a crucial role in
the virus life cycle, and interestingly, HCMV-derived miRNAs
(hcmv-miRNAs) show an altered expression pattern after
HCMYV infection.”>*® Thus, hcmv-miRNA sensing can be a
direct channel for monitoring of the virus infection and
pathogenesis at the molecular level.

In fact, a graphene-based fluorescent biosensor such as
graphene oxide (GO) combined with a fluorescent oligo probe
has been harnessed as a nucleic acid detection platform based
on its advantages.”’ ' First, the z-conjugated electronic
structure of GO induces the fluorescence quenching property
at a close distance derived from its action as a FRET
acceptor,”” and GO has a preferential adsorption interaction
with a single-stranded oligonucleotide over a double-stranded
oligonucleotide originating from the z—n stacking interac-
tion,”® which increases the utilization of GO as a sensor to
discern the single-stranded nucleic acid from the double-
stranded one. Also, the peptide nucleic acid (PNA), which has
a neutral N-(2-aminoethyl)glycine backbone, gives distinctive
features as a biosensor probe.’” Regarding its adaptability for
the living systems, the stability of the PNA probe in a
biological environment derived from its structural unit of non-
degradable DNA mimic and the resistance of the PNA probe
to the nuclease and protease enzyme enable its application to
living cells, which have complicated protein complexes.”**°
Higher affinities between uncharged PNA and negatively
charged GO can form stable PNA and a nanosized GO
(NGO) complex, called PANGO in the previous report,”*
which can alleviate the electrostatic repulsion between a
negatively charged phosphate backbone of the DNA probe and
GO. Moreover, background fluorescence signals derived from
nonspecific displacement of the fluorescent oligo probe from
the GO surface can be minimized by using the PNA probe.
Importantly, the target-binding affinity of uncharged PNA to
its complementary target DNA or RNA strand is stronger than
that of DNA to DNA or DNA to RNA, which can contribute
the enhanced specificity of nucleic acid detection.”>™*’ In
addition, the miRNA-responsive PANGO system acting in
sequence-specific manners in vivo was reported in a previous
study”® in which a dextran-coated partially reduced graphene
oxide nanocolloid was utilized and particularly showed an
improved stability and dispersibility of GO derivative via
introduction of dextran, hydrophilic natural carbohydrate GO
as a reducing agent, and a coating material of GO.***? Herein,
we developed a fluorometric HCMV miRNA sensor consisting
of a dextran-coated graphene oxide nanocolloid (DGON) and
fluorescent PNA probe for diagnosis and monitoring of
HCMV infection in living cells. In this study, we utilized the
virus-encoded miRNAs as a hallmark of virus infection and
addressed hcmv-miRNAs as the diagnostic biomarker of
productive HCMV infection (Figure 1). The aim of this
study is to detect the viral miRNAs and visualize their
expressions in living cells though fluorescence imaging for
direct label-free detection of HCMV infection with a
fluorometric sensor by targeting the viral miRNA without
pre-enrichment. The fluorescent PNA and DGON-based
biosensor can be alternative strategies of virus diagnosis to
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Figure 1. Schematic description of the HCMV diagnostic strategy,
which is based on HCMV-encoded miRNA sensing in the HCMV-

infected living cell by using CyS-labeled PNA and the DGON system.

cope with the drawbacks of the conventional methods
demanding laborious, complex multistep procedures.

B RESULTS AND DISCUSSIONS

Selection of Target HCMV miRNAs and Preparation
of hcmv-miRNA Sensor System. To investigate the sensing
of the intracellular HCMV-encoded miRNAs in HCMV-
infected living cells, the miRNAs were divided into two
experimental groups and two control groups. We chose hcmv-
miR-US25-1-5p and hcmv-miR-UL112-3p as experimental
groups, which have abundant expression levels after HCMV
infection with distinctively increased expression profiles in the
course of the HCMYV infection time. In addition, hcmv-miR-
US25-2-Sp was chosen as a negative control group, which has a
relatively lower expression level in the HCMV-infected cells
compared to those of experimental groups. As a positive
control group, hsa-miR-16-5p was utilized due to its high
expression level in both HCMV-infected and uninfected cells.
The expression profile of the target hcmv-miRNA candidates
and hsa-miR-16 obtained in Table S1 is based on AGO-
Clipseq analysis of the previous research.”’

Next, we prepared the hecmv-miRNA sensors consisting of
fluorescent dye-labeled PNA probes and DGON. Cyanine dye
S (CyS)-labeled single-stranded PNA probes (CyS-PNAL,
CyS-PNA2, CyS-PNA3, and CyS-PNA16) were designed first,
which have complementary sequences to the target miRNAs,
including hemv-miR-US25-1-5p, hemv-miR-UL112-3p, hcmv-
miR-US25-2-5p, and hsa-miR-16, respectively. As a negative
control probe, a scrambled PNA (scPNA) was additionally
prepared, which is not relevant to the target HCMV-encoded
miRNAs (Figure 2A). Also, DGON was prepared according to
the previously reported method’®** (see the Supporting
Information). Synthesized DGON was characterized by using
atomic force microscopy (AFM) with height profile, dynamic
light scattering (DLS) and zeta potential analysis, and UV—vis
absorption, Raman, and Fourier transform infrared (FT-IR)
spectroscopies (Figure S1). The AFM data showed that the
layer thickness of DGON was about 3.85 nm in average, which
is greater than that of a single-layer graphene oxide nanocolloid
(1-1.5 nm),* indicating the attachment of dextran on the
graphene oxide nanocolloid.”®*'" The average zeta potential
was —33.6 = 0.6 mV, and the hydrodynamic diameter
measured by DLS was 49.4 + 17.6 nm. UV—vis absorption
spectra indicated a maximum absorption at 238 nm resulting
from the z—z* transition of aromatic C=C bonds. Raman

https://dx.doi.org/10.1021/acssensors.0c01843
ACS Sens. 2021, 6, 815—822


http://pubs.acs.org/doi/suppl/10.1021/acssensors.0c01843/suppl_file/se0c01843_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssensors.0c01843/suppl_file/se0c01843_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssensors.0c01843/suppl_file/se0c01843_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssensors.0c01843/suppl_file/se0c01843_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssensors.0c01843?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.0c01843?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.0c01843?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.0c01843?fig=fig1&ref=pdf
pubs.acs.org/acssensors?ref=pdf
https://dx.doi.org/10.1021/acssensors.0c01843?ref=pdf

ACS Sensors

pubs.acs.org/acssensors

HCMV miRNA Sequence (5’ - 3’) [Flu]-PNA Sequence (N term — C term)
hemv-miR-US25-1-5p |  AACCGCUCAGUGGCUCGGACC | Cy5-PNA1 | Cy5-00-GGTCCGAGCCACTGAGCG
hemv-miR-UL112-3p | AAGUGACGGUGAGAUCCAGGCU | Cy5-PNA2 | Cy5-00-AGCCTGGATCTCACCGTC
hemv-miR-US25-2-5p | AGCGGUCUGUUCAGGUGGAUGA | Cy5-PNA3 | Cy5-00-CCACCTGAACAGACCGCT

hsa-miR-16-5p UAGCAGCACGUAAAUAUUGGCG | Cy5-PNA16 | Cy5-O0-CGCCAATATTTACGTGCTGCTA

- Cy5-scPNA | Cy5-00-ATCGAATAGTCTGACTACAACT
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Figure 2. (A) Sequences of target hcmv-miRNAs, hsa-miR-16, and their corresponding CyS-PNA probes designed in this study. (B) Relative
fluorescence intensity (%) of each CyS-PNA probe (20 pmol) was analyzed with increasing amounts of DGON. (Each of the fluorescence spectra
is shown in Figure S2). (C) Fluorescence spectra of CyS-PNA1/DGON (inset: the kinetics of the fluorescence recovery until 12 h) in the presence
of hemv-miR-US25-1-5p, hemv-miR-UL112-3p, hemv-US25-2-Sp, and hsa-miR-16-Sp. (D) Fluorescence spectra of CyS-PNA2/DGON (inset: the
kinetics of the fluorescence recovery until 12 h) in the presence of hemv-miR-US25-1-5p, hemv-miR-UL112-3p, hemv-US25-2-Sp, and hsa-miR-16-
Sp. (E) Relative fluorescence intensity (F/F,) of CyS-PNA1/DGON with serially diluted target hcmv-miR-US25-1-Sp and (F) relative fluorescence
intensity (F/F,) of CyS-PNA2/DGON with serially diluted target hemv-miR-UL112-3p. (F, fluorescence intensity of the CyS-PNA probe with
target hemv-miRNA; F,, fluorescence intensity of the CyS-PNA probe without target hcmv-miRNA). The excitation/emission wavelengths (1../
Aem) of the fluorescence intensity and spectra were 647/670 nm, respectively. The values are mean + SEM (standard error of the mean), n = 3.

spectra showed the D and G peak at 1351 and 1592 cm™,
which indicated the structural disorder sp®> and ordered sp”
carbon domain, respectively, and the D/G peak intensity ratio
(In/Ig) was 0.91. FT-IR spectra exhibited the characteristic
peaks of an O—H vibration at 3421.1 cm™, a weak aliphatic
C—H stretching peak at 2920 cm™!, a C=O0 stretching at
1716.3 cm™!, and C=C vibrations of the graphitic domain at
1614 cm™! and the several functional groups including the
hydroxyl and carboxyl group. Taken together, these character-
ization data supported the successful preparation of DGON.
Feasibility Test of hcmv-miRNA Sensor System In
Vitro. Before the analysis of the Cy5-PNA/DGON system,
hybridization interactions between the CyS-PNAs and the
target miRNAs were demonstrated through non-denaturing
polyacrylamide gel electrophoresis (Figure S2). The upper
bands represented each of the three CyS-PNAs (CyS-PNAL,
CyS-PNA2, and CyS-PNA3) visualized as red fluorescence,
and lower bands shown as green colors were target hcmv-
miRNAs for each CyS-PNA. The PNA/miRNA duplexes
appeared in the middle as the red colors, which showed the
migration of the PNA bands due to the hybridization to the
target hemv-miRNAs. To construct the viral miRNA sensor
system composed of the Cy5-PNA probe and DGON, the ratio
of PNA to DGON was discovered by measuring the
fluorescence intensity of each Cy5-PNA probe with the
increasing amount of DGON. By simply mixing the CyS-
PNA probe with DGON as a homogeneous mixture in
phosphate-buffered saline (1x PBS) conditions, a fluorescent
dye-labeled single-stranded PNA probe could be easily
adsorbed on the surface of DGON. As a result, the
fluorescence of CyS-PNA (20 pmol) was quenched down to
5% of initial intensity, indicating the strong interaction
between CyS-PNA and DGON. Ratios of of DGON per 10
pmol of CyS-PNA were determined to be 0.6 g for PNAI and
PNA3, 0.4 ug for PNA2, and 0.8 ug for PNA16 and scPNA,
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and these optimal ratios were maintained for further
experiments in this study (Figure 2B and Figure S3).

We next investigate the feasibility of the hcmv-miRNA
sensor in vitro. To evaluate the specificity of the hemv-miRNA
sensors, the fluorescence of CyS-PNAs/DGON was measured
in the presence of the target hcmv-miRNAs (see the
Experimental Section). As shown in Figure 2C and Figure
2D, the quenched fluorescence of each Cy5-PNA1 and PNA2
probe was recovered only in the existence of its corresponding
target hcmv-miR-US25-1-Sp and hcmv-miR-UL112-3p, re-
spectively; however, it remains quenched with non-target
miRNAs. In the case of the other two control PNA groups of
CyS-PNA3/DGON and CyS-PNA16/DGON, their specific-
ities for hcmv-miR-US25-2-5p and hsa-miR-16 were tested
individually (Figure S4) in the same manner as the two
experimental groups of CyS5-PNA1/DGON and CyS-PNA2/
DGON, as mentioned above. Consequently, sequence-specific
recognition of the designed PNA probes in complex with
DGON (CyS-PNA/DGON) to the target hcmv-miRNAs was
successfully demonstrated in vitro.

Also, the sensitivity of the hcmv-miRNA sensors was
examined in vitro (see the Experimental Section). In the case
of the hcmv-miR-US25-1-Sp sensor (CyS-PNA1/DGON), it
shows the linearity in a range of 488.3—7812.5 pM with a
detection limit of 502.7 pM (Figure 2E), and the hemv-miR-
UL112-3p sensor (CyS-PNA2/DGON) shows the linearity in
a range of 61.0—488.3 pM with a detection limit of 68.5 pM
(Figure 2F). These results are comparable to the previously
reported behavior of the PNA/GO-based sensor system.***

Sensing of hcmv-miRNAs for Diagnosis of HCMV
Infection in Living Cells. To demonstrate the diagnosis of
HCMV infection in living cells, we used primary human
foreskin fibroblast (HFF), generally known for being
permissive to HCMV infection,”** and examined the
cytotoxicity of DGON (0—450 ug/mL), three CyS-PNA
probes, and the Cy5-PNA/DGON systems after treatment for
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Figure 3. Fluorescence images of the (A) HCMV-infected group (72 h) and (B) uninfected control group (cttl grp) in HFF cells after treatment of
each hemv-miRNA sensor (CyS-PNA/DGON: PNAI, PNA2, PNA3, scPNA, or PNA16 with each optimal amount of DGON) for 12 h. The
fluorescence images were obtained with living cells. Scale bars are 25 ym. (C) Quantitative analysis of intracellular fluorescence signals of each
HCMYV miRNA sensor in living cells was performed for HCMV-infected (72 h) and uninfected (cttl grp) HFF cells, and data shown in the graph
are normalized to the value of hsa-miR-16 as mean + SEM (standard error of the mean), n = 3.

12 h. As a result, DGON represented ~99% of cell viability in a
range of 0—14.1 pug/mL (10.7 % 2.3 pug/mL of DGON was
applied to the HFFs for further studies). Also, CyS-PNA
probes (CyS-PNA1, CyS-PNA2, and CyS-PNA3) and each
CyS-PNA/DGON complex (CyS-PNA1/DGON, CyS-PNA2/
DGON, and CyS5-PNA3/DGON) did not show any
cytotoxicity and represent ~100% of the cell viability. (Figure
§5). For HCMV infection, HCMV Towne,,, strain (5.62 X
10® IFU/mL, where IFU stands for the immunofluorescence
focus unit; Figure S6) was inoculated to the HFF cells at 9.37
MOI (multiplicity of infection) and the cells were incubated
until 72 h. Then, we applied each hcmv-miRNA sensor system
composed of CyS-PNA/DGON to HCMV-infected and
uninfected HFF cells. The resulting fluorescence signals were
analyzed by fluorescence imaging, and each of their quantities
was normalized by the signals for positive control, hsa-miR-16.
As shown in Figure 3 and Figure S8, CyS-PNA1/DGON-
treated HCMV-infected cells exhibited a 36-fold higher
fluorescence intensity compared to uninfected cells, while
Cy5-PNA2/DGON-treated infected cells showed a 27-fold
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stronger fluorescence signal than that of uninfected cells. In
contrast, the CyS-PNA3/DGON-treated control group ex-
hibited 5.5-fold differences of fluorescence signals between
HCMV-infected and uninfected cells, which reflected a
relatively lower expression level of its target hcmv-miR-
US25-2-5p compared to that of hcmv-miR-US25-1-5p or
hemv-miR-UL112-3p in HCMV-infected cells. The negative
control group of the CyS-scPNA/DGON-treated HCMV-
infected and uninfected cells did not show any detectable
fluorescence signals. In particular, the fluorescence signals
derived from individual Cy5-PNA1/DGON-, CyS-PNA2/
DGON-, and CyS-PNA3/DGON-treated cases in HCMV-
infected cells exhibited 25.3, 48.9, and 6.3 times higher values
compared to that of CyS-scPNA/DGON-treated HCMV-
infected cells, respectively, indicating the sequence-specific
detection capability of hcmv-miRNA sensors to each of their
target miRNAs. As the positive control, Cy5-PNA16/DGON-
treated HFF cells clearly showed red fluorescence signals
corresponding to hsa-miR-16 in the cytoplasm of both HCMV-
infected and uninfected HFF cells. Collectively, it is
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Figure 4. (A) Schematic illustration of the HCMV diagnostic process in terms of the time of virus infection. (B) Quantitative analysis of
intracellular fluorescence signals of each HCMV miRNA sensor system (CyS-PNA1/DGON, CyS-PNA2/DGON, and CyS-PNA3/DGON) and
CyS-scPNA/DGON in living cells according to the time of virus infection (0, 24, 48, and 72 h). The data shown in the graph are normalized
relative to the value of hsa-miR-16 (CyS-PNA16/DGON) as mean + SEM (standard error of the mean), n = 3. (C) Fluorescence images of each
HCMYV miRNA sensor system (CyS-PNA1/DGON, CyS-PNA2/DGON, and CyS-PNA3/DGON) and CyS-PNA16/DGON after the time course
of HCMV infection (0, 24, 48, and 72 h) in HFF cells. Each 20 pmol of PNA was treated for 12 h with an optimal amount of DGON. The scale
bars are 25 pum (in the case of CyS-scPNA/DGON, the negative ctrl grp and the fluorescence images were added, as shown in the Supporting

Information, Figure S9D).

demonstrated that the HCMV-infected and uninfected cells
represented significantly different intracellular fluorescence
signals for hcmv-miR-US25-1-5p, hcmv-miR-UL112-3p, and
hemv-miR-US25-2-5p, and the hcmv-miRNA sensors com-
posed of CyS-PNA and DGON could distinguish the HCMV
infection from uninfected cases and recognize the target viral
miRNA in a sequence-specific manner at the same time.
Sensing of hcmv-miRNAs in Living Cells According to
the Time of HCMV Infection and Virus Titer. We next
investigate the time course measurement of hcmv-miRNA
signals in HCMV-infected living cells with respect to the four
different stages of uninfected (0 h) and infected (24, 48, and
72 h) conditions to monitor the different stages of HCMV
infection (Figure 4A and Figure S7, Supporting Information).
As shown in Figure 4B,C and Figures S9 and S10, the Cy5-
PNA2/DGON-treated group clearly exhibited the red
fluorescence signals after HCMYV infection with an increased
tendency of the fluorescence intensity according to the time of
HCMV infection, possibly driven by the increased hcmv-miR-
UL112-3p expression with the HCMYV infection time.
However, the groups treated with CyS-PNA1/DGON and
CyS-PNA3/DGON did not obviously exhibit the tendency of
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fluorescence increases in the time of infection (0—48 h) in
contrast with the fluorescence signals that distinctively shown
the differences between the 72 h infected and uninfected (0 h)
cells. Based on these results, we noticed that the performance
of the Cy5-PNA2/DGON system for hcmv-miR-UL112-3p
was relatively sophisticated for discerning the different
infection stages of HCMV and hcmv-miRNA expression levels.
To further assess the quantification potential of HCMV in
living cells, we tested the CyS-PNA2/DGON system in
HCMV-infected HFF cells at 48 h post-infection with a
different initial virus titer (Figure S). After treating the CyS-
PNA2/DGON system, the fluorescence images and quantities
were analyzed. As shown in Figure 5C, the calibration curve for
the virus titer lower than 1.87 (10° IFU/mL) showed a linear
correlation (R* = 0.9803) between the virus titer and relative
fluorescence intensity per cell, and the LOD was estimated to
be as low as 4.15 X 10° IFU/mL, which is consistent with the
previously reported cell-based fluorescent biosensors.*>~*
Altogether, we verified the performance of the hcmv-miRNA
sensor system for its capability of distinguishing the virus-
infected degrees in terms of the time of HCMYV infection and
the virus titer. Particularly, the CyS-PNA2/DGON system for
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Figure S. (A) Schematic illustration of the HCMV diagnostic process
in terms of the initial virus titer. (B) Initial HCMV concentration-
dependent fluorescence signals of the HCMV miRNA sensor system
(CyS-PNA2/DGON) in HCMV-infected HFF cells (48 h). The
fluorescence images were obtained in living cells. The scale bars are
25 um. (C) Relative fluorescence intensity per cell (au.) was
analyzed. Data shown in the graph are the value of mean + SEM, n =
3.

hemv-miR-UL112-3p could track the changes of its expression
under 24, 48, and 72 h infected conditions in detail, and the
fluorescence signals from the Cy5-PNA2/DGON system
represented the positive correlation with the initial HCMV
titer, and thus, these results demonstrate the quantitative
sensing of HCMV, suggesting the potential of this hcmv-
miRNA sensor for accurate HCMV diagnosis.
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B CONCLUSIONS

Early and accurate diagnosis of the virus infection is a major
concern against the virus spread. Of note, hcmv-miRNA can be
an alternative biomarker for facile early detection within 72 h
and for accurate detection of the live virus. In the present
study, we selected the three different hemv-miRNAs, hcmv-
miR-US25-1-Sp, hemv-miR-UL112-3p, and hcmv-miR-US25-
2-5p, and explored the role of the HCMV miRNAs as the
biomarker and addressed the potential of the virus diagnostic
indicator to cope with the asymptomatic stealth HCMV
infection. We demonstrated the CyS5-PNA/DGON-based
fluorometric virus diagnostic sensor to monitor the HCMV
infection up to 72 h easily by detecting the virally encoded
miRNA produced during lytic HCMV infection in living cells.
The CyS-PNA/DGON-based HCMV miRNA sensors could
diagnose HCMYV infection from uninfected cells with a
sequence-specific response to the target viral miRNAs and
could discern the changes of hcmv-miRNA expression
according to the infection time and the initial virus titer.

Currently, the danger of the asymptomatic virus trans-
mission has been experienced since the COVID-19 outbreaks.
Primary HCMYV infection is typically asymptomatic, and it is
hard to detect the virus before the onset of clinical symptoms
because viral samples may not contain enough viral
components required for the detection in this incubation
period. In this respect, targeting hcmv-miRNA, which is
abundantly accumulated within 72 h after HCMV infection,
can be an alternative method for presymptomatic diagnosis of
HCMV. Also, false-positive results in the diagnostic test that
originated from the dead virus fragments exhibiting a loss in
infectivity can be alleviated by detecting the hemv-miRNAs
produced by a live virus with the PNA/DGON-based simple
diagnostic system.

Furthermore, we suggest that this HCMV miRNA-
responsive sensor system can be further applied to establishing
a cell-based high-content screening platform for antiviral drug
discovery exploiting currently known HCMV miRNAs as the
novel therapeutic targets of lytic HCNV infection.

B EXPERIMENTAL SECTION

Optimization of the Cy5-PNA/DGON System In Vitro. To
determine the optimal amount of DGON corresponding to each CyS-
PNA probe, the fluorescence quenching test was performed in 1X
PBS solution. The fluorescence of each CyS-PNA probe (20 pmol)
was measured after addition of an increasing amount of DGON (0—2
ug) by using a fluorometer SynergyMx (Biotek, UK). The total
volume of each sample solution was 50 yL. To evaluate the specificity
of hemv-miRNA sensors, the synthetic hcmv-miRNAs (20 pmol)
including hcmv-miR-US25-1-5p, hemv-miR-UL112-3p, hemv-miR-
US25-2-5p, and hsa-miR-16 were added to each CyS-PNA probe (20
pmol) and DGON mixture (total volume 100 uL, 1X PBS
conditions), and the fluorescence was measured at S min intervals
(0—720 min). To examine the detection sensitivity of hcmv-miRNA
sensors, serially diluted synthetic single-stranded hcmv-miR-US25-1-
Sp and hemv-miR-UL112-3p (0—500 nM) were added to each
mixture of the CyS-PNA1 or CyS-PNA2 probe (500 nM) with an
optimized amount of DGON (total 100 uL) followed by measuring
fluorescence intensities. The LOD was estimated according to the
formula LOD = 3.3 (SD/S) (SD, standard deviation of the regression
line; S, slope of the calibration curve).*®

Viral miRNA Sensing in HCMV-Infected Living Cells with
Fluorescence Imaging Tool. HFF cells were seeded to an 8-well
glass chamber slide and a 96-well culture plate with a density of 2.0 X
10* cells per well for 24 h. HCMV was inoculated at 9.37 MOI
corresponding to 0.94 X 10° IFU/mL, and the cells were harvested at
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a designated post-infection time. As for the four different initial virus
titers, 2-fold serially diluted HCMYV stocks from 1.87 X 10° to 0.23 X
10° IFU/mL were inoculated in HFF cells and the cells were
harvested for 48 h. Then, the cells were treated with each CyS-PNA/
DGON for 12 h in a serum-free medium to a final volume of 100 yL.
After the cells were briefly rinsed with 1X PBS, the media were
replaced with a serum-containing complete medium. Fluorescence
images were obtained by using a DeltaVision Elite microscopy system
(GE Healthcare, USA) and IN Cell Analyzer 2000 (GE Healthcare,
USA). For quantitative analysis of the intracellular fluorescence
signals in living cells, the fluorescence images were analyzed with an
IN Cell Analyzer 1000 Developer Toolbox and Analysis Workstation
software.

Other materials and methods used in this study are described in the
Supporting Information.
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