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Abstract

Rapid and precise identification and discrimination of causative pathogens are required in the
treatment of infectious diseases. Quantitative real-time polymerase chain reaction is used to
detect and identify infectious viruses before treatment. Although it is an established modality,
results take several hours, even in well-equipped hospitals. It is difficult to simultaneously detect
many pathogen types because only a single virus genome can be amplified per polymerase chain
reaction. Recently, an artificial intelligence (Al)-based nanopore machine has been used to
identify individual viruses based.on electrical conductivity. Here, we recognized a single virus
using an Al-based detection system and successfully identified viral particles in clinical samples
without the need for any prior-treatment. We used a nanopore detector and discriminated among
viruses using an Al-based waveform analysis. The efficacy of the Al nanopore detector as an on-
site clinical analysis‘device was validated in cultured herpesvirus samples, and its discrimination
capability was verified with.clinical samples. The Al nanopore analysis of cultured viruses
revealed that Alphaherpesvirinae and Betaherpesvirinae within the same Herpesviridae family
can be distinguished with a relatively high accuracy. The Al nanopore rapidly detected viral
particles and can be useful as an on-site clinical diagnosis tool. We demonstrated the multiplex
discrimination of -herpetic viruses in clinical ocular samples, proving that the Al nanopore is an
ultra-high-speed and highly-sensitive detection tool that can be used in various medical fields.

Significance Statement

Infectious diseases, notably viral infections, present formidable clinical challenges due to rapid
progression, demanding early and precise pathogen detection for effective intervention.
Conventional PCR techniques, although prevalent, are limited by time constraints and lack the
ability to discern viral viability. This study introduces a pioneering Al-enhanced nanopore
technology capable of detecting individual herpesvirus particles with exquisite sensitivity and
specificity by analyzing real-time current waveforms. This approach not only identifies live viruses
with exceptional accuracy but also demonstrates versatility in identifying a range of pathogens,
including novel viral entities, through waveform pattern recognition. This Al-nanopore platform
represents a transformative, expedient, and economically viable alternative to traditional PCR,
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poised forintegration into clinical diagnostics, thus advancing the landscape of infectious disease
detection.

Main Text
Introduction

Viruses, among other infectious agents, often pose a serious threat to public health and‘the
global economy because of the challenges in treating viral infections; therefore, earlypathogen
detection is important to ensure rapid diagnosis and treatment.1-3 Swift and reliable detection of
viruses causing infectious diseases is crucial in a variety of medical fields, including
ophthalmology, where infections caused by adenovirus,4 enterovirus,®> and cytomegalovirus,®
pose a serious threat to vision. Indeed, the most common ocular viral insult.is herpesvirus
infection,”® which can lead to herpes keratitis, 10 iridocyclitis, and acute retinal necrosis,! all of
which are potentially blinding conditions.

Herpesviruses are a group of double-stranded DNA viruses that can causewvarious diseases in
humans and animals.? There are eight known types of human herpesviruses, classified into three
subfamilies: alpha, beta, and gamma herpesviruses. Each type of herpesvirus has its unique
characteristics and associated diseases.1?12 Herpesvirus has a capsid containing the viral
genome that is surrounded by a segment and envelope.12The envelope of herpesviruses
contains glycoproteins on its surface that facilitate binding and entry into host cells. 1213
Herpesviruses are spherical particles of 100—200 nm diameter (Figure 1a, b).

Currently, detecting an ocular viral infection priorto.treatment is based on quantitative real-time
(gRT) polymerase chain reaction (PCR) of small samples.of intraocular fluid (aqueous or vitreous
humor), corneal swab, or tear film sample from the affected ocular surface.* This method has
excellent sensitivity; however, the assessment of the specific infectious pathogen itself is
inaccurate because the method detects the.nucleic acid genome. Additionally, the process from
genome extraction to analysis is time-consuming and requires several hours, even in well-
equipped medical institutions.1® To date, electrochemical sensors such as those based on nucleic
acids, antibodies, and antigens have been used to detect viruses at the research level, 16-18
although simultaneous detection of multiple viruses is difficult, and a clinically useful diagnostic
method in terms of sensitivity and guantification has not been developed. 1920 Furthermore, these
sensors are difficult to.transport and use and require expensive laboratory equipment; therefore,
they are unsuitable forrapid clinical on-site analysis.?!

There are numerous: approaches for detecting small molecules. One such modality, first
developed to identify individual nucleotides in a DNA molecule,1”21 is based on tunneling of small
molecules througha solid-state nanopore in a thin silicon wafer, prompted by a tunneling
current.1®.22 This approach was subsequently shown to be useful to identify individual bacterial
cells,?3.and more recently, influenza viruses in a physiological medium, 24 and other viruses.?°

In the present study, we aimed to utilize the nanopore technology to identify and subclassify a
range of herpesvirus particles in a label-free fashion and develop new tools based on machine
learning ‘and artificial intelligence (Al) for simultaneous detection of multiple viruses. We also
applied this approach to the clinical environment to show how viral (herpes) infection could be
diagnosed in minutes in patients with suspected herpes infection.

Results

Al nanopore formation for viral discrimination

Each virus particle passing through the pore had a different size and surface charge, resulting in
a corresponding change in impedance and a virus particle-specific waveform. An illustration of
viral particles passing through the nanopore is shown in Figure 1d. The virus particles move
between the electrodes in the same manner as ion molecules, and the occlusion of the pores
produces a change in the impedance, producing an ion waveform (Figure 1e). The waveform is
dependent on the size and surface charge of the virus particle and the unique molecular structure
of the virus, including the virus surface glycoproteins (Figure 1b). The morphologies of the
viruses were characterized via ionic current spikes with wave-heights (lion) and wave-widths (td)

Gz0zZ aunp QL uo Jasn WOMN ‘Atelqrt eying Agq 2z96¢€ 1.8/19L1eBd/snxauseud/c601 01 /10p/8l01e-80UBApPE/SNXaUSEUd/WO00 dNo"olWapeo.//:sd)y Wol) PapEojumo(



NG JE QU G G W WL WL W G G Y
COONOOOURAWN_L,OCOONOOUIAWN=-

N
-

WWNNDNNNNDNN
2, 00VWONOOOTAWN

WWWWWwwWw
NOORWN

ww
© 0o

(Figure 1le). Virus-specific ionic current spikes derived from various parameters were extracted
for the Al analysis.

Detecting and discriminating cultured herpesviruses using Al

Information on the cultured viruses is provided in Table S1. When the cultured
herpesviruses were measured at a voltage of -0.1 V, the ionic current-time waveform was
observed as upward sighals. One peak is equivalent to one viral particle. A number of
measurement signals can be detected in just a few seconds. Live images of the waveforms of the
cultured virus (herpes simplex virus [HSV]-1) are shown in Movie S1. Numerous waveforms were
continuously detected. Representative waveforms for each virus are shown in Figure 2a-f. The
wave-height corresponds to the current value (nA) and the wave-width corresponds to the time
(us). The waveforms measured for the Alphaherpesvirinae subfamily (HSV-1.and varicella zoster
virus [VZV]) (Figure 2a, b) and Betaherpesvirinae subfamily (CMV, human.herpesvirus [HHV]6A,
HHV6B, and HHV7) (Figure 2c-f) were different. Moreover, different waveforms were observed
within the same subfamily. The waveforms differed for each virus, with characteristic peaks that
were further investigated using Al. The classifier learning accuracy of the two.representative
viruses was presented as a confusion matrix, which showed good discrimination via linear
discrimination analysis. An F-value greater than 0.7 indicated that the results of this study were
valid. An example of mapping to two dimensions using Fisher's linear discrimination analysis is
shown in Figure S1. The identification accuracy between CMV and HSV-1 showed a good
discrimination score (F-measure (Fmes) = 0.836) (Figure Sic,.d). The identification accuracy
between HSV-1 and VZV also showed a relatively good discrimination score (Fmes = 0.697)
(Figure S1la, b). The ionic current-time waveform:was clearly different between HHV6A and
HHV6B, the two subtypes of HHV6 (Fmes = 0-667) (Figure Sle, f). The discrimination analysis of
combinations of various viruses indicated that three different types of viruses (HSV-1, VZV, and
CMV) (Figure S2) and four different types of viruses (HSV-1, VZV, CMV, and HHV7) can be
identified with considerable accuracy (Fmes:= 0.604 and Fmes = 0.775, respectively) (Figure 2g, h,
Figure S3).

Detection and discrimination<of viruses in clinical samples using the Al nanopore

Primary analysis of our cohort of patients with suspected viral infections showed that 60 of the
238 patients (25.2%) were positive for herpes infection based on gPCR analysis. Waveform data
from the first 100 patients included 31 gPCR-positive cases (23 were positive for CMV, 3 were
positive for VZV, 4 were positive for HSV-1, and 1 was positive for EBV), and 69 qPCR-negative
cases. The waveform data from the remaining 138 patients comprised 29 gPCR-positive cases
(20 positive for CMV, 5 positive for VZV, 2 positive for HSV-1, and 2 positive for HTLV-1), 76
gPCR-negative cases, and 33 healthy controls who underwent cataract surgery (Table S2).
Based on:the teacher data with correct answers from the qPCR test results, the first 100
waveforms were used as the dataset for training the Al, and the remaining 138 waveforms were
used/for the actual Al analysis. Clinical information and Al nanopore measurement results for
each'case are shown in Table S3.

Representative waveforms for each virus from the clinical samples are shown in Figure 3. Al
nanopare devices can be installed in medical examination rooms in a space-efficient manner,
enabling virus detection to be simultaneously performed with ophthalmological examination
(Figure 3a). In the aqueous humor of qPCR-positive cases, a waveform similar to that of the virus
detected in the culture supernatant was observed (Figure 3b-d). Each of these cases was
positive in the assessment using the Al nanopore, indicating the robustness of the detection
procedure, which takes only a few minutes instead of several hours. Furthermore, a waveform
characteristic of the virus was detected in a case of clinically suspected viral infection with
negative gPCR result, suggesting the heightened sensitivity of the Al nanopore approach (Figure
3e-f).

Discrimination of single CMV using the Al nanopore analysis
We subsequently analyzed the clinical cases of CMV infection using the Al nanopore. Based on
the diagnostic criteria?® and results of gPCR, 24 patients with clinically suspected CMV infection
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and 24 healthy controls were recruited for the analysis. Initially, we examined whether viral
particles could be detected using PCR in patients who tested positive for CMV. Live images of
clinical sample discrimination from patients with PCR-confirmed CMV endotheliitis are shown in
Movie S2. The first waveforms began to appear 30-40 s after the start of the measurement, and
within 1 min we detected and identified CMV based on dozens of waveforms (Figure 4, Movie
S2). Subsequently, we extracted many waveforms from CMV-positive patients and healthy
controls for Al analysis, and calculated the F-measure by identifying the waveforms using. Al. In
the analysis of 15 PCR-positive patients and 15 healthy controls, the pulse F-measure was 0.695
and assembled F-measure, which indicates case-by-case identification, was 0.792. The
sensitivity and specificity were 100% and 71.4%, respectively. Subsequently, a comparison of 24
cases clinically diagnosed with CMV infection regardless of the PCR results and-24 healthy
controls yielded an assembled F-measure of 0.75 and lower sensitivity of 45.8%, but a higher
specificity of 91.7%.

Discussion

Timely detection of the infectious agent in cases of suspected viral infection.can greatly aid in
making an accurate diagnosis and providing appropriate patient.treatment.?5:27 This is particularly
important because disease progression may be rapid and clinicians are.sometimes compelled to
prescribe an antiviral medication as an insurance policy without any evidence of the true nature of
the infection. In recent years, multiplex PCR systems have been commercialized, and they are
capable of simultaneously detecting many pathogen types1415.18 however, the method is still time
consuming owing to the limited number of facilities available."In the present study, we
successfully detected particles of the herpesvirus:family members at the single-molecule level
using a nanopore detector and discriminated among the.viruses with high precision using an Al-
based waveform analysis. This device can rapidly detect viral particles and can be useful as an
on-site clinical diagnosis tool.

The Al nhanopore can make a positive or negative decision for any clinical sample containing the
target virus after learning the nanopore waveform of the virus being measured. 23 In the present
study, we used the aqueous humor-as the source; however, any tissue can be used as the
source as it can be readily homogenized, and virus particles can be detected without
pretreatment, such as the extraction of nucleic acids or proteins, making it possible to rapidly
detect them (Figure 5). Detecting viral particles using enzyme-linked immunosorbent assay can
be challenging without pre-established specific antibodies. Although the multiplex PCR method
can detect different viruses, it can only detect the viruses for which the primer is set. Additionally,
PCR detects the presence of viral particles via genome detection and has the disadvantage of
detecting viral particles regardless of their viability.17.18 Al nanopore solves these problems and
enables single-malecule detection of live viral particles. A certain virus concentration is necessary
because a specific number of virus particles must be present in the vicinity of the nanopores;
however;»as one waveform corresponds to one copy, there is no detection threshold, which is a
limitation of the'‘conventional PCR method. 28 Conversely, high concentrations of viral particles
pose a measurement challenge. Although the initial few waveforms can be detected, the sheer
number of particles around the pore interferes with accurate assessment due to occlusion. To
circumyent this issue, all viral solutions were diluted to 104 copies/mL, ensuring that any sample,
irrespective of its density, could be measured. Furthermore, if a pass-through waveform is
obtained, the presence of some particles in the sample can be estimated, even if a waveform
other than that of a learned virus is tentatively detected.

Al nanopore analysis using cultured viruses revealed that Alphaherpesvirinae and
Betaherpesvirinae species can be distinguished with relatively high accuracy within the same
Herpesviridae family. A high discrimination accuracy was achieved between two virus types and
among three and four virus types, suggesting that simultaneous detection of virus particles is
possible even when multiple viruses coexist in a sample. HHV6A and HHV6B subtypes could be
accurately distinguished using the Al nanopore despite having over 90% genome sequence
homology.?® Thus, the Al nanopore technology can rapidly identify viruses without genome
sequencing.
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In the Al nanopore analysis using clinical samples, we primarily focused on CMV owing to the
high number of CMV-positive patients in our case series. Human cytomegalovirus (HCMV), a
member of the Betaherpesvirinae subfamily of the family Herpesviridae, is a common cause of
herpesvirus infection in immunocompetent individuals and immunocompromised hosts. 629 The
virus structure consists of three virion proteins: the nucleocapsid, tegument, and envelop, and the
virion is approximately 220 nm in diameter.12 HCMV infections have been linked to various
serious systemic infectious diseases including pneumonia, coronary heart disease, inflammatory
bowel disease, and eye diseases.®1225 Early and sensitive detection of HCMV is important to
ensure good patient prognosis and is crucial in the field of ophthalmology from the viewpoint of
visual outcome. The Al nanopore accurately identified clinical samples with high discrimination.
The discrimination accuracy between the PCR-positive CMV group and negativercontrols had
100% sensitivity. The waveform was even detected in cases where CMV infection was clinically
suspected but the samples were PCR-negative, demonstrating high sensitivity of ‘the Al
nanopore. We compared all clinical diagnosis groups with a negative control group of cases with
negative PCR results but clinically suspected CMV infection, together with the PCR-positive
group. Although the sensitivity was low because PCR positivity was used as.the correct data, the
specificity was 91.7% or higher, indicating that the diagnosis by.Al'nanopare is closer to the
actual judgment of the clinician.

Virome analysis was additionally performed on the variation‘ef sensitivity and specificity with
condition. Analysis of the normal control group revealed that viral genomes were also detected in
samples that tested negative for PCR (Supplementary. Table . 4). Unsurprisingly, the presence of
viral genomes was more prevalent in PCR-positive samples. Consequently, we determined that
the samples that tested negative for PCR and were. utilized. as normal controls could not be
authentic negative controls. The qPCR method has a detection limit of approximately 103
copies/mL. Additionally, the nanopore measurements that can detect a single viral particle
molecule are too sensitive for detection and are therefore judged to be false positives. Therefore,
cases with a viral concentration of 102 copies/mL or less and a negative gPCR result are
classified as positive for nanopore measurement. For these reasons, if the PCR results are taken
as correct, a decrease in sensitivity'cannot be avoided.

The initial approach involves the utilization of sequencing analysis as an alternative to PCR for
the labelling process, particularly when the subject is considered healthy. This enhancement can
be achieved through two methods: first, by extending the measurement time; and second, by
implementing a preliminary treatment to concentrate the specimen prior to measurement.
Moreover, while machine learning was employed in this study, an alternative approach involves
the augmentation-of.the number of pulses and specimens, which could be facilitated by the
implementation/of deep learning methodologies. This study was limited by the small sample,
which is a consequence of the low incidence of herpesvirus infection. Furthermore, only
Herpesviridae species were used in the analysis. A more comprehensive search of methods for
guantifying and detecting pathogenic viruses in tissues other than the eye is needed.

In the present study, we showed that rapid on-site diagnosis of ocular viral infection can be
achieved using solid-state nanopore analysis combined with Al. As technology develops and
costs come down, this technique represents an excellent alternative to gRT-PCR in the clinician
armory to combat viral ocular infections, with important implications for other branches of
medicine (Figure S4). This device can detect viral particles in a very short time without
pretreatment and can be a valuable on-site diagnostic modality.

Materials and Methods
Electrical measurements with a nanopore device

A nanopore measurement device (NanoSCOUTER™; Advantest, Tokyo, Japan) and
nanopore module (Aipore Co., Ltd., Tokyo, Japan) were used as previously described.30 A solid-
state nanopore with a diameter (dpore) of 300 nm was sculpted in a SiN membrane with a
thickness (Lpore) of 40 nm on an Si wafer with an aspect ratio of 0.01. The module used for Al
nanopore measurements is shown in Figure 1c. The Ag/AgCl electrodes were placed on both
sides of the nanopore. The principle of measurement using the nanopore module is shown in
Movie S3. Briefly, 15 pL of the buffer solution (BSS plus irrigation solution; Alcon Laboratories,
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Inc., Fort Worth, Texas, USA), with a chemical composition similar to that of aqueous and
vitreous humor was injected into each side of the nanopore module and the cross-membrane
ionic current (lion) was measured after applying a base current dc voltage (Vo) of 0.1 V. After
confirming nanopore formation, one side of the nanopore module was replaced with 15 pL virus
sample suspended in the buffer solution. As the viral particles pass through the pore, they
occlude the pore according to their size and surface charge and change the impedance, resulting
in a waveform pattern specific to the virus. The principles and procedures for virus detection
using the nanopore detector are shown in Movie S4. We obtained various viral particles:from the
supernatants of infected cell cultures and clinical samples.

Al-based analytical methods

The virus type was identified using Al nanopore analysis of the characteristic patterns of
the viruses. The development of the Al nanopore platform has been previously.described.3° The
ionic current—time waveform obtained with nanopore measurement was analyzed using the
following procedure with the machine learning system Aipore-ONE™ provided by Aipore Inc.
(Tokyo, Japan). The Al estimates the baseline waveform and measures the:time from the
appearance of the waveform and crossing the baseline until it returns'to the baseline, and the
time from the baseline to the appearance of the waveform peak. The virus ionic current—time
waveforms were obtained, automatically extracted, and classified using the learning model.
Several machine learning algorithms—random forest (RF) and support vector machine (SVM), a
data-driven analytic approach that specializes in the integration of a wide range of datasets into
patterns that can be used for prediction—were used. Random forest was used as the machine
learning algorithm. Classifier learning was performed using. features such as the wave-height (lion)
and wave-width (td). The classification accuracy of theviruses was evaluated using Fmes. The
definition of Fmes is shown in Figure S5. Using Fmes as an index, a classifier that produced the
highest Fmes was selected. Fmes = 1 corresponds. to 100% accuracy. The data and classifier that
produced the highest Fmes were designated.as the teacher data and learning model, respectively.
The machine learning model and calculation of the reliability of identification using annotated
waveforms are shown in Figure S6.°Comparison and consistency of the waveforms with different
batches of the same viruses are shown in Figure S7.

Preparing cultured viruses

A series of known herpesvirus particles was purchased from the American Type Culture
Collection (Manassas, VA, USA) Virology Collection. The viruses included human herpesvirus 1
(HSV-1), human herpesvirus 3 (VZV), and (HHV6B) (strain: HST, VR-1467). HSV-1 (KOS strain),
VZV (pOka strain), human cytomegalovirus (CMV) (VR-1590 strain), HHV6A (GS strain), and
HHV7 (KHR.strain) were provided by Professor Yasuko Mori. For the preparation of cultured
viruses, Vero, MRC-5, MT4, HSB-2, and SupT1 cells were seeded in complete a-modification of
minimal-essential.media (a-MEM) (Corning CellGro, Corning, NY) or Rose Park Memorial
Institute (RPMI)“medium with 10% fetal bovine serum (Thermo Fisher Scientific, Waltham, MA)
and.grown at 37°C under 5% CO2 in a humidified atmosphere. HSV-1, VZV, HHV6B, HHVG6A,
and HHV 7 cells were propagated in Vero, MRC-5, MT4, HSB-2, and SuT1 cells, respectively. The
viruses were propagated in cultured cells until maximal cytopathic effects were reached. The cells
were-lysed by freezing and thawing once. Cell debris was removed via centrifugation at 1500

g for 5min at 4°C. The supernatants were used for viral detection. Information on the cultured
viruses is provided in Table S1. To circumvent the occurrence of pore occlusion as a
consequence of elevated concentrations of virus solution, a dilution process was employed,
reducing the concentrations of all samples to 104 copies/mL prior to measurement. Experiments
with all viruses were conducted after obtaining approval of the Gene Modification Experiment
Safety Committee of Osaka University (Approval number: 04320) and were performed at the
BSL-2 level of experimentation.

Clinical sample collection from patients
Recruitment began on March 1, 2019, when the Al nanopore detection equipment setup was
completed and a system capable of stable measurement under certain conditions was
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established, and ended on December 31, 2021, when the sample size used for opportunity
learning and that for the actual measurement was almost the same. During this period, 205
consecutive patients who visited the patient portal at Osaka University Hospital, Japan were
diagnosed with a suspected ocular viral infection and underwent aqueous humor sampling. In this
observational case series, we examined the agueous humor of patients with herpetic iridocyclitis,
endotheliitis, and retinitis. Aqueous humor samples of 33 healthy individuals with no history of
systemic and/or ocular infection were obtained at the time of cataract surgery and served as
healthy controls. The sample size was not measured because it was unknown what kind-of data
would be obtained from the Al nhanopore measurement and the parameter settings could not be
predicted. Medical records were retrospectively reviewed. A diagnosis of herpesvirus infection
was made based on clinical symptoms, such as corneal (keratitis, stromal keratitis, endotheliitis,
keratic precipitates, and increased intraocular pressure) and retinal or vitreous‘lesions (retinal
vasculitis, vitreous cells). The final diagnosis of viral infection was confirmed by-detecting
antigenemia or the viral genome using conventional PCR. Viral DNA copy numbers were
calculated by The Research Institute for Microbial Disease, Osaka University according to
previous reports.1415 The demographic data of the patients and causative virus information are
shown in Table S3. All patients provided written informed consent forthe investigation, and the
study adhered to the tenets of the Declaration of Helsinki. This study was approved by the local
ethics committee of Osaka University Medical Hospital (approval ID 202253). This clinical study
was registered at the University Hospital Medical Information Network (UMIN) under
UMINO00043968.

Analyzing discrimination between viruses andusefulness of the Al nanopore for clinical
diagnosis

The nanopore detector setup was completed in a safety cabinet for the analysis of cultured
viruses, and the waveforms were obtained by directly measuring the supernatants of the virus -
infected cell cultures with the Al nanopore.»The waveforms obtained during the 10-min
measurement were analyzed using Al for virus discrimination. For the analysis of clinical
samples, the nanopore detector was'set up in advance in an outpatient setting, and virus
detection was immediately performed (within minutes) without cryopreservation after collecting
the anterior chamber fluid. Viral waveforms obtained during the 10-min sample detection time
were analyzed as the waveform data. Based on teacher data with correct answers from the
multiplex gPCR test results, the waveform data from the first 100 patients and healthy controls
were used as the dataset for training the Al. Waveform data from the remaining 105 patients were
used forthe actualanalysis. The diagnostic accuracy of the Al nanopore detector for viruses was
analyzed using<Fmes.
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Figures

Figure 1. Structure of the herpes virus, nanopore module, and its waveform

(a) Schematic diagram of the herpesvirus. The mature herpesvirus diameter.is approximately 200
nm. (b) The virion consists of a capsid with an internalized viral genome covered by an envelope
and protein spikes containing glycoprotein protruding from the surface. (c) The module used for
Al nanopore measurement. The voltage was applied across the nanopore (diameter: dpore = 300
nm, thickness: Lpore = 40 nm) created in the SiN membrane. (d) Schematic lllustration of virus
particles and ions passing through the nanopore and resistive pulse lion.measurement. (e) The
ionic current Ip consists of spikes with height lion and width ta.corresponding to a single virus
particle. Parameters lion and td show the amount of ion blockage and time of flight of the virus
particles passing through the nanopore channel.

Figure 2. Single herpes virus detection using the'Al nanopore

Representative pulse waveforms for each of the cultured.viruses were extracted from the
waveforms obtained with the nanopore detector. (@) Human herpes virus 1 (HSV-1), (b) varicella
zoster virus (VZV), (c) cytomegalovirus (CMV), (d) human herpes virus (HHV) 6A, (e) HHV6B,
and (f) HHV7. (g) In the confusion matrix based on the waveforms of all four viruses, each
number in the matrix indicates the number of waveforms of the virus obtained from the nanopore
measurements (Fmes = 0.775). (h)-Example of mapping to two dimensions using Fisher linear
discrimination analysis. The plot was mapped from a multivariate feature space to a two -
dimensional space of z1/z2,/suggesting that the discriminative bounds of practical accuracy can
be computed.

Figure 3. Detecting.viruses from clinical samples using the Al nanopore

(a) The formation.of:an Al.nanopore in an outpatient room is shown positioned right next to a slit-
lamp microscope to enable immediate viral particle detection. Representative pulse waveforms
for each clinical sample were extracted from the waveforms obtained by the nanopore detector.
PCR-positive and PCR-negative groups are shown separately. The PCR-positive group
comprised: (b) a case of HSV-1 iridocyclitis (HSV-1: 2-3 x 10° copies/mL), (c) a case of VZV
iridocyclitis (VZV: 4-5 x 107 copies/mL), and (d) a case of CMV endotheliitis (CMV: 1-5 x 10°
copies/mL); the PCR-negative group included: (e) a case of suspected CNV iridocyclitis and (f) a
case of suspected CNV endotheliitis.

Figure 4. Measuring and discriminating clinical samples using the Al nanopore

The measurement screen after loading the clinical sample (CMV: 1-8 x 10° copy/L) into the
nanopore is shown. The waveform was observed 30 s after the start of the measurement and
virus particles were successively detected. (a) The upper window shows the waveform
corresponding to a single p r detected by the nanopore detector. (b) The middle window shows
the continuously observed wide baseline and occasionally a spike signal corresponding to a
single virus particle. (c) The lower window shows changes in the current flowing through the
nanopore detector. Each number in the matrix indicates the number of virus waveforms obtained
by the Al nanopore measurement, as shown in (d) and (e). The F-measure (Fmes) was calculated
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based on these confusion matrices. (a) Pulse Fmes: CMV-positive patients vs. normal controls
(Fmes=0-695); (b) Assemble Fmes: CMV-positive patients vs. normal controls (Fmes=0-792).

Figure 5. Implementation of the Al nanopore for rapid viral particle detection

The novel scheme utilizing Al nanopore for rapid viral particle detection. This process involves
two distinct phases: learning and clinical diagnosis phases. During the learning phase, training
data were collected from specimens that were known to contain viral particles. Machine learning
algorithms were then applied to the data to train the Al model. During the clinical diagnosis
phase, clinical specimens were directly analyzed using nanopores, eliminating the need for
DNA/RNA extraction. Subsequently, the obtained waveforms were analyzed using the pretrained
Al model, enabling swift and accurate virus identification. This approach offers a;promising
solution for expediting viral detection without cumbersome sample preparation procedures.

Envelope

Viral genome

Capsid

Mature virus diameter: ~200nm

(c)

Nanopore

t(ms)

Figure 1
152x86 mm (x DPI)

11

GZ0z aunp QL uo Jasn NOAMN ‘Aelqy aiying Aq 2z96€1.8/19L1ebd/snxauseud/ee0L 0L /10p/a101le-a0ueApE/Snxauseud/w oo dno-ojwapeoe//:sdyy wouy papeojumoq



A OWON =

o NO O

(i) HSV-1

3z

g ‘\

£ "%1 WMW‘ WMWM‘M

© . TTme(us)

E

§ ”

5 WM*
Time (ps)

®) Hhves

z "1

el

%?«“W' 'wmw

Tlme (ps)

(d).€MV endotheliitis

—~
<
c
£
[}
=
S
>
,-—
/=
[5)
=
3
(]

1

b

o!

Al
!
f

thwﬂ L iR

1500 2000

Tme (us)

b

(A) vav (9)

£ «

F \

. H,

E "r“'ﬁ‘r?:*'wr*~‘>.’ri'¥v%”" epiiobe 3

o . - —

(d) Time (us)

_. HHVeA

z ,

g /\

S

- \\,‘ (h)

3 ““WW
Tlme (us)

v HHV7

z -

s |

; w

€

'AWM“'“ ot
Tlme(us; S
Figure2

152x86 mm ( x DPI)

(b) HSV-1iridocyclitis

2000

<
E .
& |
>~
= .. | || 'u
: ».'.J.QJM'«":”N ' st
0 -0.2
Time (us)

(e) gPCR: negative
<
5 15 1
[0) / J,
2 . Al
g | ’\ﬁ |
£ w,‘.‘,r
= .4 W “i (]
S M
Time (ps)
Figure 3

152x86 mm (x DPI)

Suspected of CMV iridocyclitis

l|| *M MWW

target

3

(€) vzV iridocyclitis

—
<
c
<
[
=
L]
>
=
=
[
E
=
O

>

s

°{1ﬁM‘VMWW i

A ' o
o
Time (ps) b .

Suspected of CMV endotheliitis

(f) qPCR: negative

Current Value (nA)

I\
i
|
f

|

s
LT A, T T

500 1000 1500 2000 2500

Time (ps)

12

GZ0z aunp QL uo Jasn NOAMN ‘Aelqy aiying Aq 2z96€1.8/19L1ebd/snxauseud/ee0L 0L /10p/a101le-a0ueApE/Snxauseud/w oo dno-ojwapeoe//:sdyy wouy papeojumoq



A WON =

(d

Confusion matrix

Super
Normal

Actual

PCR
CMV(+)

Real Time |

(@)

53.7086015 53.7106510

43.0641600 44.6266600

42.3104000 43.8729000

Pulse F-measure: 0.695

1067 765

351

PCR CMY/(+)
Predicted

Super Noromal

MWAWWMM'MWM ety M oo 2

53.7127005 53.7147500 53.7167995 53.7188490 53.7208985
[sec)

0.0000

0.3000

46.1891600 75166 49.3141600 50.8766600

45.4354000 46.9979000 48.5604000

(e) Assemble F-measure : 0.792
Super.
Normal 1 5
©
=
S
<
PCR
CMV(+)
Super Nomal PCR CMV(+)
Predicted
Figure 4

152x136 mm (x DPI)

13

GZ0z aunp QL uo Jasn NOAMN ‘Aelqy aiying Aq 2z96€18/19L1ebd/snxauseud/ge0L 0L /10p/a101e-a0ueApE/Snxauseud/woo dno-ojwapeoe//:sdyy woly papeojumoq



Learning

v

Various viruses
(e.g., Herpes virus)

ary

Electric waveforms Machine learning Virus classifier model

N

Positive Negative

Nanopore module » ( } ‘ \ ‘ Q'D ‘ ’
- ‘ 4 Meastrement % @
Tears / Swab / Electnc waveforms gl o Rapid diagnosis

Aqueous humor tap

Clinical diagnostics

v

S

Figure 5
152x108 mm ( x DPI)

& ' e e\
e i i » % . % =2

14

GZ0z aunp QL uo Jasn NOAMN ‘Aelqy aiying Aq 2z96€1.8/19L1ebd/snxauseud/ee0L 0L /10p/a101le-a0ueApE/Snxauseud/w oo dno-ojwapeoe//:sdyy wouy papeojumoq



