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Abstract: We present a cost-effective and simple multiplex nucleic acid quantification
method using droplet digital PCR (ddPCR) with digital melting curve analysis (MCA). This
approach eliminates the need for complex fluorescent probe design, reducing both costs
and dependence on fluorescence channels. We developed a convolutional neighborhood
search algorithm to correct droplet displacement during heating, ensuring precise tracking
and accurate extraction of melting curves. An experimental protocol for digital MCA on the
ddPCR platform was established, enabling accurate quantification of six target pathogen
genes using a single fluorescence channel, with an average accuracy of 85%. Our method
overcomes the multiplexing limitations of ddPCR, facilitating its application in multi-target
pathogen detection.

Keywords: multiplex detection; droplet digital PCR; digital melting curve analysis;
fluorescence imaging; molecular diagnostics

1. Introduction

Digital PCR has become increasingly important in nucleic acid quantification due to
its high sensitivity and absolute quantification capability [1-4]. This technique partitions
nucleic acid samples into tens of thousands of independent micro-reaction units, such as
micro-wells or micro-droplets, enabling the sensitive detection of extremely low concen-
trations of target nucleic acids [5-10]. Multiplex detection is crucial in clinical diagnostics,
particularly for infectious diseases, where co-infections involving multiple pathogens are
common. Infections such as bloodstream infections or meningitis often involve multiple
pathogens, making the ability to detect multiple targets simultaneously in a single reaction
essential for accurately identifying all pathogens in a sample [11-13]. Performing multi-
plex detection in a single reaction also improves sample conservation, reduces costs by
minimizing reagent and equipment usage, and simplifies the workflow, which is critical in
resource-limited settings and high-throughput environments. Furthermore, a single reac-
tion minimizes issues such as cross-contamination, inconsistent temperatures, and handling
complexities that may arise when using multiple wells. Digital PCR offers the potential
to precisely quantify multiple targets in a single test, improving diagnostic throughput,
conserving sample volumes, and reducing costs, particularly in resource-limited settings.
While digital PCR offers many advantages for quantitative nucleic acid analysis, multiplex
digital quantification of multiple target sequences in a single amplification assay remains
challenging. First, the number of fluorescent detection channels is physically limited, typ-
ically ranging from 1 to 6 channels [14-16]. Second, the necessity of designing specific
probes for each target gene, as well as ensuring uniformity across different fluorescent
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detection channels, complicates multiplex detection, affects sensitivity after amplification,
and increases detection costs [11,17]. Furthermore, as the number of target sequences
increases, the challenges for multiplex digital PCR become increasingly significant [18,19].

Melting Curve Analysis (MCA) is typically performed after qPCR amplification to
monitor DNA duplex denaturation during heating using fluorescent dyes (e.g., SYBR
Green). The melting curve is generated by tracking fluorescence intensity changes with
temperature, allowing for specific identification of amplified fragments based on their
unique characteristics [20]. Fluorescent dyes-based MCA is a cost-effective method for
multiplex nucleic acid detection, enabling differentiation of various targets by analyzing
the melting characteristics of distinct gene fragments during heating, independent of the
number of fluorescence channels. However, its current implementation in qPCR systems is
primarily a qualitative technique and cannot be used for accurate quantification [21-23].
Digital MCA offers distinct advantages over traditional qPCR-based MCA, particularly
its ability to perform multiplex detection and provide absolute quantification, capabilities
that are more challenging to achieve accurately with qPCR. By analyzing the melting
temperatures of various nucleic acid templates, digital MCA can effectively distinguish
multiple target signals and facilitate multiplex quantitative analysis.

Currently, almost all reported research on digital MCA primarily relies on digital PCR
platforms based on micro-well chips, where the fixed positions of the micro-wells enable sim-
ple extraction of melting curves from positive micro-wells [24-28]. However, these micro-well
chips require photolithography or etching techniques to create tens of thousands of uniformly
sized micro-wells on substrate materials like silicon wafers and quartz glass. The chip man-
ufacturing process is both complex and costly, and minor errors in micro-well fabrication
can directly affect the accuracy of nucleic acid quantification. The high costs of micro-well
chip manufacturing have limited its broader use in digital MCA for multiplex nucleic acid
assays [28]. Compared with micro-well chips, droplet-based microfluidic platforms offer
superior flexibility by enabling the generation, control, and manipulation of discrete liquid
volumes. These platforms facilitate precise handling of individual droplets for processes such
as mixing, separation, analysis, and chemical reactions. The ability to generate large quanti-
ties of uniform droplets significantly enhances throughput, reliability, and cost-effectiveness,
making them particularly useful in biomedical applications, including diagnostics, drug
delivery, high-throughput screening, and digital PCR [29-32]. Digital PCR technology based
on planar micro-droplet arrays provides significant advantages in operational flexibility and
cost-effectiveness, demonstrating its greater potential for broader applicability [5,19,26,33].

In this study, we introduce a digital MCA method for multiplex nucleic acid quantifica-
tion using a chip-free droplet digital PCR (ddPCR) platform based on interfacial vibration
injection technology. However, when using this ddPCR platform, temperature variations
can cause shifts in droplet position and shape, presenting challenges for melting curve
extraction. So, accurately extracting the melting curve for each positive droplet necessitates
precise correction of droplet positions during heating. In this study, we developed a convo-
lutional neighborhood search algorithm to correct the displacement of positive droplets
in each fluorescence image captured during the heating process. This method allows for
accurate extraction of melting curves for target gene sequences within each positive droplet.

To evaluate multiplex detection performance, we selected six gene fragments targeting com-
mon respiratory bacterial pathogens—Staphylococcus aureus (cap5F), Escherichia coli (uidA),
Klebsiella pneumoniae (yfkN), Acinetobacter baumannii (iucD), Haemophilus influenzae (atoE),
and Streptococcus pneumoniae (lytA)—based on distinct melting temperatures calculated using
the uMELT Quartz software (version 3.6.2) [34], enabling digital melt curve analysis (MCA) via
the ddPCR system. The melting temperatures of each target fragment were determined using
digital MCA and validated by high-resolution melting curve (HRM) analysis with real-time
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qPCR (RT-qPCR) instruments. Our experimental results demonstrated the effectiveness and
feasibility of digital MCA for 2- to 6-plex nucleic acid quantification using a single fluorescence
channel. The experimental results demonstrate that digital MCA, performed on a droplet
array-based digital PCR platform, enables highly accurate multiplex molecular quantification.

2. Method and Materials
2.1. Experimental Instrument and Setup

In this study, the experiments of multiplex digital PCR based on melting curve analysis
were performed using the Sniper DQ24 ddPCR system (Sniper Medical Technology Co., Ltd.,
Suzhou, China) for ddPCR and melting curve analysis. The SLAN-96P RT-qPCR instrument
(Hongshi Medical Technology Co., Ltd., Shanghai, China) was utilized to conduct HRM
analysis to validate the accuracy of our digital melting curve analysis. Sample separation
was performed using the Sigma 3K15 desktop high-speed centrifuge (Sigma Laborzentrifu-
gen GmbH, Osterode am Harz, Germany), followed by sample mixing and preparation
with the MINI-12G simple centrifuge and QQXH-E oscillation mixer (Qigian Electronic
Technology Co., Ltd., Shanghai, China). Nucleic acid concentration was quantified using
the Nano-300 microspectrophotometer (Aosheng Instrument Co., Ltd., Hangzhou, China).

2.2. Materials and Samples

For ddPCR experiments, the target amplification fragment was inserted into the pUC57
vector plasmid following artificial synthesis. The DNA sequence, along with upstream and
downstream primers, was synthesized by Beijing Tsingke Biotech Co., Ltd. (Beijing, China).
ddPCR consumables, including droplet generation oil, reagents, and kits, were provided by
Sniper Medical Technology Co., Ltd. (Suzhou, China). Centrifuge tubes were obtained from
Sangon Biotech Co., Ltd. (Shanghai, China). ROX reference dyes, which are used for signal
normalization and compensation of fluorescence variations, were sourced from Shanghai
BioScience Co., Ltd. (Shanghai, China). EvaGreen fluorescent dyes, which are utilized for
real-time monitoring of the melting curve in each detected positive droplet, were obtained
from Biotium, Inc. (Fremont, CA, USA). We chose EvaGreen, a saturated DNA dye, for
melting curve analysis due to is high specificity, low background, and efficient binding
to all minor grooves of double-stranded DNA, ensuring accurate melting profiles with
minimal PCR interference [35-37]. The primer sequences are provided in Table S1.

2.3. Workflow of Multiplex ddPCR Detection Using Digital MCA

As shown in Figure 1, the nucleic acid samples for ddPCR (Figure 1A) were uniformly
partitioned into 20,000 microdroplets, each with a volume of 0.8 nL (Figure 1B). PCR ampli-
fication was then performed with 40 thermal cycles within each droplet (Figure 1C). After
ddPCR amplification, an endpoint fluorescence image of the droplet array was captured, and
the droplets were initially classified as positive or negative (Figure 1D). As the temperature
increased, the fluorescence signals of positive droplets were tracked (Figure 1E), generating
their melting peaks (Figure 1F). The number of positive droplets within the specific Tm range
of each target’s melting peak was counted. Subtracting this from the total droplet count yielded
the number of negative droplets for each target. The target concentration was then calculated
using the Poisson distribution model based on the negative droplet count (Figure 1G).

Following the schematic of the digital MCA shown in Figure 1, Figure 2 illustrates the
three key functional modules of the ddPCR system (Sniper DQ24) used in our study. The
droplet generation module utilizes an interface emulsification method driven by injection
vibration technology. In this process, the ddPCR reaction mixture (including nucleic acid
samples) is injected into the oil phase using a syringe pump. The liquid sample containing
the ddPCR reagents is emulsified into tens of thousands of uniform water-in-oil droplets as
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the vibrating tip induces shear forces at the oil-water interface, causing the two phases to
mix. The droplet size can be controlled by adjusting the liquid flow rate and the vibration
frequency of the tip. The fluorescence collection module captures fluorescence signals from
the droplets after PCR amplification, enabling differentiation between positive and negative
droplets. Additionally, the module monitors dynamic changes in fluorescence during the
temperature ramp-up phase for melt curve analysis. The heating module provides precise
thermal control for the ddPCR cycling and digital MCA. Together, these functional modules
enable the integrated workflow for digital MCA.
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Figure 1. Schematic diagram of the digital PCR melting curve analysis, with details as follows: (A) A
tube of nucleic acid sample is prepared for testing. (B) The sample is distributed into approximately
20,000 microdroplets of 0.8 nL, each using vibration injection technology on the ddPCR platform.
(C) A total of 40 cycles of PCR amplification are performed for each droplet. (D) After the amplification
is complete, the fluorescence images of the microdroplet array are captured. (E) A series of droplet
array images are captured during heating. (F) The melting peak profiles of positive droplets can be
obtained by taking the negative derivative of the melting curves, which are derived from the changes
in the fluorescence signals from these droplets. (G) The positive droplets within the target’s Tm range
are counted, which, along with the derived negative droplet count, allows for target concentration
quantification using the Poisson distribution model.

Droplet Generation Module |

Syringe pump ———o

Fluorescence Collection Module

Figure 2. Structure and functional modules of the ddPCR platform used in this study. The platform
is composed of three key modules: droplet generation, fluorescence collection, and heating. The
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droplet generation module employs an interfacial emulsification method driven by injection vibration
technology to generate uniform water-in-oil droplet array. The fluorescence collection module
captures the fluorescence signals from the amplified droplets, while the heating module regulates the
temperature for PCR cycling and digital MCA.

2.4. Droplet Micro-Displacement Correction and Melting Curve Extraction

After amplification, the droplet array undergoes further heating, leading to the micro-
displacement of the droplets. To accurately extract the melting curves, it is essential to
precisely identify and track each droplet during the heating process. Observing that
the micro-displacement of nearly all droplets is actually smaller than their radius, we
developed a convolutional neighborhood search algorithm to correct the center position
of each displaced droplet (Figure 3). This algorithm can quickly track and locate each
droplet at various temperatures, eliminating the redundant process of reidentifying and
repositioning droplets in each frame of the fluorescence images.

Start
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Determine the Droplet center
dm[.)le:t.center of — migration record
the initial frame I OCUrIenE
The K-th frame l
Image Update the center
@ sequence+1 of the droplet
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Figure 3. Schematic diagram (A) and flowchart (B) of the convolutional neighborhood search
algorithm for droplet displacement correction.

To correct the droplet position, our algorithm utilizes a square convolution window of
size Nr x Nr, where Nr corresponds to the average droplet radius in pixels. Each position
in the convolution kernel is assigned a uniform weight of 1. Due to the gradient in gray
values—decreasing from the center to the edge of each droplet—, the convolution operation
consistently produces a regional maximum near the droplet center in the resulting matrix.
As shown in Figure 3A, during the heating process, the displacement of droplets A and
B between the k-th and (k + 1)-th frames typically does not exceed their radius. So, the
droplet center from the previous frame is chosen as the seed point. The algorithm then
searches for the maximum value within the Nr x Nr neighborhood around the seed point
in the convolution result matrix. The index corresponding to this maximum value is then
updated to represent the new center of the droplet. The flowchart of the convolutional
neighborhood search algorithm is illustrated in Figure 3B.
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The droplet melting curve illustrates the variation in fluorescence intensity during heating.
Through the displacement correction, each droplet’s position at different temperatures can be
accurately determined. So, the melting curve from each droplet can be derived by summing
the image gray values, which represent the relative fluorescence intensity. The relative
fluorescence unit (RFU) of a single droplet at a specific temperature is defined as follows:

RFU = h(x;,v;), (1)

where (x;, y;) is the coordinates of the droplet center, /i(x,y) represents the result of the
convolution between the positive droplet image I(x, y) and the square convolution kernel G.
The convolution can be calculated as follows:

h(x,y) = G*I(x,y), )

where the square convolution kernel G has an odd side length of at least the droplet diameter,
with weights of 1 assigned to the droplet region and 0 assigned to areas outside the droplet.
After the droplet displacement correction, the fluorescence images collected at each tempera-
ture are used for the calculation of droplet RFU according to the resulting convolution matrix.
Next, the variation curve of droplet RFU versus temperature is generated, and the droplet
melting peak profile is derived from the negative first-order derivative of this original melting
curve. The temperature at which the characteristic melting peak of the droplet melting curve
occurs is defined as the melting temperature, determined using a peak detection algorithm.
In melting curve analysis, as the temperature increases, the DNA duplex undergoes denatura-
tion, transitioning into single strands, which results in a marked change in fluorescence. The
most prominent fluorescence change occurs at the melting temperature (Tm). To accurately
determine the Tm, the negative first-order derivative of the melting curve is commonly used.
This approach highlights the rate of fluorescence change and identifies the point of maximum
variation during denaturation. The use of the derivative helps overcome the challenge that
the original melting curve may become too shallow at higher temperatures, making the Tm
harder to pinpoint accurately. By analyzing the negative derivative of the curve, the melting
peak is more clearly defined, enabling a precise determination of Tm.

2.5. Experimental Protocol Design for Digital MCA Using ddPCR

In single-target ddPCR experiments, the reaction mixture for each digital PCR amplifi-
cation had a total volume of 22 uL, consisting of 11 uL of PCR Mix, 0.5 pL of 25 pmol/L
ROX, 1 pL of 20x EvaGreen, 1 pL of forward primer (10 umol/L), 1 uL of reverse primer
(10 umol/L), 3 uL of template, and 4.5 uL of aseptic, enzyme-free water.

The digital MCA protocol is illustrated in Figure 4. After generating the droplet
array, it is heated at 60 °C for 5 min to ensure that the droplets are fully spread out and
uniformly distributed before amplification. The PCR amplification begins with an initial
denaturation at 95 °C for 5 min, during which the hot start polymerase is activated. PCR
amplification is performed over 40 cycles, each consisting of 10 s of denaturation at 95 °C
and 20 s of annealing /extension at 60 °C, taking approximately 40 min in total. Following
amplification, the melting curve analysis begins by gradually heating the droplet array
from 60 °C to 95 °C, with a 0.5 °C increment at each step. Accordingly, the fluorescence
images of the droplet array are captured at every 0.5 °C, with a 5 s exposure time for each
image. This phase takes approximately 30 min, followed by 10 min for data processing.
In total, the entire process takes about 1 h and 35 min.

For the multiplex digital PCR assay, each reaction mixture has a final volume of 22 uL,
comprising 11 uL PCR mix, 3 pL target DNA template at a specified concentration, 1 puL
each of forward and reverse primers (10 umol/L), 1 uL EvaGreen dye (20x), and 0.5 pL
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ROX reference dye (25 pmol/L). In 2- to 6-plex assays, the primer mixture contained 2 to
6 distinct primer sets.

Preparation Amplification Melt
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Figure 4. Protocol for digital MCA on the ddPCR platform.

3. Results and Discussion
3.1. Fluorescence Image Acquisition and Droplet Tracking

DNA melting curves are influenced by factors such as nucleotide sequence, guanine-
cytosine (GC) content, amplicon length, and the composition of the PCR solution (e.g., salt
concentration). These factors collectively determine the distinct melting profiles of different
DNA sequences in digital MCA.

In our study, Tm values for the target genes were calculated using the uMELT Quartz
software [34], which applies a sophisticated thermodynamic model that accounts for these
multiple factors. The software predicts high-precision melting curves and Tm values by
simulating the melting process without relying on a simple formula. In this work, we selected
target gene fragments from six pathogenic bacteria associated with infectious diseases (cap5F,
iucD, lytA, atoE, uidA, and yfkN) for multiplex detection analysis using digital MCA.

Figure 5 illustrates the image sequence of droplet arrays, each containing one of the
six target genes, captured from a single fluorescence channel as the temperature increases.
The first column shows the endpoint fluorescence images, captured after amplification for
each target gene fragment, which are used to distinguish positive and negative droplets for
ddPCR assays. The subsequent columns demonstrate the corresponding melting profiles,
generated based on temperature-induced fluorescence changes.

Figure 5 shows that the fluorescence decay of the six target gene fragments exhibits
different decay trends with increasing temperature. Melting temperatures are essential for
capturing fluorescence image sequences in digital MCA, as they denote the specific temper-
atures at which nucleic acid fragments denature. Near these temperatures, fluorescence
signals from droplet images experience significant changes. We first calculated the melting
temperature (Tm,,) of six target gene individually by using the uMELT Quartz software.
The predicted melting temperatures allow us to establish optimal temperature sampling
windows, ensuring we capture critical fluctuations in fluorescence signals. Consequently,
the fluorescence images of the droplet array were captured every 0.5 °C during the heating
process from 65 °C to 92 °C.
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Figure 5. Fluorescence images of droplet arrays, each containing a single target gene fragment: (A) cap5F,
(B) iucD, (C) lytA, (D) atoE, (E) uidA, and (F) yfkN, captured at different temperatures.

By applying the convolutional neighborhood search method, the positions of droplets
experiencing slight displacement due to heating were efficiently corrected in fluorescence
images captured at different temperatures, enabling the extraction of target gene melting curves
from each positive droplet. Figure 6 demonstrates the effectiveness of this micro-displacement
correction for droplet tracking. As shown in the fluorescence images captured at 60 °C and
90 °C, some droplets (indicated by white arrows) exhibited slight displacement with increasing
temperature but were still accurately tracked and identified (highlighted by red circles).

Figure 6. Droplet tracking through the micro-displacement correction method. The droplets (indi-
cated by white arrows) at 60 °C (A) are accurately localized after minor displacement at 90 °C (B).
Correctly identified droplets are highlighted by red circles.
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3.2. Calculation of Melting Temperatures via Digital MCA

By accurately tracking droplets using the micro-displacement correction method, we
successfully extracted the melting curves from the droplet image sequence, illustrating the
fluorescence signal variation as the temperature increased (Figure 7A). From these melting
curves, we further calculated the derivative to obtain the characteristic melting peak profile
(Figure 7B), which allowed us to determine the melting temperatures (T 4pcRr) for the
six target fragments. To verify the accuracy of our digital MCA for specific target sequences,
we performed high-resolution MCA at a temperature sampling rate of 0.013 °C on the
same target samples using RT-qPCR. This generated both the melting curve (Figure 7C)
and the corresponding melting peak profile (Figure 7D) for the precise determination of the
melting temperature (Tm,pcr). Compared to the HRM curves (Figure 7C,D) obtained from
the gPCR platform, droplet melting curves for target fragments exhibit minor noise but
maintain a similar overall profile (Figure 7A,C), with nearly identical characteristic melting
peaks (Figure 7B,D). This confirms the validity of our digital melting curve analysis.

The Tm values of cap5F, iucD, lytA, atoE, uidA, and yfkN, obtained from uMELT
Quartz software (version 3.6.2), RT-qPCR, and ddPCR, respectively, are shown in Table 1
for comparison.

Table 1. Comparison of the melting temperature Tm by calculation, qPCR and ddPCR of different
target fragment.

Target Fragment Amplicon Length (bp) Tmg, (°C) Tmgpcg (°C) Tmgapcr (°C)
capSF 175 77.75 78.52 + 0.05 77.25 + 0.65
iucD 193 79.50 80.37 £+ 0.10 79.00 + 0.50
IytA 110 81.75 81.83 £+ 0.03 80.50 + 0.50
atoE 168 84.00 83.97 + 0.08 82.75 + 0.65
uidA 215 86.00 85.68 £ 0.11 84.50 + 0.50
yfkN 223 90.00 88.77 + 0.11 87.25 + 0.65

As illustrated in Table 1, the melting temperatures (Tm  pcr) obtained from the
digital melting curves are slightly lower than Tm,pcr derived from the HRM curves, with
an average maximum difference of 1.1 °C. This slight Tm reduction can be attributed
to two factors: the smaller, more dispersed reaction volumes in ddPCR, which improve
heating efficiency, and the lower sampling frequency of digital melting curves, calculated
using a forward-difference method that introduces minor sampling errors.

3.3. Experimental Validation of Multiplex Nucleic Acid Detection Using Digital MCA

To achieve multiplex nucleic acid quantification on the ddPCR platform using digital
MCA, we designed fragment combinations for multiplex amplification based on the melting
temperature distributions of six amplicons and their single-plex quantification accuracy, as
illustrated in Table 2.

Table 2. Designed combinations of target fragments for multiplex detection using digital MCA.

Target cap5F iucD IytA atoE uidA yfkN

2-plex
3-plex
3-plex
4-plex
4-plex
5-plex
6-plex

+ —
-~ +

I+ + 1

+

Note: “+” denotes the presence of specific target fragments and “—" indicates their absence.

+ A+ + A+
+ A+

+ 4+
A+
e S R
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Figure 7. The original digital melting curve (A) after droplet digital PCR and its corresponding
characteristic melting peak (B), derived from discrete differentiation of the original curve. The
high-resolution melting curve (C) generated from RT-qPCR and its characteristic melting peak (D),
calculated through discrete differentiation of the original high-resolution melting curve.

In this study, each melting curve corresponds to a specific droplet in the droplet array,
with the melting temperature determined by the target molecules present in each droplet.
After ddPCR amplification, fluorescence images of the droplet array are captured to classify
each droplet as positive or negative based on fluorescence intensity. Positive droplets
indicate the presence of at least one amplified target sequence, while negative droplets
exhibit little or no fluorescence. The droplets are then subjected to melting curve analysis.
As the temperature increases, each droplet’s fluorescence signal is monitored, revealing its
unique melting profile. This profile corresponds to the specific Tm range of each target’s
melting peak, which is distinct for each target. The number of positive droplets whose
melting profiles match the Tm range of a given target is counted, and the number of
negative droplets is determined by subtracting the positive droplets from the total droplet
count. This step ensures that droplets are categorized based on their specific Tm range,
rather than the intensity or height of the melting peaks. Finally, the concentration of each
target is calculated using the Poisson distribution model, based on the count of negative
droplets. In this approach, melting curve analysis is crucial for target differentiation and
accurate droplet classification, which forms the basis for multiplex digital quantification.

Figure 8A-G illustrates the original melting curve along with the corresponding
melting peak profiles for 2- to 6-plex ddPCR detection. As shown in Figure 8A, for the
2-plex detection, droplets containing only cap5F target fragments show a melting peak
at 77 °C, while droplets containing only atoE target molecules exhibit a melting peak at
82.5 °C. Importantly, droplets containing both target molecules display two distinct melting
peaks, each corresponding to one of the target sequences. This clear distinction between
melting peaks allows us to identify and quantify each target within the same droplet, a
feature that distinguishes our approach from conventional fluorescence-based multiplex
PCR methods, which are prone to fluorescence cross-talk and channel interference. For
the 3- to 6-plex detection (Figure 8B-G), we observe similar results, with each target
displaying a unique melting peak within the melting curve. Notably, even as the number of
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targets increases, melting temperature separation remains clear, allowing for the accurate
identification and quantification of each target even at higher multiplex levels. This is
typically not achievable with traditional methods, where increasing the target number
often leads to overlapping signals and reduced quantification accuracy. By using a single
fluorescence channel for dye-based melting curve analysis, our method enables multiplex
detection without relying solely on the number of fluorescence channels, thus reducing
costs and simplifying the experimental setup. This makes digital MCA particularly suited
for high-throughput applications and point-of-care diagnostics, where minimizing both
complexity and cost is essential.
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Figure 8. Digital melting curves (A-G: left) and corresponding melting peak profiles (A-G: right) of
nucleic acid fragments within all positive droplets for 2- to 6-plex ddPCR assays. Different colored
bars indicate the melting peaks for six target nucleic acid sequences: red for cap5F, blue for atoE,
yellow for uidA, green for yfkN, purple for lytA, and cyan for iucD.

3.4. Quantitative Accuracy of Multiplex Nucleic Acid Detection

In Figure 9A, we show the regression analysis between the calculated concentration
(Ceqr) from the digital MCA in 2- to 6-plex ddPCR tests, and the corresponding refer-
ence template concentration (C,.f). The strong linear correlation (R? > 0.98) between these
two variables confirms the reliability and accuracy of our digital MCA method. This strong
correlation indicates that the digital MCA method can provide accurate and reproducible
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nucleic acid quantification, even in complex multiplex assays with up to 6 targets. This result
shows a significant advantage over conventional multiplex JPCR methods, as digital melt
curve analysis not only enables the simultaneous detection of multiple targets but also allows
for high-precision absolute quantification of each target. Meanwhile, relative quantification
accuracy using the digital MCA method is determined by the ratio of C,; to Cy,¢. In Figure 9B,
we examine the relationship between multiplexing levels and quantification accuracy. As ex-
pected, accuracy declines with an increase in the number of targets, with an average accuracy
of 92% in 2-plex detection, decreasing to approximately 85% in 6-plex detection. This decrease
is attributable to several factors inherent to multiplex ddPCR experiments, including primer
compatibility, competitive binding within the droplets, and nonspecific amplification [38]. As
the number of primers increases in a droplet, nonspecific interactions rise, leading to reduced
amplification efficiency for each individual target. Consequently, some droplets may contain
insufficiently amplified target fragments, resulting in false negatives during melting curve
analysis. These issues, however, are not unique to our method and are common challenges
in multiplex PCR assays. Despite these challenges, our method performs exceptionally well,
maintaining 85% quantification accuracy even in 6-plex detection.
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Figure 9. Quantitative accuracy of multiplex nucleic acid detection based on digital MCA: (A) Linear
correlation between target gene concentrations calculated from multiplex quantification and reference
template concentrations. (B) Relationship between multiplex quantitative accuracy and the number
of target genes.

As demonstrated in Figures 8 and 9, by establishing a reliable digital melting curve
analysis (MCA) method on the planar droplet ddPCR platform, we enable multiplex
detection using a single fluorescence channel and fluorescent dyes. This approach addresses
key limitations of traditional ddPCR, including reliance on multiple fluorescence channels,
complex probe design, and the associated costs and risks of signal cross-talk. The simplicity
of fluorescent dyes makes our method not only more cost-effective but also scalable,
especially in resource-limited environments, thereby overcoming the traditional limitations
of ddPCR in multiplex applications.

In our ddPCR system, limited temperature control precision (0.5 °C) poses a challenge
for digital MCA. When the melting temperature differences between target genes are
smaller than 0.5 °C, distinguishing their melting peaks becomes difficult. To address this
issue, enhancing temperature control precision or using higher-resolution sampling can
improve peak differentiation. Additionally, selecting target genes with greater melting
temperature differences can reduce peak overlap and improve analysis accuracy.
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In this work, the dye-based melting curve analysis method is simple and cost-effective.
However, dye-based fluorescence detection is prone to interference from primer dimers,
which can reduce the accuracy. Therefore, optimizing primer design to minimize dimer for-
mation is essential for enhancing the accuracy and specificity of multiplex detection. Finally,
integrating advanced data analysis algorithms and machine learning tools will facilitate
more effective interpretation of melting curve data, ultimately increasing the sensitivity
and accuracy of multiplex detection. These strategies will enable better identification and
differentiation of similar melting curves, thereby improving overall detection performance.

While multiplex detection with non-specific dsSDNA binding dyes is feasible in gPCR,
it is primarily qualitative and lacks precise quantification, especially in complex samples.
In contrast, our ddPCR-based digital MCA approach enables both accurate detection and
quantification of multiple targets within a single reaction. This makes it particularly effec-
tive for detecting and quantifying multiple pathogens, including co-infections, providing a
powerful tool for infectious disease diagnostics.

This study successfully demonstrates multiplex quantitative detection of six targets
using a single fluorescence channel on the ddPCR platform, highlighting the feasibility of
multiplexing with limited fluorescence channels. Building on this approach, integrating
additional fluorescence channels offers the potential for ultra-high multiplex detection in
the future. However, challenges such as optimizing channel integration and managing
fluorescence interference at higher multiplex levels must be addressed to ensure accuracy.
These advancements could enhance diagnostic capabilities, enabling broader applications
in molecular diagnostics and clinical testing.

4. Conclusions

In this study, we presented a fluorescent dye-based digital melting curve analysis (MCA)
approach for multiplex detection using a ddPCR platform. We developed a convolutional
neighborhood search algorithm to correct droplet position shifts during heating, enabling
precise extraction of melting curves from positive droplets. To reliably capture fluorescence
variation during heating, we designed a digital MCA protocol that integrates temperature
control and fluorescence imaging of the droplet array. We validated this method by simultane-
ously detecting six target fragments from six common pathogens using a single fluorescence
detection channel on the ddPCR platform, achieving an average accuracy of 85%. The melting
temperatures (Tm) of each target fragment were determined through digital MCA and further
confirmed by HRM with RT-qPCR instruments. In conclusion, we introduced a novel method
for multiplex quantitative detection of six targets using a single fluorescence channel on
the ddPCR platform. This approach addresses current multiplexing limitations and offers a
cost-effective, accurate solution for nucleic acid quantification. The integration of additional
fluorescence channels in the future could further enhance multiplexing capabilities, enabling
ultra-high multiplex detection. These advancements have significant potential to advance
molecular diagnostics and expand the clinical applications of ddPCR.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390 /bios15010036/s1: Table S1: Primer sequence used for multiplex nucleic acid
detection using digital MCA.

Author Contributions: X.D.: Investigation, data curation, validation, writing—original draft; M.C.:
investigation, formal analysis, visualization, software; Z.W.: project administration, supervision,
funding acquisition, conceptualization, methodology, investigation, resources, writing—original
draft, writing—review and editing; X.D. and M.C. contributed equally to this work. All authors have
read and agreed to the published version of the manuscript.


https://www.mdpi.com/article/10.3390/bios15010036/s1
https://www.mdpi.com/article/10.3390/bios15010036/s1

Biosensors 2025, 15, 36 14 of 15

Funding: This research was financially supported by the National Key Research and Development
Program of China (2021YFE0200400).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data supporting the findings of this study are available within the
article and its Supplementary Materials. Additional data can be obtained from the corresponding
author upon reasonable request.

Acknowledgments: We acknowledge Xiuchun Li for her valuable discussions and support in the
experimental design of droplet digital PCR.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

Nyaruaba, R.; Mwaliko, C.; Dobnik, D.; Neuzil, P.; Amoth, P; Mwau, M.; Yu, ].; Yang, H.; Wei, H. Digital PCR Applications in the
SARS-CoV-2/COVID-19 Era: A Roadmap for Future Outbreaks. Clin. Microbiol. Rev. 2022, 35, e0016821. [CrossRef]

Quan, P--L.; Sauzade, M.; Brouzes, E. dPCR: A Technology Review. Sensors 2018, 18, 1271. [CrossRef] [PubMed]

Sancha Dominguez, L.; Cotos Suarez, A.; Sdnchez Ledesma, M.; Muiioz Bellido, J.L. Present and Future Applications of Digital
PCR in Infectious Diseases Diagnosis. Diagnostics 2024, 14, 931. [CrossRef] [PubMed]

Hindson, B.J.; Ness, K.D.; Masquelier, D.A.; Belgrader, P.; Heredia, N.J.; Makarewicz, A.J.; Bright, L].; Lucero, M.Y.; Hiddessen, A.L.;
Legler, T.C.; et al. High-Throughput Droplet Digital PCR System for Absolute Quantitation of DNA Copy Number. Anal. Chem.
2011, 83, 8604-8610. [CrossRef]

Aralar, A.; Yuan, Y.; Chen, K,; Geng, Y.; Ortiz Velez, D.; Sinha, M.; Lawrence, S.M.; Fraley, S.I. Improving Quantitative Power in
Digital PCR through Digital High-Resolution Melting. ]. Clin. Microbiol. 2020, 58, €00325-20. [CrossRef] [PubMed]

Caliendo, A.M. Multiplex PCR and Emerging Technologies for the Detection of Respiratory Pathogens. Clin. Infect. Dis. 2011,
52 (Suppl. S4), S326-5330. [CrossRef] [PubMed]

Wang, P; Qu, T.; Zhao, X.; Ge, Y.; Chen, Y. An Efficient Droplet Digital PCR Approach for Detection DNA at Low Concentrations
of Toxigenic Fungi in Food Products. Food Anal. Methods 2022, 15, 1695-1706. [CrossRef]

Hossain, M.A.M.; Uddin, S.M.K,; Sultana, S.; Bonny, S.Q.; Khan, M.E,; Chowdhury, Z.Z.; Johan, M.R.; Ali, M.E. Heptaplex
Polymerase Chain Reaction Assay for the Simultaneous Detection of Beef, Buffalo, Chicken, Cat, Dog, Pork, and Fish in Raw and
Heat-Treated Food Products. J. Agric. Food Chem. 2019, 67, 8268-8278. [CrossRef] [PubMed]

Krause, ].C.; Panning, M.; Hengel, H.; Henneke, P. The Role of Multiplex PCR in Respiratory Tract Infections in Children. Dtsch.
Arztebl. Int. 2014, 111, 639-645. [CrossRef]

Liu, Y,; Cao, Y.; Wang, T.; Dong, Q.; Li, J.; Niu, C. Detection of 12 Common Food-Borne Bacterial Pathogens by TagMan Real-Time
PCR Using a Single Set of Reaction Conditions. Front. Microbiol. 2019, 10, 222. [CrossRef]

Nakagawa, T.; Tanaka, J.; Harada, K.; Shiratori, A.; Shimazaki, Y.; Yokoi, T.; Uematsu, C.; Kohara, Y. 10-Plex Digital Polymerase
Chain Reaction with Four-Color Melting Curve Analysis for Simultaneous KRAS and BRAF Genotyping. Anal. Chem. 2020,
92,11705-11713. [CrossRef] [PubMed]

Albuquerque, R.C.; Moreno, A.C.R,; Dos Santos, S.R.; Ragazzi, S.L.B.; Martinez, M.B. Multiplex-PCR for Diagnosis of Bacterial
Meningitis. Braz. |. Microbiol. 2019, 50, 435-443. [CrossRef] [PubMed]

Tsalik, E.L.; Jones, D.; Nicholson, B.; Waring, L.; Liesenfeld, O.; Park, L.P; Glickman, SW.; Caram, L.B.; Langley, R]J;
van Velkinburgh, J.C.; et al. Multiplex PCR to Diagnose Bloodstream Infections in Patients Admitted from the Emergency
Department with Sepsis. J. Clin. Microbiol. 2010, 48, 26-33. [CrossRef]

Ganova, M.; Zhang, H.; Zhu, H.; Korabe¢nd, M.; Neuzil, P. Multiplexed Digital Polymerase Chain Reaction as a Powerful
Diagnostic Tool. Biosens. Bioelectron. 2021, 181, 113155. [CrossRef]

Dharavath, B.; Yadav, N.; Desai, S.; Sunder, R.; Mishra, R.; Ketkar, M.; Bhanshe, P.; Gupta, A.; Redhu, A K,; Patkar, N.; et al.
A One-Step, One-Tube Real-Time RT-PCR Based Assay with an Automated Analysis for Detection of SARS-CoV-2. Heliyon 2020,
6, €04405. [CrossRef]

Neopane, P.; Nypaver, J.; Shrestha, R.; Beqaj, S. Performance Evaluation of TagMan SARS-CoV-2, Flu A/B, RSV RT-PCR Multiplex
Assay for the Detection of Respiratory Viruses. Infect. Drug Resist. 2022, 15, 5411-5423. [CrossRef]

Suh, S.-M.; Kim, M.-J.; Kim, H.-L; Kim, H.-J.; Kim, H.-Y. A Multiplex PCR Assay Combined with Capillary Electrophoresis for the
Simultaneous Detection of Tropomyosin Allergens from Oyster, Mussel, Abalone, and Clam Mollusk Species. Food Chemistry
2020, 317, 126451. [CrossRef]


https://doi.org/10.1128/cmr.00168-21
https://doi.org/10.3390/s18041271
https://www.ncbi.nlm.nih.gov/pubmed/29677144
https://doi.org/10.3390/diagnostics14090931
https://www.ncbi.nlm.nih.gov/pubmed/38732345
https://doi.org/10.1021/ac202028g
https://doi.org/10.1128/JCM.00325-20
https://www.ncbi.nlm.nih.gov/pubmed/32295887
https://doi.org/10.1093/cid/cir047
https://www.ncbi.nlm.nih.gov/pubmed/21460291
https://doi.org/10.1007/s12161-022-02236-z
https://doi.org/10.1021/acs.jafc.9b02518
https://www.ncbi.nlm.nih.gov/pubmed/31283221
https://doi.org/10.3238/arztebl.2014.0639
https://doi.org/10.3389/fmicb.2019.00222
https://doi.org/10.1021/acs.analchem.0c01704
https://www.ncbi.nlm.nih.gov/pubmed/32786457
https://doi.org/10.1007/s42770-019-00055-9
https://www.ncbi.nlm.nih.gov/pubmed/30796713
https://doi.org/10.1128/JCM.01447-09
https://doi.org/10.1016/j.bios.2021.113155
https://doi.org/10.1016/j.heliyon.2020.e04405
https://doi.org/10.2147/IDR.S373748
https://doi.org/10.1016/j.foodchem.2020.126451

Biosensors 2025, 15, 36 15 of 15

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Yu, Y,; Yu, Z,; Pan, X,; Xu, L.; Guo, R.; Qian, X.; Shen, F. Multiplex Digital PCR with Digital Melting Curve Analysis on a
Self-Partitioning SlipChip. Analyst 2022, 147, 625-633. [CrossRef]

Moniri, A.; Miglietta, L.; Holmes, A.; Georgiou, P.; Rodriguez-Manzano, J. High-Level Multiplexing in Digital PCR with
Intercalating Dyes by Coupling Real-Time Kinetics and Melting Curve Analysis. Anal. Chem. 2020, 92, 14181-14188. [CrossRef]
[PubMed]

Fixman, M.; Freire, ].]. Theory of DNA Melting Curves. Biopolymers 1977, 16, 2693-2704. [CrossRef]

Goudarzi, H.; Mirsamadji, E.S.; Ghalavand, Z.; Hakemi Vala, M.; Mirjalali, H.; Hashemi, A. Rapid Detection and Molecular Survey
of blaVIM, blaIMP and blaNDM Genes among Clinical Isolates of Acinetobacter Baumannii Using New Multiplex Real-Time
PCR and Melting Curve Analysis. BMIC Microbiol. 2019, 19, 122. [CrossRef] [PubMed]

Hu, L.; Han, B.; Tong, Q.; Xiao, H.; Cao, D. Detection of Eight Respiratory Bacterial Pathogens Based on Multiplex Real-Time PCR
with Fluorescence Melting Curve Analysis. Can. J. Infect. Dis. Med. Microbiol. 2020, 2020, 2697230. [CrossRef] [PubMed]

Li, J.; Li, J.; Liu, R.; Wei, Y.; Wang, S. Identification of Eleven Meat Species in Foodstuff by a Hexaplex Real-Time PCR with Melting
Curve Analysis. Food Control 2021, 121, 107599. [CrossRef]

Ahrberg, C.D.; Lee, ] M.; Chung, B.G. Microwell Array-Based Digital PCR for Influenza Virus Detection. BioChip ]. 2019,
13, 269-276. [CrossRef]

Zandi Shafagh, R.; Decrop, D.; Ven, K.; Vanderbeke, A.; Hanusa, R.; Breukers, J.; Pardon, G.; Haraldsson, T.; Lammertyn, J.;
van der Wijngaart, W. Reaction Injection Molding of Hydrophilic-in-Hydrophobic Femtolitre-Well Arrays. Microsyst. Nanoeng.
2019, 5, 25. [CrossRef] [PubMed]

Li, H,; Zhang, H.; Xu, Y,; Tureckova, A.; Zahradnik, P.; Chang, H.; Neuzil, P. Versatile Digital Polymerase Chain Reaction Chip
Design, Fabrication, and Image Processing. Sens. Actuators B Chem. 2019, 283, 677-684. [CrossRef]

Duan, B.K,; Cavanagh, P.E.; Li, X.; Walt, D.R. Ultrasensitive Single-Molecule Enzyme Detection and Analysis Using a Polymer
Microarray. Anal. Chem. 2018, 90, 3091-3098. [CrossRef] [PubMed]

Xu, Q.; Li, J.; Zhang, Z.; Yang, Q.; Zhang, W.; Yao, J.; Zhang, Y.; Zhang, Y.; Guo, Z.; Li, C; et al. Precise Determination of
Reaction Conditions for Accurate Quantification in Digital PCR by Real-Time Fluorescence Monitoring within Microwells.
Biosens. Bioelectronics 2024, 244, 115798. [CrossRef] [PubMed]

Wu, Q.; Huang, X,; Liu, R;; Yang, X,; Xiao, G.; Jiang, N.; Weitz, D.A.; Song, Y. Multichannel Multijunction Droplet Microfluidic
Device to Synthesize Hydrogel Microcapsules with Different Core-Shell Structures and Adjustable Core Positions. Langmuir 2024,
40, 1950-1960. [CrossRef] [PubMed]

Dewandre, A.; Rivero-Rodriguez, J.; Vitry, Y.; Sobac, B.; Scheid, B. Microfluidic Droplet Generation Based on Non-Embedded
Co-Flow-Focusing Using 3D Printed Nozzle. Sci. Rep. 2020, 10, 21616. [CrossRef] [PubMed]

Nan, L.; Zhang, H.; Weitz, D.A.; Shum, H.C. Development and Future of Droplet Microfluidics. Lab. Chip 2024, 24, 1135-1153.
[CrossRef] [PubMed]

Chen, Z.; Kheiri, S.; Young, EEW.K.; Kumacheva, E. Trends in Droplet Microfluidics: From Droplet Generation to Biomedical
Applications. Langmuir 2022, 38, 6233-6248. [CrossRef]

Athamanolap, P; Hsieh, K.; O’Keefe, C.M.; Zhang, Y.; Yang, S.; Wang, T.-H. Nanoarray Digital Polymerase Chain Reaction
with High-Resolution Melt for Enabling Broad Bacteria Identification and Pheno-Molecular Antimicrobial Susceptibility Test.
Anal. Chem. 2019, 91, 12784-12792. [CrossRef] [PubMed]

Dwight, Z.; Palais, R.; Wittwer, C.T. uMELT: Prediction of High-Resolution Melting Curves and Dynamic Melting Profiles of PCR
Products in a Rich Web Application. Bioinformatics 2011, 27, 1019-1020. [CrossRef]

Li, Y.-D.; Chu, Z.-Z; Liu, X.-G.; Jing, H.-C.; Liu, Y.-G.; Hao, D.-Y. A Cost-Effective High-Resolution Melting Approach Using the
EvaGreen Dye for DNA Polymorphism Detection and Genotyping in Plants. J. Integr. Plant Biol. 2010, 52, 1036-1042. [CrossRef]
Mao, E; Leung, W.-Y.; Xin, X. Characterization of EvaGreen and the Implication of Its Physicochemical Properties for gPCR
Applications. BMC Biotechnol. 2007, 7, 76. [CrossRef]

Shoute, L.C.T.; Loppnow, G.R. Characterization of the Binding Interactions between EvaGreen Dye and dsDNA. Phys. Chem.
Chem. Phys. 2018, 20, 4772-4780. [CrossRef] [PubMed]

Sint, D.; Raso, L.; Traugott, M. Advances in Multiplex PCR: Balancing Primer Efficiencies and Improving Detection Success.
Methods Ecol. Evol. 2012, 3, 898-905. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1039/D1AN01916C
https://doi.org/10.1021/acs.analchem.0c03298
https://www.ncbi.nlm.nih.gov/pubmed/32954724
https://doi.org/10.1002/bip.1977.360161209
https://doi.org/10.1186/s12866-019-1510-y
https://www.ncbi.nlm.nih.gov/pubmed/31182026
https://doi.org/10.1155/2020/2697230
https://www.ncbi.nlm.nih.gov/pubmed/32184908
https://doi.org/10.1016/j.foodcont.2020.107599
https://doi.org/10.1007/s13206-019-3302-8
https://doi.org/10.1038/s41378-019-0065-2
https://www.ncbi.nlm.nih.gov/pubmed/31231538
https://doi.org/10.1016/j.snb.2018.12.072
https://doi.org/10.1021/acs.analchem.7b03980
https://www.ncbi.nlm.nih.gov/pubmed/29425025
https://doi.org/10.1016/j.bios.2023.115798
https://www.ncbi.nlm.nih.gov/pubmed/37924656
https://doi.org/10.1021/acs.langmuir.3c02579
https://www.ncbi.nlm.nih.gov/pubmed/37991242
https://doi.org/10.1038/s41598-020-77836-y
https://www.ncbi.nlm.nih.gov/pubmed/33303772
https://doi.org/10.1039/D3LC00729D
https://www.ncbi.nlm.nih.gov/pubmed/38165829
https://doi.org/10.1021/acs.langmuir.2c00491
https://doi.org/10.1021/acs.analchem.9b02344
https://www.ncbi.nlm.nih.gov/pubmed/31525952
https://doi.org/10.1093/bioinformatics/btr065
https://doi.org/10.1111/j.1744-7909.2010.01001.x
https://doi.org/10.1186/1472-6750-7-76
https://doi.org/10.1039/C7CP06058K
https://www.ncbi.nlm.nih.gov/pubmed/29380825
https://doi.org/10.1111/j.2041-210X.2012.00215.x

	Introduction 
	Method and Materials 
	Experimental Instrument and Setup 
	Materials and Samples 
	Workflow of Multiplex ddPCR Detection Using Digital MCA 
	Droplet Micro-Displacement Correction and Melting Curve Extraction 
	Experimental Protocol Design for Digital MCA Using ddPCR 

	Results and Discussion 
	Fluorescence Image Acquisition and Droplet Tracking 
	Calculation of Melting Temperatures via Digital MCA 
	Experimental Validation of Multiplex Nucleic Acid Detection Using Digital MCA 
	Quantitative Accuracy of Multiplex Nucleic Acid Detection 

	Conclusions 
	References

