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A B S T R A C T

Digital PCR (dPCR) is widely used for absolute nucleic acid quantification because of its high sensitivity and 
precision. Its major implementations include droplet-based digital PCR (ddPCR), which generates stochastic 
droplet partitions, and chip-based digital PCR (cdPCR), which uses fixed-position microchamber arrays. Despite 
their different partition architectures, both formats remain fundamentally limited in multiplexing capacity by the 
number of available fluorescence channels (N). Existing strategies, such as amplitude modulation and probe-ratio 
encoding, partially increase capacity, but their reliance on analog fluorescence stratification makes them 
increasingly vulnerable to signal variation, spectral crosstalk, and cluster overlap as the target number increases.

Here, we propose a binary spatial-spectral encoding and decoding framework for ultra-multiplexed dPCR. The 
strategy constructs target identities from the binary ON/OFF fluorescence states of the same spatially indexed 
partition across channels, expanding the theoretical detection capacity from N to 2N− 1. The key requirement is 
reliable preservation of partition identity across multi-channel readout. In this study, cdPCR was used as the first 
implementation platform because its fixed-position architecture naturally supports chamber-resolved cross- 
channel correspondence.

Using this framework, we achieved simultaneous detection of nine respiratory pathogens with four fluores
cence channels while maintaining accurate quantification across four orders of magnitude (R2 = 0.9998). These 
results establish binary spatial-spectral decoding as a scalable strategy for multiplex dPCR, with potential 
extension to ddPCR through reliable cross-channel droplet tracking or re-identification.

1. Introduction

Digital PCR (dPCR) has become an important platform for absolute 
nucleic acid quantification because of its high sensitivity, precision, and 
robustness against amplification-efficiency variation(Sanders et al., 
2011; Vogelstein and Kinzler, 1999; Whale et al., 2012; Xu et al., 
2023). By partitioning a sample into thousands of independent micro
reactions and applying Poisson statistics to endpoint readout, dPCR 
enables highly sensitive molecular detection and quantification(Heyries 
et al., 2011; Zhou et al., 2020; Zhu et al., 2017). Owing to these ad
vantages, dPCR has been widely applied in pathogen detection, rare 
mutation analysis, and molecular diagnostics(Huggett et al., 2015; 
Mirabile et al., 2024; Zonta et al., 2016).

At present, dPCR is mainly implemented through two major tech
nological routes: droplet-based digital PCR (ddPCR) and chip-based 

digital PCR (cdPCR)(Olmedillas-López et al., 2022). In ddPCR, sam
ples are partitioned into large numbers of droplets generated by 
microfluidic emulsification or related approaches, and the resulting 
partitions may be interrogated by flow-based, scan-based, or 
imaging-based readout depending on the platform. This format offers 
high partition throughput, mature commercial instrumentation, and 
broad adoption in research and diagnostic settings(Li et al., 2018; Suo 
et al., 2020). In cdPCR, by contrast, reaction mixtures are compart
mentalized into predefined microchambers or microwells arranged at 
fixed spatial positions on a chip(Huang et al., 2023; Morcia et al., 2024). 
This architecture is highly compatible with imaging-based readout and 
enables direct association between fluorescence signals and physical 
partition locations. Thus, although ddPCR and cdPCR share the same 
digital quantification principle, they differ substantially in partition 
organization, readout mode, and the manner in which partition identity 
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can be preserved or revisited during analysis.
Despite the broad utility of dPCR, its multiplexing capacity remains 

fundamentally constrained by the number of available fluorescence 
channels (N). In conventional one-target-per-channel designs, the 
number of detectable targets is approximately limited to N(Baker, 2012; 
Basu, 2017; Li et al., 2024; Schlenker et al., 2021). To overcome this 
bottleneck, several intensity-based multiplexing strategies have been 
developed, including amplitude modulation, probe-ratio encoding, and 
related multi-level fluorescence schemes(Busato et al., 2025; Cao et al., 
2025; Gaňová et al., 2021; Trypsteen et al., 2015). These approaches 
increase detection capacity by introducing multiple fluorescence levels 
within individual channels, and in some cases can extend multiplexing 
to approximately 2N(McDermott et al., 2013; Miotke et al., 2014; Tan 
et al., 2023; Zhong et al., 2011). However, their performance depends 
on stable separation of analog fluorescence clusters. As the number of 
targets increases, fluorescence populations become more crowded and 
more difficult to resolve, while spectral crosstalk, optical nonuniformity, 
reaction variability, and the “rain” phenomenon further increase 
decoding uncertainty(Kokkoris et al., 2021; Trypsteen et al., 2015). 
Consequently, increasing the number of analog intensity levels does not 
provide a sufficiently robust route toward ultra-multiplexed dPCR(de 
Korne-Elenbaas et al., 2025; Denis et al., 2016; Wu et al., 2022).

A more general route to expanding multiplexing capacity is to 
combine spectral information with partition identity(Basu, 2017; Velez 
et al., 2017; Vynck et al., 2023; Yin et al., 2022). If the same physical 
partition can be reliably recognized across different fluorescence chan
nels, then channel-wise fluorescence states can be integrated at the 
partition level and converted into a combinatorial codeword. Under 
such a framework, multiplexing no longer depends on resolving multiple 
analog intensity strata within each channel, but instead relies on discrete 
ON/OFF assignments across channels. Because each channel is classified 
into a binary state, the decoding process depends primarily on binary 
separability rather than on precise multi-level fluorescence quantifica
tion within a single channel. This transforms target identification into a 
partition-resolved binary pattern recognition problem and, in principle, 
expands the theoretical number of assignable non-zero target codewords 
from N to 2N − 1. Conceptually, multiplex expansion may be achieved 
by integrating spectral states with partition-level identity rather than by 
further increasing analog fluorescence complexity alone.

In parallel, color-combination dPCR assigns targets predefined flu
orophore combinations and identifies them from multichannel fluores
cence populations(Santos-Barriopedro et al., 2023). The present 
framework extends this concept by treating each fixed microchamber as 
a persistent spatially indexed unit across sequential fluorescence ac
quisitions. Cross-channel spatial registration enables the complete bi
nary codeword of each chamber to be reconstructed and decoded 
independently. Thus, the methodological distinction lies in determin
istic partition indexing and chamber-resolved spatial-spectral decoding, 
providing a generalizable architecture that is not restricted to pairwise 
color combinations.

From this perspective, cdPCR provides a particularly favorable first 
implementation platform. Because each partition is physically confined 
to a fixed-position microchamber, the fluorescence signal from the same 
chamber can be repeatedly acquired and cross-referenced across 
different spectral windows. This deterministic chamber identity offers a 
direct physical basis for chamber-resolved signal association and 
combinatorial encoding. In contrast, ddPCR typically relies on stochas
tically generated droplets, whose identities are not inherently preserved 
across repeated readout or multi-step interrogation. Therefore, applying 
the same framework in ddPCR would require additional strategies, such 
as droplet immobilization, array-based droplet presentation, image- 
registration-assisted droplet tracking, or other approaches that enable 
reliable re-identification of individual droplets across channels or 
acquisition cycles. These considerations suggest that the proposed 
method is better viewed as a platform-extensible dPCR framework with 
different implementation requirements in different partition formats, 

rather than as a concept intrinsically restricted to cdPCR.
In our previous work, we established a large-field multi-channel 

fluorescence imaging system for cdPCR with stable full-chip acquisition 
and high illumination uniformity(Shen et al. 2021, 2025). That platform 
provided the practical basis for preserving chamber identity across 
channels and for performing partition-level fluorescence comparison 
over the full field of view. However, whether such a fixed-position dPCR 
system could support binary spatial-spectral encoding and decoding 
beyond the conventional one-target-per-channel readout limit had not 
yet been investigated.

Here, we propose a binary spatial-spectral encoding and decoding 
strategy for multiplex digital PCR and demonstrate it on a fixed-position 
cdPCR platform as a first implementation of partition-resolved identity- 
preserving decoding. Building on combinatorial fluorescence encoding, 
the proposed strategy determines target identity by reconstructing the 
binary ON/OFF codeword of each spatially indexed partition across 
multiple channels. A large-field multi-channel imaging workflow was 
used to establish cross-channel chamber correspondence, after which 
chamber-level fluorescence signals were converted into binary ON/OFF 
states and assigned predefined combinatorial codewords. In this way, 
target identity was determined through partition-resolved binary 
decoding rather than analog intensity stratification. Using this frame
work, we achieved simultaneous detection of nine respiratory pathogens 
using only four fluorescence channels while maintaining accurate 
quantification across four orders of magnitude. Together, these results 
support a practical route toward identity-preserving multiplex digital 
PCR beyond conventional one-target-per-channel readout and provide a 
foundation for extending this strategy to other dPCR formats in the 
future.

2. Materials and methods

2.1. Simulated clinical sample preparation and cdPCR workflow

For matrix-associated testing, the defined respiratory pathogen 
target materials were prepared in throat-swab preservation medium, 
which was used as a simulated clinical matrix. The matrix-containing 
samples underwent nucleic acid extraction, purification, and concen
tration before cdPCR analysis. No exogenous inhibitors or off-target 
nucleic acids were deliberately added, and potential matrix-associated 
inhibitors were reduced during extraction and purification.

The pathogen abbreviations used throughout the study are as fol
lows: CP, Chlamydia pneumoniae; SP, Streptococcus pneumoniae; LP, 
Legionella pneumophila; KP, Klebsiella pneumoniae; GAS, group A Strep
tococcus; MP, Mycoplasma pneumoniae; BP, Bordetella pertussis; HI, 
Haemophilus influenzae; and Cpsi, Chlamydia psittaci.

The extracted nucleic acids were mixed with the PCR reaction 
components, including the target-specific primer/probe sets, and then 
loaded into the cdPCR chip. After partitioning and chip sealing, thermal 
amplification was performed under the optimized cycling conditions. 
The amplified chip was subsequently subjected to multi-channel fluo
rescence imaging, chamber-level binary ON/OFF classification, and 
spatial-spectral codeword decoding. These samples were used to eval
uate the assay following a clinically relevant matrix-processing work
flow and were not patient-derived clinical specimens.

2.2. Framework of partition-resolved binary spatial-spectral encoding and 
its implementation in cdPCR

The proposed framework achieves ultra-multiplexed digital PCR by 
integrating spectral readout with partition identity. Its central require
ment is that the same physical partition can be reliably recognized 
across different fluorescence channels, so that channel-wise fluores
cence states can be combined into a partition-resolved binary codeword. 
In this way, target identification is no longer based solely on single- 
channel labeling or analog fluorescence stratification, but on 
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combinatorial binary signal assignment across multiple spectral 
windows.

In the present study, this framework was implemented using a chip- 
based digital PCR (cdPCR) platform because its fixed-position archi
tecture naturally supports deterministic partition indexing (Fig. 1A and 
B)(Si et al., 2020; Xu et al., 2020). Unlike droplet-based digital PCR 
(ddPCR), in which partitions are generated stochastically and do not 
inherently retain spatially addressable identities, the cdPCR chip phys
ically confines reactions within a predefined array of microchambers. 
The chip adopts a sandwich structure consisting of a top glass layer, a 
PDMS microchamber layer, and a bottom glass layer, thereby ensuring 
that each partition occupies a constant physical coordinate throughout 
the assay. This configuration prevents partition displacement during 
amplification and imaging, allowing each microchamber to serve as a 
reusable spatial index across fluorescence channels.

For implementation, the fixed-position cdPCR chip is coupled to a 

thermal-cycling system, a multichannel excitation module equipped 
with channel-specific filter sets, and a large-field fluorescence imaging 
system. Together, these components enable repeated image acquisition 
and direct cross-channel comparison of the same partitions. As shown in 
Fig. 1B, fluorescence images are sequentially acquired across multiple 
channels from the same microchamber array. The resulting fluorescence 
information can therefore be mapped directly to a defined spatial index 
rather than inferred from independently generated partitions. By 
combining deterministic partition positioning with sequential multi
spectral acquisition, the system enables reliable partition-resolved cor
relation of fluorescence signals across channels, thereby providing the 
physical basis for binary codeword generation and target decoding. The 
imaging architecture and platform stability have been described in 
detail in our previous work.

Although the present study was implemented in a fixed-position 
cdPCR format, the underlying conceptual framework is not 

Fig. 1. Framework and implementation workflow of partition-resolved binary spatial-spectral decoding in the cdPCR platform. (A) Schematic of the integrated 
optical imaging module, cdPCR chip architecture, and illumination configuration used for multi-channel fluorescence acquisition. (B) Sequential acquisition of 
fluorescence images from the same fixed microchamber array across multiple spectral channels, enabling direct preservation of partition identity during readout. (C) 
Evaluation of cross-channel spatial consistency based on chamber centroid extraction and spatial indexing. (D) Representative fluorescence intensity distributions of 
individual channels from calibration measurements, showing the basis for binary threshold assignment. (E) Threshold-based binary decoding workflow for partition- 
resolved target identification through multi-channel codeword generation and matching.
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intrinsically restricted to chip-based systems. In principle, it may also be 
extended to other dPCR formats if partition identity can be preserved, 
recovered, or tracked during multi-channel readout.

2.3. Centroid-based spatial indexing and cross-channel consistency 
evaluation

Because binary target codewords are assigned at the partition level, 
preservation of partition identity across different fluorescence channels 
is a fundamental prerequisite for reliable decoding. In this study, we 
employed a centroid-based localization strategy to quantitatively eval
uate spatial consistency across the spectral windows of the cdPCR 
platform (Fig. 1C).

Individual microchambers were first localized to determine their 
precise locations within each fluorescence image. The geometric 
centroid was calculated and defined as the unique spatial index for each 
chamber. To quantify the spatial correspondence across the full field of 
view, all centroid coordinates were expressed within a unified global 
coordinate system. Specifically, for the i-th chamber detected in chan
nels m and n, the centroid deviation d(m,n)

i is defined as: 

d(m,n)
i =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(
x(m)

i − x(n)
i
)2

+
(
y(m)

i − y(n)
i
)2

√

(1) 

where 
(
x(m)

i , y(m)

i
)

and 
(
x(n)

i , y(n)i
)

represent the centroid coordinates of 
the same physical chamber in channels m and n, respectively. The dis
tribution of these Euclidean distances across the entire microchamber 
array was used to determine whether the geometric rigor required for 
chamber-level spatial-spectral decoding was satisfied(Lau et al., 2017). 
Unless otherwise specified, centroid deviations reported in the Results 
refer to the aligned coordinate system used for downstream 
chamber-level decoding.

For the extended registration analysis, centroid deviations were 
calculated for all ten channel pairs across 21,384 matched chambers. 
The edge field was defined as the outer 10% of the coordinate span in 
either image dimension. The 2-pixel level was used as a reference for 
registration precision, rather than a failure threshold. Based on the 
minimum nearest-neighbor chamber spacing of 32 pixels, half of this 
distance (16 pixels) was used as the geometric potential-misassignment 
boundary, and deviations reaching this boundary were classified as 
registration failures.

This analysis establishes the spatial registration basis for subsequent 
multi-channel binary decoding. More importantly, it defines spatial 
consistency not merely as an imaging-quality descriptor, but as a core 
implementation condition for partition-resolved encoding in fixed- 
position dPCR systems.

2.4. Binary spatial-spectral encoding and partition-resolved decoding

For each fluorescence channel, chamber-level intensities exhibited 
bimodal distributions corresponding to negative and positive clusters 
(Fig. 1D). Channel-specific thresholds were determined from the sepa
ration between negative and positive intensity populations in calibra
tion measurements to ensure robust classification while minimizing 
misassignment due to intensity overlap. For the i-th chamber in the m-th 
fluorescence channel, the binary fluorescence state b(m)

i was defined as: 

b(m)

i =

{
1, I(m)

i ≥ T(m)

0, I(m)

i < T(m)
(2) 

where I(m)

i represents the measured fluorescence intensity and T(m) de
notes the threshold for channel m.

For a partition-resolved decoding system with N fluorescence chan
nels, each partition can be represented by an N-bit binary fluorescence 
vector, 

bi =
(
b(1)

i , b(2)
i , ..., b(N)

i
)
, b(m)

i ∈ {0,1} (3) 

where b(m)

i denotes the binary ON/OFF state of partition i in channel m. 
Since each channel has two possible states, the total number of possible 
binary channel-state combinations is: 

Mtotal =2N (4) 

Among these combinations, the all-zero vector (0, 0, …, 0) corre
sponds to a partition that is negative in all channels and therefore does 
not encode any target. Excluding this null state, the theoretical 
maximum number of non-zero codewords available for target assign
ment is: 

Mmax =2N − 1 (5) 

Accordingly, the theoretical multiplexing capacity of the proposed 
binary spatial-spectral decoding framework scales exponentially with 
the number of fluorescence channels at the decoding level. In practice, 
however, the achievable multiplexing level may be lower than Mmax, 
because only a subset of codewords may be selected to ensure sufficient 
decoding robustness, inter-codeword separability, and assay 
compatibility.

To identify the specific target pathogen within each chamber, the 
binary states across N fluorescence channels were concatenated to 
generate a chamber-specific codeword (Fig. 1E). Target identities were 
predefined using an encoding matrix that assigned unique, non- 
overlapping binary codewords to individual targets (Fig. 4B). 
Observed chamber codewords were then compared with the predefined 
encoding matrix to determine the identity of each chamber. The number 
of positive chambers corresponding to target k was obtained by counting 
chambers whose codewords matched the predefined target codeword ck: 

dk =
∑n

i=1
1(bi = ck) (6) 

where n represents the total number of microchambers and 1(⋅) denotes 
the indicator function that equals 1when the condition is satisfied and 
0 otherwise.

This binary mapping transforms the multiplex detection problem 
from multi-level analog intensity discrimination into discrete pattern 
matching at the partition level. In the present cdPCR implementation, 
decoding was performed at the chamber level; more generally, however, 
the same principle applies to any dPCR system in which partition 
identity can be reliably maintained across channels. For broader 
implementation across assays and platforms, further standardization of 
threshold calibration and assignment criteria will be important for 
ensuring decoding consistency under varying experimental conditions.

2.5. Decoding confidence analysis and Poisson-based quantification

To evaluate the reliability of the ultra-multiplexed detection, a 
decoding confidence metric CI was introduced. Unlike concentration- 
estimation confidence intervals used in previous color-combination 
dPCR studies, the present metric is intended to evaluate decoding con
sistency at the multiplex-pattern level, namely the agreement between 
observed combinatorial events and their theoretical expectations 
(Santos-Barriopedro et al., 2023). This metric assesses the consistency 
between the observed multiplexed positive rates and the theoretical 
expectations derived from lower-order channel combinations. For a 
four-channel implementation (N = 4), the theoretical positive rate Pth 
for a specific combinatorial pattern is calculated as: 

pth = − 1 +
∑4

i− 1
ri −

∑

1≤i≤j≤4
rij +

∑

1≤i≤j≤k≤4
rijk +

Q
D2

(7) 

where ri, rij, rijk denote the observed positive rates of single-channel, 
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pairwise-channel, and triple-channel combinations, respectively; D2 
represents the pairwise correction term; and Q denotes the higher-order 
correction term. Thus, Pth represents the theoretically expected positive 
rate for the decoded four-channel event. The full expanded form of the 
correction term is provided in the Supplementary Information. Based on 
Pth, the theoretical fluctuation scale δth was defined as: 

δth = −

̅̅̅̅̅̅
Pth

√

ln(1 − Pth)
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
N(1 − Pth)

√ (8) 

where N denotes the total number of microchambers. The decoding 
confidence (CI) for the four-channel combination was then calculated as: 

CI=

⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒

ln
(

ln(1− r1234)
ln(1− pth)

)

δth

⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒

(9) 

where r1234 is the observed positive rate of the four-channel combina
tion. A small CI value indicates better agreement between the observed 
decoding behavior and the theoretical expectation, whereas a larger 
value reflects greater deviation and therefore lower decoding 

consistency.
To complement this decoding-confidence assessment, the potential 

contribution of random co-partitioning was theoretically estimated from 
the positive-chamber fractions of the relevant lower-order encoding 
events. Assuming independent molecular partitioning, the expected co- 
positive rate arising solely from random co-partitioning between two 
events A and B can be expressed as P_random(A∩B) = P(A)×P(B).

For each decoded target, the absolute concentration was calculated 
using Poisson statistics based on the fraction of positive microchambers 
(Majumdar et al., 2017): 

Concentration= −

ln
(

1 −
dk
n

)

Vd
(10) 

where dk is the number of positive microchambers assigned to target k, n 
is the total number of chambers, and Vd represents the effective volume 
of each microchamber. This formulation accounts for multiple mole
cules contributing to the same decoded target population, whereas po
tential composite codewords arising from co-partitioning were 
evaluated separately using the probabilistic analysis described above.

Notably, the proposed binary encoding framework changes the rule 

Fig. 2. Microchamber architecture as a fixed-partition structural model for deterministic spatial indexing. (A) Top-view and cross-sectional schematics of the 
validation chip containing predefined microchambers with different heights. (B) Representative fluorescence intensity profiles and corresponding local fluorescence 
images, showing spatially confined signal peaks with minimal inter-chamber spillover. (C) Three-dimensional fluorescence intensity maps for chamber architectures 
with increasing numbers of predefined fluorescence-signature chambers per repeating unit (n = 1, 2, 5, and 51), demonstrating preserved spatial periodicity and local 
peak localization across the array.
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of target identification but does not alter the underlying Poisson-based 
quantification principle of digital PCR. In other words, multiplex 
expansion is achieved at the decoding level while the fundamental 
quantitative basis of dPCR is preserved. Quantitative experiments were 
performed in three independent technical replicates (n = 3). Each 
replicate used a separate quality-controlled, production-line-manufac
tured chip and involved independent sample loading, amplification, 
fluorescence imaging, and data analysis. Quantitative results are pre
sented as mean ± SD unless otherwise specified.

3. Results and discussion

3.1. Microchamber architecture as a fixed-partition model for 
deterministic spatial indexing

To establish a controlled structural basis for validating partition 
identity consistency across fluorescence channels, we designed a set of 
cdPCR tool chips with predefined spatial organization and chamber 
occupancy patterns. As shown in Fig. 2A, the chip contained micro
chambers with two different heights. The gray chambers correspond to 
regular-height chambers (35 μm), whereas the green chambers repre
sent chambers with a predefined height of 120 μm. By modulating 
chamber height in this manner, predefined high- and low-signal patterns 
could be introduced into the array, thereby generating spatially orga
nized fluorescence signatures under imaging readout. These structures 
were not intended for routine detection assays, but rather served as 
controlled validation substrates for assessing whether chamber identity 
could be consistently preserved and recognized across fluorescence 

channels.
Representative fluorescence intensity profiles and corresponding 

local fluorescence images are shown in Fig. 2B. The high- and low-level 
chamber structures produced clearly distinguishable signal differences, 
thereby providing a visual representation of the preset chamber states in 
the fluorescence images. The resulting fluorescence peaks remained 
spatially confined with minimal spillover into adjacent chambers, 
indicating that the response of each individual chamber could be locally 
resolved with sufficient clarity. This feature is essential because reliable 
partition-resolved decoding requires not only channel-wise fluorescence 
readout, but also structurally separable signal localization at the level of 
individual partitions.

To further visualize the spatial organization of these validation chips, 
three-dimensional fluorescence intensity maps were generated for four 
representative chamber architectures containing predefined fluores
cence signatures per repeating unit (n = 1, 2, 5, and 51; Fig. 2C). A 
comparison of the standard and engineered chip architectures and the 
corresponding fluorescence images are provided in Supplementary 
Fig. S2 and Supplementary Fig. S3, respectively. Across all tested 
structures, fluorescence peaks remained spatially ordered and clearly 
localized within the array. As the number of predefined positive 
chambers increased, the local signal distribution became denser, while 
the overall spatial periodicity and peak localization were preserved. 
These results indicate that the designed tool-chip architectures provide a 
stable and controllable fixed-partition model for subsequent validation 
of deterministic spatial indexing and cross-channel chamber identity 
consistency. More broadly, they define the structural basis by which 
fixed-partition dPCR systems can support partition-resolved binary 

Fig. 3. Cross-channel chamber identity extraction and spatial consistency analysis for partition-resolved decoding. (A) Workflow for chamber localization and cross- 
channel alignment, including neural-network-based chamber detection, pattern registration, and spatial alignment to a unified coordinate system. (B) Distribution of 
centroid deviations between fluorescence channel pairs after alignment; the dashed line indicates the 2-pixel tolerance threshold. (C) Representative merged 
fluorescence images before and after spatial alignment, showing improved chamber correspondence after correction. Scale bar: 5 pixels.
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encoding and decoding.

3.2. Cross-channel chamber identity consistency verification for partition- 
resolved decoding

Reliable partition-resolved binary decoding requires that the same 
physical partition be consistently recognized across different fluores
cence channels. To establish such correspondence, we implemented a 
multi-step image processing workflow consisting of chamber localiza
tion, pattern registration, and cross-channel alignment, as illustrated in 
Fig. 3A. First, the spatial coordinates of individual chambers were 
identified using a neural-network-based chamber-detection method 
established in our previous work (Fan et al., 2025). The extracted 
chamber coordinates were then matched to a predefined chamber 
layout. Based on this spatial registration, fluorescence images acquired 
from different channels were further aligned to a unified coordinate 
system using a spatial alignment algorithm (details provided in 
Supplementary Section 3), thereby enabling direct chamber-to-chamber 
correspondence across spectral windows. Finally, an adaptive intensity 
threshold was determined per channel to classify each chamber as 
positive or negative, completing the partition-resolved binary decoding 
(details provided in Supplementary Section 4).

After chamber localization and alignment, cross-channel consistency 
was quantitatively evaluated by measuring centroid deviations between 
corresponding chambers. The distribution of centroid deviations for 
different channel pairs is summarized in Fig. 3B. Across all examined 
channel combinations, the median centroid deviation remained below 2 
pixels, corresponding to less than 6.7% of the chamber diameter (~30 
pixels). Because the residual registration error was far below the spatial 
scale of a single chamber, it was unlikely to cause chamber misassign
ment during channel-wise comparison.

Across 21,384 matched chambers, pairwise median, 95th-percentile, 

and 99th-percentile centroid deviations did not exceed 1.41, 2.24, and 
3.16 pixels, respectively, and the maximum observed deviation was 5.10 
pixels. The corresponding edge-field values were 1.41, 2.83, and 3.61 
pixels, showing only a modest increase relative to the central field. No 
chamber reached the 16-pixel potential-misassignment boundary, giv
ing a registration-failure rate of 0%. Detailed results are provided in 
Supplementary Fig. S5. Representative multi-channel fluorescence im
ages before and after spatial alignment are shown in Fig. 3C. Before 
correction, subtle yet clearly discernible spatial shifts of 2–3 pixels were 
observed between corresponding chamber positions in different fluo
rescence channels. After alignment, the overlap between channels 
improved markedly, enabling more precise registration of individual 
chambers within the merged images. These observations confirm that 
the implemented localization and alignment strategy effectively reduced 
residual inter-channel offset and improved partition correspondence 
across the full field of view.

Taken together, these results demonstrate that the present cdPCR 
implementation can maintain cross-channel chamber identity with suf
ficient precision to support reliable partition-resolved binary decoding. 
More importantly, they define spatial consistency not merely as an 
imaging-quality metric, but as a core implementation requirement for 
any dPCR framework that seeks to combine spectral information with 
partition identity. In this sense, cross-channel geometric registration 
constitutes a methodological prerequisite for moving from analog fluo
rescence interpretation toward binary combinatorial decoding.

3.3. Binary spatial-spectral encoding and partition-resolved decoding in 
the cdPCR implementation

Having established that chamber identity could be preserved across 
fluorescence channels, we next demonstrated binary spatial-spectral 
decoding at the single-partition level within the cdPCR 

Fig. 4. Partition-resolved binary spatial-spectral encoding and chamber-level decoding strategy in the cdPCR implementation. (A) Sequential multi-channel exci
tation and fluorescence acquisition from the same microchamber array. (i) Multi-channel readout of identical spatially indexed chambers. (ii-iii) Conversion of 
channel-specific fluorescence states into chamber-level binary codewords. (B) Encoding matrix assigning unique binary codewords to predefined target identities. (C) 
Decoding workflow in which raw chamber fluorescence intensities (i) are thresholded (ii) and concatenated into binary activation patterns (iii) for target assignment. 
The five-channel schematic illustrates the generalized coding principle, whereas the application-level validation in this study used a four-channel implementation.
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implementation. As shown in Fig. 4A–i, fluorescence images of the same 
microchamber array were sequentially acquired under narrow-band 
LED excitation at different wavelengths, thereby enabling direct cross- 
channel comparison of partitions sharing identical spatial indices. 
Under this framework, the fluorescence state of each chamber could be 
represented as a multi-channel activation pattern rather than an isolated 
single-channel intensity value.

For each chamber, channel-wise fluorescence signals were converted 
into binary ON/OFF assignments, as illustrated in Fig. 4A–ii and A-iii. 
Activated channels were assigned a value of “1,” whereas non-activated 
channels were assigned “0,” thereby generating a chamber-specific bi
nary codeword. A predefined encoding matrix was then used to map 
these codewords to target identities (Fig. 4B). In this way, different 
targets were represented by distinct fluorescence activation patterns 
across channels, allowing multiple targets to be discriminated within the 
same partition array through codeword matching rather than through 
one-target-per-channel labeling alone.

The decoding workflow is shown in Fig. 4C. Raw chamber fluores
cence intensities (Fig. 4C–i) were first measured across channels, then 
compared with channel-specific thresholds to generate binary activation 
states (Fig. 4C–ii), and finally concatenated into chamber-level code
words for target assignment (Fig. 4C–iii). Because decoding was per
formed on spatially indexed chambers, no spectral unmixing or pixel- 

wise classification was required. Instead, target identification was ach
ieved by directly comparing the fluorescence state of the same physical 
partition across spectral windows.

These results demonstrate that fixed-position digital PCR can support 
binary spatial-spectral decoding through direct cross-channel compari
son of the same physical partition. More broadly, they show that once 
partition identity is preserved, multiplex target assignment can be 
reformulated from a problem of analog intensity stratification into one 
of discrete combinatorial pattern recognition. This shift in decoding 
logic provides the conceptual basis for extending multiplex capacity 
beyond the conventional one-target-per-channel limit while reducing 
dependence on resolving multiple closely spaced fluorescence sub
clusters within a single channel.

3.4. Application-level validation of binary spatial-spectral decoding by 
multiplex pathogen identification

To evaluate the practical applicability of the proposed binary spatial- 
spectral encoding framework, we applied it to multiplex detection of 
respiratory pathogens using a four-channel cdPCR implementation. The 
assay targeted nine representative respiratory pathogens using 
pathogen-specific primer-probe sets (Supplementary Table S1). As 
summarized in Fig. 5A, each pathogen was assigned a predefined binary 

Fig. 5. Application-level validation of binary spatial-spectral decoding by multiplex respiratory pathogen detection. (A) Target-channel encoding matrix assigning 
unique binary codewords to nine respiratory pathogens in a four-channel implementation. (B) Representative decoded chamber maps for a multiplex-positive sample 
and a negative control. FColored chambers indicate successfully decoded target identities, whereas no decoded targets were observed in the negative control under 
the same decoding criteria. (C) Quantitative performance of individual fluorescence channels under multiplex assay conditions. Measured concentrations show strong 
linear correlations with expected input concentrations across four orders of magnitude, indicating preserved channel-level quantitative fidelity during combinatorial 
decoding. Pathogen abbreviations are defined in Methods Section 2.1, and the corresponding primer/probe sequences are provided in Supplementary Table S1.
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codeword across four fluorescence channels. This design allowed the 
number of detectable targets to exceed the number of available spectral 
channels while preserving partition-level target identification.

Following digital PCR amplification and multi-channel imaging, 
decoding was performed at the microchamber level using the proposed 
strategy. Fig. 5B shows a representative decoded chamber map. In 
multiplex-positive samples, chambers assigned to different pathogen 
identities were successfully detected and displayed a spatially random 
distribution across the chip, indicating that distinct binary codewords 
could be resolved under the same amplification conditions. By contrast, 
no decoded target signals were observed in the negative control under 
the same decoding criteria, supporting the specificity of the encoding 
matrix and thresholding scheme and indicating the absence of obvious 
spurious combinatorial assignments in the present assay. The full-field 
no-template control and its channel-level fluorescence-amplitude dis
tributions are provided in Supplementary Fig. S6.

To further assess whether combinatorial encoding altered channel- 
level quantitative behavior, regression analysis was performed inde
pendently for each fluorescence channel (Fig. 5C), with the corre
sponding positive chamber counts and calculated concentrations 
summarized in Supplementary Table S2. Across four orders of 

magnitude in input concentration, measured values showed strong 
linear correlations with expected concentrations, with slopes ranging 
from 1.01 to 1.07 and coefficients of determination between 0.9997 and 
0.9999. These results indicate that the proposed framework supports 
multiplex pathogen identification without evident loss of channel-level 
quantitative fidelity.

Taken together, these data provide an application-level validation of 
the binary spatial-spectral decoding strategy under realistic multiplex 
assay conditions. The respiratory pathogen panel therefore serves not 
only as a use-case demonstration, but also as practical evidence that 
partition-resolved binary encoding can support reliable target discrim
ination under multiplex assay conditions while exceeding the conven
tional one-target-per-channel limit.

As an exploratory extension, a representative five-channel experi
ment further decoded 15 respiratory pathogen targets using five single- 
channel and ten dual-channel codewords, with the encoding matrix and 
target-level results provided in Supplementary Fig. S4 and Table S5.

Fig. 6. Quantitative performance and fluorescence-pattern separability of the binary spatial-spectral decoding framework. (A) Measured concentrations of nine 
respiratory pathogen targets at an expected concentration of 100 copies/μL (mean ± SD, n = 3). (B) Linear regression analysis between expected and measured 
concentrations over four orders of magnitude (101-104 copies/μL). (C) Distribution of normalized concentration ratios (measured/expected) across different input 
concentrations. (D) Three-dimensional fluorescence intensity scatter plot showing clustering of fluorescence activation patterns across the FAM, HEX, and ROX 
channels. (E) Three-dimensional fluorescence intensity scatter plot showing clustering across the CY5, HEX, and ROX channels. These distributions are consistent 
with reliable binary decoding under the present experimental conditions. Colors correspond to decoded fluorescence activation patterns or target-associated 
codewords defined by the encoding matrix. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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3.5. Quantitative performance of the binary spatial-spectral decoding 
framework

We next evaluated whether the proposed multiplexing strategy 
preserved the quantitative performance of digital PCR across different 
targets and input concentrations, as summarized in Fig. 6. At an ex
pected concentration of 100 copies/μL, the measured concentrations of 
the nine respiratory pathogen targets remained close to the input values 
(Fig. 6A). The numbers of positive chambers and the corresponding 
concentrations calculated using Poisson statistics from three indepen
dent experiments are presented in Supplementary Table S3. The 
measured concentrations were centered near the expected value, with 
limited variation across replicates (n = 3), indicating good reproduc
ibility and minimal target-dependent bias under multiplexed conditions.

The quantitative linearity of the system was further assessed over 
four orders of magnitude, ranging from 101 to 104 copies/μL (Fig. 6B). 
The measured concentrations obtained from repeated experiments are 
presented in Supplementary Table S4. Regression analysis revealed a 
strong linear relationship between expected and measured concentra
tions, with a coefficient of determination of R2 = 0.9998. The close 
agreement with the ideal y = x relationship confirms that the proposed 
multiplexed cdPCR platform maintained accurate quantification across 
a broad dynamic range.

To further assess robustness across concentration levels, normalized 
concentration ratios (measured/expected) were summarized using box 
plots (Fig. 6C). Across all tested concentrations, the distributions 
remained centered near unity with limited spread, indicating minimal 
systematic deviation. In addition to target-level quantification, the 
separability of fluorescence signal combinations was evaluated using 
multi-dimensional fluorescence intensity analysis. Three-dimensional 
scatter plots constructed from fluorescence intensities across different 
channel combinations revealed visually distinct clusters corresponding 
to different fluorescence activation patterns, with limited apparent 
overlap (Fig. 6D and E). These distributions were consistent with reli
able binary decoding under the present experimental conditions.

Taken together, these results show that binary spatial-spectral 
decoding expands multiplexing capacity while preserving the Poisson- 
based quantitative framework of dPCR. Compared with conventional 
PCR/qPCR, which remains advantageous for routine testing, the pro
posed cdPCR framework offers complementary benefits through 
partition-resolved multiplex identification and absolute quantification.

The present study represents a proof-of-concept implementation. 
Composite events matching assigned codewords may remain difficult to 
distinguish, particularly at high partition occupancy; concentrated 
samples should therefore be appropriately diluted. The corresponding 
low-abundance target-masking risk is analyzed in Supplementary 
Fig. S8. The simulated throat-swab matrix and extracted nucleic acid 
results support applicability to complex sample workflows 
(Supplementary Fig. S7), although broader clinical validation remains 
necessary. Finally, while 2N-1 defines the theoretical codeword capacity, 
practical performance depends on codeword selection and assay 
compatibility. The systematically evaluated four-channel nine-target 
assay and exploratory five-channel 15-target experiment demonstrate 
the current performance and scalability of the framework, respectively 
(Supplementary Fig. S4 and Table S5).

4. Conclusions

In this work, we developed a binary spatial-spectral encoding and 
decoding strategy for ultra-multiplexed digital PCR. Unlike conven
tional multiplexing approaches that mainly rely on analog fluorescence 
stratification, the proposed framework assigns target identities through 
partition-resolved binary ON/OFF codewords derived from the same 
spatially indexed partition across channels. Rather than encoding tar
gets solely through predefined color combinations, this strategy con
verts multi-channel fluorescence readout into an identity-preserving 

combinatorial decoding problem, thereby providing a scalable route for 
multiplex detection beyond the number of available fluorescence 
channels.

Using fixed-position cdPCR as the first implementation platform, we 
demonstrated that stable chamber identity could be maintained across 
fluorescence channels, enabling reliable chamber-resolved decoding 
over the full field of view. With only four fluorescence channels, the 
system achieved simultaneous detection of nine respiratory pathogens 
and maintained accurate quantification over four orders of magnitude, 
with an R2 value of 0.9998. These results validate the feasibility of bi
nary spatial-spectral decoding for expanding the multiplexing capacity 
of digital PCR while preserving its Poisson-based quantitative founda
tion. The consumable cost of the proposed cdPCR platform is approxi
mately $4 per chip. Moreover, multiplex detection on a single chip 
avoids the use of separate chips for individual targets, thereby reducing 
the overall consumable cost.

Importantly, the proposed strategy is not intrinsically restricted to 
cdPCR. Its broader applicability depends on whether partition identity 
can be preserved, recovered, or tracked during multi-channel readout. 
Although validated here using fixed-position cdPCR, the framework may 
therefore be extended to other digital PCR platforms, including 
microwell-based systems and ddPCR, through reliable cross-channel 
partition tracking or re-identification. Future work will focus on devel
oping these capabilities, together with error-tolerant codebooks, 
threshold standardization, and improved assay compatibility.
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