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Abstract

High-throughput droplet-based digital PCR (ddPCR) is a refinement of the con-
ventional polymerase chain reaction (PCR) methods. In ddPCR, DNA/RNA is en-
capsulated stochastically inside the microdroplets as reaction chambers. A small
percentage of the reaction chamber contains one or fewer copies of the DNA or
RNA. After PCR amplification, concentrations are determined based on the pro-
portion of nonfluorescent partitions through the Poisson distribution. Some of the
main features of ddPCR include high sensitivity and specificity, absolute quantifi-
cation without a standard curve, high reproducibility, good tolerance to PCR in-
hibitor, and high efficacy compared to conventional molecular methods. These
advantages make ddPCR a valuable addition to the virologist's toolbox. The fol-

lowing review outlines the recent technological advances in ddPCR methods and
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1 | INTRODUCTION

Our knowledge about virus biology has improved over time. How-
ever, the mortality rate of well-characterized viruses is still high.>*
Viral epidemics spread quickly across the world, causing high mor-
tality rates in a short time. There is always an urgent need to develop
a rapid, sensitive, cost-effective, and high-performance test to detect
viral antigens. Early sensitive detection of the virus is an essential
parameter in patients management,*® treatment selection,®” anti-
viral therapy monitoring,® shortening of the window period,”*° and
isolation of infected patients.

PCR-based techniques have been developed over the last two
decades to facilitating the sensitive early detection of viruses.'!
Before the development of nucleic acid testing (NAT), Cell culture,
electron microscope, complement fixation, agglutination assay, and
immune-based tests have been considered, as routine methods, for

virus detection.’?"** These tests are time-consuming and have low

their applications in viral identification.

Droplet digital PCR, microfluidic, virus

sensitivity and precision, and have been widely replaced by NAT-
based tests such as PCR.

Digital PCR is a new generation of traditional quantitative
polymerase chain reaction (qPCR), which can be used for absolute
quantification of target nucleic acids (Figure 1). In a digital assay, the
sample is compartmentalized into several small bioreactors, each of
which has either zero or one or two (or three, four, etc.) copies of the
target nucleic acids. Each droplet has a particular encapsulated area
that prevents cross-contamination between micro bioreactors. Sev-
eral methods have been developed to partition samples, including
microwell formats, microfluidics chambers, and droplets.'® Microwells
or chips suffer from a limited number of micro bioreactors, partition
differences in volume, and often cross-contamination. The microfluidic
can generate millions of such micro bioreactors in a cost-effective
manner.*®

Droplet-based digital PCR (ddPCR) is a type of digital PCR that
employs one immiscible fluid (i.e., the so-called dispersed fluid) in oil
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FIGURE 1 Schematic illustration of ddPCR. This figure illustrates the digital PCR droplet principle and how a single sample containing the
target sequence is partitioned. PCR amplified produces thousands of copies that can be detected and interpreted by a detection system. In a
typical ddPCR workflow, a single sample includes target and nonspecific sequences (DNA or RNA), real-time PCR primers and fluorescent-
labeled probes, and standard real-time PCR master mixes.” A sample partitioned into thousands of single nanoliter droplets with the generation
of water-in-oil emulsions. A proportion of droplets contain no template molecules, while others contain one or more targets. The generation of
droplets from the sample is achieved in several ways. Standard methods include T-junction and flow-focusing geometry. Only the flow-focusing
geometry is shown here. For more details, see the text.? traditional end-point PCR is then performed to amplify the target sequence.® Target
sequence droplets exhibit higher fluorescence intensity and are known to be positive droplets. Empty or no targets show low and negative
fluorescent intensity. This fluorescence intensity versus time is plotted on a graph. The number of targets per partition will follow the normal
Poisson distribution encapsulation of the DNA or RNA that occurs randomly. Various methods can interpret the fluorescent intensity of
droplets. The most popular of these is a fluorescent microscope or a droplet reader.* The acquired data is visualized in a graph by different
software. The threshold value indicates the intensity of fluorescence as the positive particles are separated from the negative. Although this

value is set automatically by the software, it can be adjusted manually. ddPCR, droplet-based digital PCR

(i.e., the so-called continuous fluid) to generate submicroliter dro-
plets at kilohertz rates.*®?” Nucleic acids, such as DNA, RNA, and
complementary DNA (cDNA), may be encapsulated stochastically
inside the droplets as reaction chambers. A small percentage of the
droplets contain one or fewer copies of the DNA template (many of
the droplets do not include any of the target DNA) and are then
clonally amplified in each microdroplet. After routine PCR amplifi-
cation, concentrations are determined based on the proportion of
nonfluorescent partitions by Poisson distribution.'®*” Several com-
mercial PCR droplet platforms have recently been developed to ac-
celerate the clinical application of ddPCR, such as BioMark HD dPCR
(Fluidigm), OpenArray, QuantStudio 12K Flex dPCR (Life Technolo-
gies), RainDropTM (RainDance Technologies), Bio-Rad QX200TM
Droplet Digital, and NAICATM.

Traditional gPCR assay is a well-established method for mea-
suring viral nucleic acid, but the drawbacks should be con-
sidered.’®2%21 A calibration curve is needed for viral acid nucleic
quantification by gPCR. In this regard, cell lines, plasmids, and other
calibrators are widely used to generate a calibration curve.??> The
external calibrator often is not stable and has been known to have a

day to day variability; however, a reliable calibrator improved re-
producibility between virus laboratories.”® ddPCR does not rely on a
standard calibration curve; therefore, it is exempt from calibration

curve limitations. Busby et al.??

proved that on average ddPCR va-
lues were 60% of gPCR values of the 8E5 calibration standard due to
the loss of human immunodeficiency virus (HIV) DNA from the 8E5
cell calibrant.?*

Here, we review recent advances in ddPCR and how these
micro-reactor droplets are built to accelerate the development of
viral detection methods. This review paper addresses recent ad-
vances, ranging from microfluidics to detecting viruses by ddPCR
techniques, including the review of microfluidics devices, droplet
generation, and various aspects of droplet formation and geometry.
We also summarize the application of ddPCR in identifying some
clinically important viruses and the advantages and disadvantages of
the PCR method compared with the ddPCR method. In the last
section, we discuss the future challenges of ddPCR and how ddPCR
integrates with emerging upstream and downstream techniques. To
date, only some of the viruses have been covered in the review
studies about ddPCR, such as Li and et al.,>> who consider HIV and
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.27 only reviewed the performance of digital

hepatitis.?® Rutsaert et a
PCR in quantification and characterization of the persistent HIV
reservoir.?® according to our knowledge, there has been no general

review of the use of ddPCR in various clinically significant viruses.

1.1 | Microfluidics and droplet-based microfluidic
methods

Microfluidic technology is a multidisciplinary field that deals with the
science of manipulating fluids, usually in the submicron scale. In re-
cent years, microfluidic technology has made noteworthy progress in
improving diagnostic test performance. This versatile technology is a
promising approach for many areas of biology, including pathogen
detection, cancer cell isolation, drug screening, in vitro diagnostic
devices, single-cell analysis, analytical chemistry, point-of-care diag-
nostic tests (POCTs), genome sequences and organ-on-chip, and also
nucleic acid (NAT) reactions.?® 2°27:29-31

The miniaturization of biological assays on microfluidic makes it
possible to control body fluids, cells, tissues, and also pathogens
using a low amount of reagents and samples (pL, nL) that dramati-
cally reduces costs.*>** Microfluidic systems' have some other ad-
vantages: faster processing times, high performance, precision,
reliability, portable, multifunction integration, parallelization, and
flexibility.>**4"2¢ Various microfluidic systems such as lateral flow

37 centrifugal devices,*® paper-based devices,*” digital mi-

devices,
crofluidics*® and, droplet-based** have been developed.

The behavior of fluids differs significantly between macroscale
and micro-scale. Fluid flow in microfluidic channels is laminar due
to the low Reynold number.*? As the fluid behavior is more pre-
dictable in the micro-scale, a new level of control over biological
reactions arises in fluid engineering. Disadvantages such as cross-
contamination, Taylor diffusion, dilution of the sample and re-
agents, and prevention of reagents' absorption on the channel
walls have arisen, despite a few laminar flow advantages in
microfluidic.*>** The droplet-based microfluidic systems address
this disadvantage.

The field of droplet-based microfluidics has been a rapidly pro-
mising technology over the last few years owing to the generation of
reproducible discrete monodisperse droplets, facilitate the produc-
tion of droplets in comparison to traditional methods, fast mass
transfer, fast heat transfer, accurate liquid handling, low cost and

reduced cross-contamination.>?

1.2 | Droplet generation
In general, each droplet-based assay can be divided into three steps®:
droplet compartmentalization,? droplet manipulation, and® droplet
analysis.'” 4

The production of droplets in the microfluidic system is based on
emulsions. An emulsion is a colloid system containing a mixture of

two immiscible liquids. One is dispersed (dispersed phase)

throughout the other (continuous phase) in small droplets. Two im-
miscible fluids (e.g., water and oil) can form an oil-in-water (O/W) or
water-in-oil  (W/O) emulsion, depending on the continuous
phase.*>*> The continuous fluid is typically organic oil, and the dis-
persed fluid is generally an aqueous liquid. The dispersed phase
partitions into uniform microdroplets, so microdroplets can be han-
dled, collected, incubated, split, sorted, and combined. The aqueous
phase can include macromolecules, such as DNA, RNA, single cells, or
even pathogens. Microfluidic-based generated droplets can act as a
chamber for the PCR reaction, called ddPCR.

Many microfluidic geometries have been developed for the
compartmentalization of droplets. Droplet manipulation and gen-
eration techniques may be passive or active, where the former
produces micro-droplets without external forces, the latter requires
an external force to produce micro-droplets such as gravitational,
centrifugal, fluid velocity, thermal, electrical, Di-electrophoresis, and
Electrowetting-on-dielectric.** T-junction and flow-focusing geo-
metry are the two primary production methods of droplets in mi-
crofluidic applications among passive techniques.** Also, coflow, step
emulsification, and parallel devices are the other passive methods
used to generate droplets.’” The fabrication of polydimethylsiloxane
(PDMS)-based devices via the conventional soft-lithotherapy method
is a well-developed and straightforward process (Figure 2).">%¢ The
most common material used in microfluidic devices is PDMS, a
transparent, nontoxic, minimally ultraviolet fluorescent, high gas
permeability biocompatible polymer.*” Alternative materials used to
fabricate droplet-based microfluidic devices are glass and polymethyl
methacrylate (PMMA).”® Micro-droplet manipulation strategies are
broad and include passive and active droplet fission and mixing,
droplet sorting, phase changing in the droplet, polymerization, and
barcoding of droplets. The acquisition of data from droplets is a
necessary step in the implementation of droplet-based microfluidic
devices. Various methods of detecting and measuring droplets have
been developed, including fluorescence, mass spectrometry, Raman
electrical electrophoresis, and

spectrometry, measurement,

chemiluminescence.*’

1.3 | Droplet digital PCR versus conventional
qPCR methods

Droplet digital PCR provides many benefits over conventual gPCR.
In a gPCR method, amplicons are calculated at the end of each step
using DNA binding dyes. The intensity of fluorescent dyes attached
to dsDNA is proportional to the PCR amplicons.’® A standard curve
is needed for the specific absolute quantification of the viral nucleic
acid by qPCR. These standard curves are obtained by dilution of the
sample with a known concentration. Standard curve production is
closely impressed by both lab-to-lab and day-to-day errors.”* As ab-
solute quantification by ddPCR does not require a calibration curve,
it does not have its limitations. It should be noted that RNA quan-
tification with RT-dPCR should be standardized to a reference
sample.”?
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Schematic diagram of the SU-8 soft-lithography process for the manufacture of droplet-based microfluidic devices. There are

many methods of making microfluidic devices, but soft lithography is the most common process. In the soft lithography workflow, mold making,
often created in SU-8 negative photoresist, is needed for the replicating of PDMS microfluidic features. a small quantity of the SU-8 was initially
added to the silicon wafer (Si wafer) to produce the SU-8 molds than to the spin-coating according to the manufacturer's procedure.” The SU-8
was pre-baked. A mask with the desired design was used for fexposure of the spin-coated wafer. SU-8 photoresist undergoes a crosslinking
reaction when exposed to UV light exposure.”* A postexposure bake followed the exposure of the SU-8 wafer. The next step was to eliminate
the unexposed region with the developer.” Subsequently, the result is a micropatterned, formed mold. PDMS is poured over the SU-8 master.”
The molded PDMS is cured and bonded PDMS to glass by the plasma bonding technique.®” ddPCR, droplet-based digital PCR; PDMS,

polydimethylsiloxane; UV, ultraviolet

ddPCR uses the same primers, probes, Taq polymerase, and re-
agents as conventual PCR to amplify the target DNA fragment, but
its sensitivity and repeatability are more significant.”® This superior
performance stems from the PCR droplet method's two distinct
features: (1) compartmentalization and (2) data acquisition from the
end-point reaction.

Compartmentalization of target DNA improves the signal to
noise ratio by amplifying target gene signals relative to other
genes.’® In normal bulk PCR reactions, inhibitors or excess back-
ground DNA (noise) can affect amplification effectiveness. In ddPCR,
as a binary system, the absolute quantification is acquired by
counting the number of positive and negative fluorescence droplets,
however in gPCR, as an analog system, fluorescence signal increases
proportion to the amount of replicated DNA. As droplet PCR is an
end-point measurement, it is less dependent on the reaction effi-
ciency than gPCR methods.”* Thanks to the end-point reaction of
ddPCR, droplets are often explicitly labeled as positive or negative
forms of fluorescence, and the identification of droplets containing
DNA/RNA viruses is much less error-prone.

The tolerance to PCR inhibitors is enhanced in ddPCR.*” it can
help evaluate viral infection in some inhibition-prone samples, in-

cluding stool, sputum, and tissue,>> as well as in the direct

quantification of viral acid nucleic without the need an RNA isolation.
Direct virus quantification without the need for nucleic acid pur-
ification will minimize costs and improve the identification of viruses
even in the presence of inhibitors. Jernej Pavsic et al.”® have de-
monstrated that direct quantification of viruses is in good correlation
with accurate viral load in clinical samples.®” It showed that ddPCR
or cytomegalovirus (CMV) virus detection is more tolerant and re-
liable for quantification in the presence of inhibitors such as SDS and
heparin in sample DNA compared with gPCR.>®

Viral burden, particularly in the early period of infection, is often
below the detection limit of routine viral infection detection meth-
ods.>?"°! Besides this, the concentration of viral particles in the
blood can be smaller than that (1-10 copies). The initial target
template concentration in gPCR is comparatively higher (at least
50 pg or approximately 15,000 copies). If the target DNA quantity is
lower than the method detection limit, the false-negative outcome
can be increased, particularly in inadequate efficiencies. For example,
one ng of HPV RNA is needed to detect HPV Eé and E7 oncoproteins
by ddPCR accurately. On the other hand, 20-50 ng RNA per reaction
is usually required to conduct gPCR from head and neck squamous
cell carcinoma (SCC), which is about 20-50 times higher than
ddPCR.%?
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ddPCR shows higher sensitivity and specificity than gPCR for
detecting viral nucleic acids. A microfluidic droplet assay was de-
veloped to measure low viral load samples with an HBV DNA de-
tection limit of eight copies/ml. In comparison, the COBAS TagMan
assay has a lower quantification limit of 169 HBV copies/ml and a

1.°° One field of interest

lower detection limit (LLOD) of 58 copies/m
is the quantification of the RNA virus by ddPCR in latent infections.
Strain and et al. showed that ddPCR had a significant increase in
accuracy, particularly in less than 300 copies/10° cells, with an
average fivefold decrease in coefficient of variation of target copy
numbers relative to gPCR.**

Viral infections are more likely to spread during the window
period. The window period is the interval between the onset of the
infection and when the test will accurately detect the organism. The
shedding of viral particles is hinting at the infection before symptoms
begin. The virus's window period depends on the type of technique; a
high-performance test identifies the virus faster than conventional
methods; it reduces the gap between the detection and the virus's
emergence. Compared with the gPCR assay, the ddPCR assay had a
shorter window period.®®

One challenging issue in both ddPCR and gPCR assays is the
misestimation of viral DNA/RNA, which could introduce inaccuracy
into the viral load. Misestimation could account for contradictory
reports. Various technical errors can cause underestimation or
overestimation in these methods. Misestimation in gPCR can arise
from two issues, including® Inherent pitfalls in the generation of the
standard curve and? PCR amplification efficiency, but misestimation
in ddPCR stems from different sources. In 2012, it was reported that
undigested fragments could not be effectively packed into droplets,
leading to the underestimation of HIV-1 DNA copies by ddPCR.®®
Restriction endonuclease digestion of plasmids can improve effi-
ciency and overcome underestimation in undigested fragments DNA.
The underestimation of DNA copy number and 2-LTR circles was
also seen when the input sample has more than 75,000 copies of
DNA®®; hence, the input DNA should be adjusted before a ddPCR
assay. Mu et al.®” have demonstrated that ddPCR has a good sen-
sitivity ranging from 1 to 10° copies of HBV DNA.°® It is important to
note that this underestimation is possible in the measurement of
RNA, in the one-step RT-digital PCR methods,”? and the measure-
ment of cell-associated (CA) HIV RNA.®” The Instability of external
calibration, which was used to quantify HIV DNA by gPCR, has been
shown in the 8E5 cell line.?? Failure to amplify the target sequence is
another disadvantage that affects low target copy number estimates
in ddPCR.”° On the other hand, an overestimation of the tissue-
based viral reservoir's size may have been seen due to truncated
genomes' detection.’®

A mismatched primer in gPCR significantly reduced amplification
efficiency, while ddPCR has a higher resistance to mismatches.”* In
gPCR, due to mismatches in the priming/probe template, viral DNA/
RNA could be underestimated.®” The detection of HBA DNA has
shown, where there is more mismatch between the primer and the

target sequence, the underestimation copy number is enhanced.”?

14 | Applications of ddPCR for detection of viral
pathogens

Recently, the growth rate of ddPCR has risen in the diagnosis of viral
diseases. ddPCR is a reliable and scalable method for managing virus
infections.”® ddPCR is expected to be a powerful diagnostic method
in clinical laboratories, such as identifying and detecting viruses, viral
load assay, single-copy viral genome analysis, single-nucleotide

74,75

polymorphisms, and virus-host interactions. In addition,

ddPCR applicable for CNS malignancy,”® viral drug resistance,”” Viral
Vectors,”®”? and quantification of World Health Organization
(WHO) standards.2#* Although ddPCR is still in the early stages of
routine clinical implementation, performance is reliable and sensitive
compared to other routine methods. The number of clinically
significant viruses is addressed in the following section that ddPCR

assay has been performed to detect DNA or RNA of these viruses.

1.5 | Cytomegalovirus

CMV, like other herpesviruses, can cause a latent infection for a long
time. According to the latency period of the CMV virus, the amount
of virus DNA in the blood can be much lower than the limited de-
tection of standard techniques.6 ddPCR is a reproducible method,
particularly at lower CMV DNA concentrations.®?

Various experiments have been performed to assess the sensi-
tivity of gPCR and ddPCR techniques in identifying CMV positive
patients with low viral load.2>®° Results from earlier studies have
shown that qPCR results somewhat have a lower level of detection
limit (LOD) (3 logio vs. 4 logyo copies/ml and IU/ml for NIST and
WHO standards, respectively) than ddPCR in WHO and the National
Institute of Standards and Technology (NIST) CMV quantitative
standards.’® In contrast to earlier studies, experiments have in-
dicated that qPCR's sensitivity and specificity are less than or equal
to ddPCR.®® Guojun Cao and colleagues make the point that the
frequency of CMV virus detection was higher in Posner-Schlossman
Syndrome patients with ddPCR than gPCR (400-100 copies/ml,
respectively).

ddPCR platforms for measuring CMV's viral load revealed a
good correlation at high virus concentrations.?” Inter-laboratory
assessment of different dPCR platforms for the quantification of
human CMV DNA indicates that digital PCR assays offer completely
repeatable (e.g., inside the instrument) and reproducible (e.g., be-
tween instruments, stages, and research centers) measurements of
viral DNA. It was demonstrated that in a digital PCR method, the
reagents and platform difference leads to result variation in samples
with a low CMV.%®

Subclinical herpesviruses' coinfection is highly prevalent with
people living with HIV (PLWH).2? ddPCR is an appropriate technique
for studying latent viruses such as EBV and CMV in AIDS patients.”®
Aaron Christensen-Quick et al.”* indicated that ddPCR could mea-
sure the frequency of total HIV DNA and CMV DNA in PLWH
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patients.”? Early and accurate diagnosis of low CMV levels in PLWH
patients can be helpful during treatment with antiretroviral therapy.

The nested PCR method was previously used to measure CMV's
viral load in less reliable blood samples. In 2016, H. Parry and col-
leagues showed that cytomegalovirus's viral load could be quantified
with high precision by ddPCR in monocyte cells.”® In other ap-
proaches, a multiplex method is investigated to advance the effi-
ciency of a droplet-based PCR. Multiplex digital PCR test for CMV,
HHV-6A, HHV-6B, and EBV viral DNA in low-and high-grade astro-
cytoma was conducted to investigate these viruses' oncogenic role.”®
ddPCR has also been used for other aspects of the CMV virus, in-
cluding the T-cell response to CMV,”* validated CMV standard re-

21,95

ference, and tumorigenesis.%

1.6 | Human immunodeficiency virus
The WHO reported that 37.9 million people were diagnosed with
HIV worldwide, and 62% (23.3 million) of those were undergoing
antiretroviral treatment at the end of 2018. According to the WHO
guideline, antiviral therapy aims to reduce the number of copies of
the virus to less than 1000 copies/ml in the reservoir.”” Viral load
monitoring is the recommended screening method to validate the
failure of antiretroviral therapy.”®

Recently, the development of ddPCR has created an enormous
opportunity for progress in HIV research, diagnosis, and care, in-
cluding the following: quantification of proviral HIV-1 DNA%77-103

and RNA,?%7110% gptimize monitoring of ART-treated patients'®”

HSCs stem-cell transplantation,”>*%*

monitoring of ART concentra-
tions,'°¢ detection of clinically relevant rare viral variants, test novel
antiviral drugs, single-cell assays of HIV-infected cell lines,*®” ap-
plicable in HIV models,*°®"*°? vaccine''® and dynamic of HIV pro-
virus.”>*** The advances in the field of ddPCR provide the
opportunity to analyze viral proviral DNA (DNA-based viral load
test) and CA viral RNA (RNA-based viral load test) for the enu-
meration and monitoring of host immune response to HIV.

The interaction between ddPCR and other PCR methods for HIV
nucleic acid was acceptable.**? Bosman et al.'*®> have shown that
various ddPCR platforms, Quantstudio 3D (Life Technologies) and
QX100 (Bio-Rad), and semi-nested qPCR have been able to measure
2.5 HIV DNA copies of serial HIV DNA dilutions and DNA extracted
from PBMCs of ART-suppressed patients. ddPCR and qPCR have
similar dynamic ranges for linear and episomal DNA calibrators as
well as HIV-1-DNA and 2-LTR circles.®® Lada et al.,'** combined
pulsed-field gel electrophoresis and digital droplet PCR to improve
the sensitivity of proviral integrated HIV DNA measurement.’*® The
combination of different methods can open up new horizons to
identify HIV DNA, which is extensively reviewed by Gibellini.**¢

Strain et al.”® have demonstrated that ddPCR is more accurate
than gPCR in diagnosing very rare HIV DNA during combination
antiretroviral therapy.®* Virus DNA and episomal 2-LTR were ana-
lyzed in 300 clinical samples using the Bio-Rad QX-100 emulsifica-
tion machine. The findings revealed that the coefficient of variation

MEDICAL VIROLOGY

decreased by an average of fivefold the number of copies and by
more than 20-fold the 2-LTR circles' accuracy. This high precision
goes beyond quantification's advantages without the need for ex-
ternal standards and relative insensitivity to primer and probe se-
quence mismatches that are common due to the heterogeneity
sequence of proviral DNA.%* The findings reported by Strain et al.”*
were consistent with the results of other studies.’® However, in
some studies, the sample size used is not adequate.

CA HIV RNA is a sensitive marker for measuring viral reservoirs
and monitoring ATR therapy.®” The challenge of quantifying the RNA
with ddPCR appears to be greater than the DNA, as qPCR, external
control, and cDNA synthesis are required. Besides this, the number
of copies of RNA within tissues or cellular reservoirs can vary from
cell to cell and from time to time. Conventional bulk methods such as
RT-gPCR cannot distinguish between the number of copies of RNA
as well as cellular phenotype and single-cell transcriptome profiling.
Single-cell analysis using ddPCR will overcome their drawbacks.*’

Recently, experiments have been performed on the study of HIV
transcripts using RT-ddPCR. This experiment has shown that HIV
latency CD4" T cells may occur due to numerous mechanisms.**® The
number of CD4" T cells that produce unspliced (us)RNA and multiply
spliced (ms)RNA caused by either a histone deacetylase inhibitor
(romidepsin) or T cell receptor (TCR) stimulation in single HIV-1 in-
fected cells has shown that single-cell dPCR assay can reproducibly
determine the numbers of transcriptionally active cells from in-
dividuals on ART.

ddPCR is a sensitive technique for detecting rare mutations in
the presence of a predominant wild-type gene, particularly in cancer-
causing mutations. Sedlak et al.®*? demonstrated that ddPCR rapidly
quantifies a range of indel mutants in the endonuclease-treated HIV
proviral with detection of as low as 0.02% mutant in a wild-type
background.**’

Conventional qPCR assays use short, conserved subgenomic
amplicons that do not distinguish intact and defective proviruses.*?°
The quantitative viral outgrowth assay (QVOA) was used to de-
monstrate the HIV reservoir for the first time in resting CD4" T cells.
QVOA assay underestimated the latent reservoir as not all pro-
viruses are induced to grow.*?! Besides this, total HIV DNA quan-
tification overestimates the reservoir as more than 95% of the
proviruses are defective and will not lead to HIV rebound if therapy
was interrupted.'?? Researchers have implemented an intact proviral
DNA assay (IPDA) to tackle these faults, which measures intact HIV
proviruses to separately quantifying intact and defective proviruses
by ddPCR.*?® IPDA has shown a more reliable high-throughput DNA
assay than routine methods for measuring intact HIV proviruses.'?°
Recently, nested RT-ddPCR has shown that the persistence of HCV
RNA in PBMCs is not common in HIV/HCV coinfected patients.'?*

The application of ddPCR in HIV viral load is controversial. Nested
PCR increases the sensitivity of the HIV viral load assays. Kiselinova
et al. have shown that semi-nested real-time quantitative gPCR of CA
HIV-1 RNA has better quantitative linearity, accuracy, and sensitivity in
the quantification of calibrators than ddPCR, especially in the lower
quantification ranges*'?; however, it must be cross-validated by several
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laboratories before it can be commonly used in diagnostic laboratories.
In another study, the QX100 (Bio-Rad) ddPCR platform showed high
precision, reliability, quantitative linearity, and minimal bias compared
to the semi-nested qPCR method that displayed false-positive results.
The semi-nested gPCR method was proposed to detect HIV DNA at
low concentrations,** while most HIV experiments show high levels of
ddPCR reproducibility.

False-positive results are the major disadvantages of digital PCR
to accurately measure the proviral DNA/RNA reservoir.”” There are
also a variety of technical limitations, which should be considered
when using ddPCR. The software's automated threshold is usually
too low and falsely considered a positive droplet, regardless of
whether it has low fluorescence. These limitations in sensitivity may
be related to the technique of droplet digital PCR assays.'?® It has
been shown that poorly handled droplets, rough pipetting, inter-
ference caused by the phenomenon of "rain" in the adjusting of a
threshold, the copy number of input DNA, adjusting the cycling
conditions, and read-out for any sample being lower than 10,000

droplets'?®

and patient-to-patient mismatches in the target se-
quence100 which alter the amount of HIV viral load, also reduce the

sensitivity and efficiency of the ddPCR-based test.

1.7 | Hepatitis
ddPCR had provided a new horizon for identifying and quantifying
Hepatitis virus nucleic acids. The use of ddPCR has provided a pro-
mising method for monitoring hepatitis-infected individuals taking
combination therapy.

ddPCR is a robust tool that can be measured as little as one copy
of the HBV DNA.*242” The LLOD and quantitation limit (LLOQ) for
ddPCR are 0.8 copies/10° cells and 3.8 copies/10° cells. These in-
dices were 19.1 copies/10° and 71.1 copies/10° for qPCR. According
to EASL 2017 clinical practice guidelines, the virological response
during treatment is defined as undetectable HBV DNA with a limit of
10 1U/ml.*?® This is the lowest real value that can be detected by
conventional assays.

Covalently closed circular DNA (cccDNA) of the hepatitis B virus
has become a new prognostic biomarker for occult hepatitis B virus
infection (OBI) and Hepatocellular Carcinoma.*?? Direct purification
of DNA followed by ddPCR may help cccDNA quantification. All HBV
RNA molecules are derived from the cccDNA, which presents in the
hepatocellular of chronic hepatitis B virus individuals. Purification of
DNA with standard methods phenol, chloroform, or ethanol slightly
reduced the cccDNA of HBV in anti-HBC-positive liver donors.**°
Besides this, contaminants were found in formalin-fixed paraffin-
embedded (FFPE) hepatocellular carcinoma tissue samples without
purification.”** ddPCR is more sensitive to cccDNA HBV with low
copy numbers than gPCR.6%1%¢131 Gjan Paolo Caviglia et al. de-
monstrated that ddPCR is 10-100-fold more sensitive than qPCR-
based for intrahepatic HBV cccDNA quantitation.**©

The measurement of HBV pregenomic RNA and HEV RNA by

ddPCR*®? is more sensitive than conventional qPCR assays.'*®

Recently, RT-ddPCR has been reported to have a relatively high
sensitivity among the HBe Ag-negative group with low viral loads.***
Despite the high sensitivity of the ddPCR method for HBV and HBC
DNA measurement, similar to PCR, this method cannot detect HBV
DNA in HBV patients-derived HUMSCs.*?”

ddPCR can increase the DNA detection limit of the HBV DNA
with a high degree of linearity.’?®3! As seen in other viruses, the
detection of HBV RNA copy numbers by RT-ddPCR and RT-gPCR
demonstrated a high degree of linearity and quantitative similarity.
One of the critical difficulties in measuring HBV DNA infection is
OBI. Low viral replication (<200 IU/ml, approximately 1000 copies/
ml) in the absence of hepatitis B surface antigen is an essential
feature of OBI.*?? The relationship between ddPCR and qPCR tests
appears to be conflicted. However, there was only a mild correlation
between ddPCR and gPCR results (R?=.6037). Yang et al.**® re-
ported an acceptable agreement between these methods.'®

There is a growing body of evidence to suggest that ddPCR is a
highly accurate technique with precision and reproducibility com-
parable to the traditional gPCR method. Further optimization of this
method is still required to determine this method's performance for
low viral load clinical samples, especially in occult hepatitis B virus

infection and cell therapy approaches.

1.8 | Influenza

Detection of the influenza virus with ddPCR is well estab-
lished.***~*%? Defective interfering particles are massively inner de-
letion mutants of the virus genome produced by most families of
RNA viruses. The ddPCR provides accurate and sensitive quantifi-
cation of the prevalence of deficient interference RNAs in the po-
pulation of influenza A.**” YongYan and his colleagues have shown
that RT-ddPCR, compared to RT-PCR, is more sensitive and reliable
to estimate influenza H7N9(A) viral load without using a cali-
brator.'*® A cost-effective six-plex ddPCR was recently developed to
detect influenza A (H1, H3, and M) and influenza B (Yamagata HA,
Victoria HA, and M) segments in a single reaction mixture.®”

This assay's precision and simplicity will make it easier to com-
pare gene editing approaches and finally boost progress in this fast-
moving area. Some mutations in the human influenza A virus (H1IN1)
may alter the response of the neuraminidase inhibitor oseltamivir
(Tamiflu). In 2016, the ddPCR method was used to quantify these
mutations.”® Sensitive virology techniques can adjust the decision on
seroconversion by reducing the amount of cutoff. ddPCR achieved
30 fold higher sensitivity and ten times higher accuracy than the
gPCR to quantify the resistant strains of the HIN1 virus.**°

1.9 | Severe acute respiratory syndrome
coronavirus 2

The outbreak of severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) emerged in Wuhan, China, at the end of 2019.%* Early
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identification of persons infected with SARS-CoV-2 helps to monitor
the spread of the pandemic. COVID-19 RT-gPCR is prescribed for
the detection of SARS-CoV-2.

As a gold standard test, the qPCR approach has high false re-
sults**2**® due to poor sensitivity of current kits, low viral load, and
delay in RNA extraction. ddPCR have been developed for COVID-19
assays, 135:144-146

In the first attempt, it was reported that the gPCR method was
sensitive and precise; however, ddPCR worked well to measure low-
viral samples.’® The results of the study conducted by Dong
et al.'” showed that the ddPCR method was approximately 93%
effective in the identification of SARS-CoV-2 and could detect as few
as two copies of viral DNA per reaction.’*® The results reveal that
ddPCR was 500 times more sensitive to SARS-CoV-2 than RT-PCR in
low-viral throat swabs. In this research, 26 samples were positive for
ddPCR using the same samples from COVID-19 outpatients with RT-
PCR negative. In other words, the NPV (negative predictive values)
of ddPCR (63%, 36-83) is slightly higher than that of RT-PCR (16%,
13-19).%** The rate of false-negative results in ddPCR is less com-
mon than that of other methods.****%¢ Digital PCR shows improved
low detection limit, sensitivity, and accuracy, allowing COVID-19 to
be detected with fewer false results than RT-gPCR, particularly for
low-viral load samples.** ddPCR demonstrates higher performance
for detecting COVID-19 infection in false-negative low-viral speci-
mens.2*®14? ddPCR offers gPCR advantages for SARS-CoV-2 viral
load measurement with higher sensitivity when using directly crude
lysate rather than purified RNA as input.**°

This pandemic is still underway, and the various characteristics
of the epidemic have not yet been identified. Much of the findings
came from a study that has not yet been peer-reviewed. Therefore,
the data and performance of ddPCR should be interpreted with

caution.

1.10 |
virus

Application of ddPCR in detection of other

The ddPCR ultrasensitive technique is a versatile method that can be
used to detect other viruses. Like HIV, The ddPCR has comprehen-
sively characterized defective and intact HTLV-1 proviruses in in-
fected individuals.*>* The ddPCR assay provides rapid and reliable
laboratory identification of chromosomally incorporated form of the
virus (ciHV-6) from conveniently extracted cell samples.152 The
presence of a ciHV-6 is a technical drawback in detecting the number
of copies of the HHV-6 virus in whole blood or plasma by typical RT-
qPCR.**%%°3 CiHHV-6 should be distinguished from active HHV-6
infections. As conventional HHV-6 plasma PCR tests identify both
forms (ciHV-6, active HHV-6), patients with cIHHV-6 are often
confused with active HHV-6.

The efficacy of ddPCR could help determine virus-related can-
cers. Recently, ddPCR has been an ultra-sensitive nucleic acid de-
tection tool for a tumor-associated virus biomarker study. In the case
of multiple tumor suppressor 1 (p16) immunohistochemistry (IHC),

VIROLOGY — W1 LEY—‘ﬂ
the sensitivity and specificity of ddPCR HPV E6/E7 for p16 positivity
detection is 91.3% and 100%, respectively. However, HPV-16 E6 and
E7 were negative with ddPCR in both noncancerous and non-
oropharyngeal SCC (OPSCC) tumors, and two patients with IHC had
false-positive findings. The gPCR analysis found that the sensitivity
of the combined saliva and plasma pretreatment status of HPV-16
DNA-HPV-16 tumor status was 76%.%°*

Measurement of vector copy number with ddPCR has been
considered in recent years.'>>'°¢ Titrations of the genome by
ddPCR were shown 5-, 1.9- and 2.3-fold higher than those de-
termined using standard gPCR, optimized gPCR, and agarose gel
assays, respectively single-stranded and self-complementary AAV
genomes.>®” Cell-based enumeration by ddPCR can provide the
required precision and sensitivity to normalize drug concentra-
tions in both the upstream and downstream pharmacokinetic
studies.’*®

ddPCR can also be used to standardize standard RT-qPCR
methods. The One-Step RT-dPCR approach was used in one study to
measure the reference materials for the Ebola RNA virus.**? The
ddPCR showed a better method for the detection of a low-copy
number of Merkel cell polyomavirus in FFPE biopsies.®* Studies have
shown that ddPCR can be an effective method to classify clinical
outcomes in cancer patients. Quantification of HPV viral load by
ddPCR may be informative for further stratifying clinical outcomes in
HPV positive oropharyngeal cancer patients.’*° A list of some of the
viruses detected by ddPCR is shown in Table 1.

1.11 | Challenges and future perspectives
Microfluidics has a remarkable ability to enhance novel approaches
for detecting viral infections. Although ddPCR opens a new frontier
for viral detection, virologists have not adopted the ddPCR ap-
proach well.

Current ddPCR platforms need automation and cost reduction.
The ddPCR technique has a higher throughput than the qPCR, at a
similar cost per sample, but the instrument purchase initial costs
were not yet cost-effective.”’ besides this, it requires trained per-
sonnel to perform and interpret results. The availability of micro-
fluidic technologies is a critical barrier. Many reagents and
equipment are not available in underdeveloped countries where they
are more vulnerable to viral infections.

Owing to the droplets closed environment, it is also hardly
possible to exchange reagents or perform washing steps. Some
drawbacks of PCR-based approaches have been inherited. As ddPCR
is a PCR-based test method, only known sequences can be amplified.

In the future, ddPCR may face a few challenges as methods are
developed. By developing the method, some of them will get elimi-
nated or reduced. For example; one of the known drawbacks of
ddPCR is the observation of false-positive partitions in no template
control (NTC) well.®?”1112 However, the origin of the false-positives
droplet in NTC samples has not yet been determined, but some
simple considerations, such as adjusting the fluorescence threshold
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Finding

LOD is 10 times lower than that of an RT-qPCR.

Two-step RT-ddPCR was less variable and more specific than
one-step RT-ddPCR.

ddPCR had a high degree of linearity, high specificity, and
JEV RT-ddPCR was more sensitive than real-time
RT-PCR.

MEDICAL VIROLOGY
TABLE 1 List of some of the viruses detected by ddPCR
Method Virus
One-step RT-ddPCR SVA
ddPCR HTLV-1 -
Two-step RT-ddPCR HPeV3
RT-ddPCR JEV
ddPCR RSV -

Micro RT-ddPCR Zika Virus

ddPCR has outstanding accuracy and sensitivity for samples
of low concentrations.

RT-ddPCR assay developed had similar specificity to the
routine RT-gPCR assay.

The results of ddPCR were consistent with that of next-
generation sequencing. Compared with gPCR, results of

RT-ddPCR dengue virus serotype 2
RT-ddPCR Zika virus -
ddPCR Anelloviruses -
ddPCR HCMV, herpes simplex virus,

EBV, and varicella-zoster

virus

ddPCR showed better consistency with the validity of
clinical treatment.

References
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Abbreviations: EBV, Epstein-Barr virus; HCMV, human cytomegalovirus; HPeV3, human par echovirus type 3; HTLV-1, human T-cell leukemia virus, type

1; JEV, Japanese encephalitis virus; LOD, limit of detection; RSV, respiratory syncytial virus; SVA, seneca virus A.

with software adjusting”* and bioinformatic pipelines,'®®

can sig-
nificantly reduce biases.

As the ddPCR instrument parts, including the droplet generation
instruments, thermocyclers, and droplet reader, usually have a
complex structure, a single device for digital PCR detection has been
designed with solar power for absolute quantitative detection of the
hepatitis B virus in human serum.*®” Portable rapid methods are one
of the growing fields of interest in molecular detection. Affordable
POCT devices are effective tools to monitor epidemics such as the
coronavirus outbreak of 2019. Recently, one-dollar microwell array-
based dPCR has amplified cDNA for the H7N9 influenza virus at a
concentration range of 1000-100,000 copies/ul.

ddPCR can integrate with other superior technologies such as
single-cell analysis methods and CRISPR gene editing (Figure 3).
Chinese researchers have introduced a PCR-based CRISPR-Cas13a
detection system (referred to as PCR-CRISPR) to detect HBV DNA
and drug resistance mutations.*¢®

The ddPCR technique has been extended to single-cell manip-
ulation, setting the stage for integrating DNA/RNA measurements
with upstream sample handling, such as single-cell manipulation.
High mutation rates and segmented genome viruses are significant
factors in the reduction of antiviral therapeutic efficacy. The het-
erogeneity of the genome segments of incomplete influenza A virus
is analyzed at a single cell level by ddPCR.*’® Tao et al.'’* have
developed a new viral infectivity assay using droplet-based micro-

fluidics."*” As a model, noroviruses (MNV) are incubated in many

picolitre droplets with host cells for one viral replication cycle fol-
lowed by ddPCR.

Droplet-based single-cell transcriptome analyses (scRNA-Seq)
systems such as Drop-seq, inDrop, and Chromium 10Xis are the most
common methodologies in the emerging scRNA-seq technique.’’®
The transcriptome of single human primary fibroblasts by drop-seq
procedure during the first hours of HSV-1 lytic infection gave a deep
insight into biological processes involving the early stages of HSV-1

infection.’®

scseg-RNA is a useful tool for virus-host analysis.
Fluorescence-activated cell sorting and magnetic-activated cell
sorting allow a biased selection of the cell population based on cell
size or shape. Microdroplet-based technologies enable unbiased
isolation of single cells. Today, ddPCR is used to generate cDNA
libraries in various SCRNA-Seq workflows to understand virus-host
interactions.*’”

Indirect noninvasive detection of disease via biomarkers often
referred to as “liquid biopsy,” has become more preferred than tra-
ditional invasive biopsies. Many of these biomarkers may be identi-
fied before the onset of the main disease's clinical symptoms. ddPCR
may be beneficial in detecting circulating tumor DNA (ctDNA), mi-
croRNAs, and/or viral DNAs/miRNAs in liquid biopsies for prostate
cancer diagnostic purposes, especially at the early stage of dis-
eases.'’® Cell-free DNA (cfDNA) is a promising biomarker for both
transplant rejection and tissue response monitoring. This provides an
excellent opportunity for the physician to benefit from personalized

immunosuppression.
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Microwell Array-based Digital
PCR

Fully automatic integrated con-
tinuous-flow digital PCR device
for absolute DNA quantification
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FIGURE 3 Integration of droplet-based microfluidic in various biological methods. (A) This figure shows a microwell array-based digital PCR
made by conventional soft lithography, Illustrated by a fluorescent microscope. The use of the microwell Array reduces generation, thermal
cycling, and reading of droplets cost.*®” Schematic diagram of a fully automatic integrated digital PCR device based on continuous-flow digital
PCR works with solar power. (B) Schema of the single-cell encapsulation, lysis, Tat-Rev spliced or unspliced cell-associated HIV-1 RNA
detection, and rescue of cellular genomic DNA and mRNA in droplets. Droplets are created by one of the bio print methods or microfluidic
chips. CD4+ T-cells were isolated from peripheral blood mononuclear cells (PBMCs). CD4+ T cells were washed and mixed 1:1 with ddPCR
master mix and cell lysis agent. Droplets generated, and cells are lysed inside the droplets, followed by PCR amplification of Tat-Rev spliced or
unspliced cell-associated HIV-1 RNA.*”° The schematic diagram shows a rapid, targeted, and culture-free viral infectivity assay in drop-based
microfluidics. murine norovirus strain MNV-1 that infect host cells, coencapsulated in droplets.**” (C) PCR-based CRISPR-Cas13a system.'”*
(D, E) A highly efficient microfluidic droplet-based platform to screen single virus particles for optimum vaccine candidate antigenic compounds.
Like the standard ELISA method, HIV-1 particles were incubated with alkaline phosphatase (AP)-labeled broadly neutralizing antibody PGT128.
Next, HIV-1 particles were bonded to AP were encapsulated separately in droplets, together with a fluorogenic substrate for AP (FDP). Finally,
the fluorescent intensity of each droplet was measured and sorted by another microfluidic device. Viruses were recovered, and NGS of the env
genes was performed after RT-PCR using specific primers for HIV-1 env.'”® 72 ELIS, enzyme-linked immunosorbent assay; mRNA,
messenger RNA
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The performance of ddPCR appeared sufficient to minimize the
duration of hospitalization as well as risk stratification. The appli-
cation of ddPCR in noninvasive monitoring of graft integrity after
liver transplantation (LTx) has been considered in HCV patients. The
plasma-derived cfDNA (GcfDNA) of 115 adults post-LTx was mea-
sured by ddPCR. The study results revealed that GcfDNA results
compared to assess conventional liver function enzymes had a high
sensitivity. It reduced the duration of discrimination of LTx patients
and 14 days.'”?

et al.'*’ showed that measuring cccDNA copy number in formalin-

with acute rejection between 7 Huang
fixed paraffin-embedded hepatocellular carcinoma tissue is sensitive
and specific."** The ddPCR method has been evaluated for the di-
agnosis of HPV DNA in serum. The high-sensitivity ddPCR detects
HPV E7 DNA in 61/70 (87%) serum specimens of HPV patients as-
sociated with invasive carcinomas, regardless of the initial tumor
sites.'®° The ability of ddPCR to measure HPV ctDNA to monitor the
efficacy of immune control point inhibitors has been demonstrated in
another case report study.'®*

DdPCR involved in the production of vaccines for emerging
viruses and antiviral drug development, especially in the single-virus
droplet.”? Although the application of the technique in the pro-
duction of vaccines is limited today, recent results have shown that
ddPCR is an effective and sensitive method to validation of vac-
cines*®? and contamination detection in attenuated vaccines.'®%18%
Due to the acceptable sensitivity of the test, ddPCR is implemented
with automation in support of multiple upstream and downstream
process development efforts for influenza vaccine manufacturing.*®°

In the dengue virus workflow, the RT-ddPCR assay will provide
absolute quantification of all four serotypes in a single multiplex
assay without the need for a standard curve. The assay also required
less time and reagent use and reduced technical error prob-
ability.®® Droplet-based amplification technologies considerably can
tolerate mismatch between the primers and target sequence. It has
raised expectations for diagnostic testing development, especially in
viruses such as Ebola, which has a high mutation rate.'’* High-
throughput ddPCR has shown speedy results in the bacteriophage
field compared to conventional counts of plaque-forming units
(PFUs) for enumerating phages, trace bacteria, and phage

concentrations.*®”

2 | CONCLUSIONS

The emerging ddPCR technique has been promising compared to
conventional methods. ddPCR has a high reproducibility and is sen-
sitive and accurate. ddPCR improves our knowledge of how the virus
works inside our host cell as well as developing precise virus de-
tection platforms. Although ddPCR improves on the inherent lim-
itations of conventional PCR, it requires the adoption of rigorous

quality control plans.
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