
Key Findings
Sensitivity and Inhibitor Tolerance Across 
dPCR Platforms

Inhibitor resistance
•	The QX700 HT Droplet Digital PCR System 

maintained amplification and quantitative 
performance across high wastewater  
input levels, demonstrating strong 
resistance to inhibition

•	The QIAcuity Digital PCR System with the 
8.5k nanoplate showed partial inhibition 
at 40% wastewater input and complete 
inhibition at ≥60% (Table 2)

Limit of detection (LOD)
•	The QIAcuity System with the 8.5k 

nanoplate exhibited an LOD of >5 copies/μL
•	For the QX700 HT ddPCR System, 

quantification was maintained at the lowest 
dilution tested (5 copies/μL), and the LOD 
was not reached within the dilution series 
(Table 3)

•	The QIAcuity System with 26k nanoplates 
showed improved sensitivity relative to the 
8.5k format but required a higher reaction 
volume to approach the performance of the  
QX700 HT ddPCR System

Performance in complex  
wastewater matrices
•	The QX700 HT ddPCR System 

demonstrated high sensitivity and linearity 
in wastewater samples, supporting reliable 
quantification at low target concentrations 
across a broad dynamic range

•	These results indicate that the QX700 HT 
ddPCR System is well-suited for quantitative 
analysis in inhibitor-rich wastewater matrices
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Abstract
Digital PCR was evaluated for the detection and quantification of human 
cytomegalovirus (hCMV) DNA in wastewater using the QX700 HT Droplet 
Digital PCR System and the QIAcuity Digital PCR System, with a focus on 
performance in the presence of wastewater-derived inhibitors. Various 
quantitative metrics were assessed across relevant concentration ranges 
and reaction formats. The results showed high linearity across all setups, 
with the QX700 HT Droplet Digital PCR System maintaining quantification 
at the lowest concentrations tested and the QIAcuity Digital PCR System 
exhibiting format-dependent inhibition and sensitivity. These findings 
support reliable absolute quantification of viral targets in complex 
wastewater samples using digital PCR (dPCR).

Instrumentation Note
This study was originally carried out using the Nio™ Digital PCR System, which 
supports seven optical detection channels with the following fluorophores: FAM, 
Yakima Yellow, ATTO 550, ROX, Cy5, ATTO 700/Cy5.5, and DY-521-XL. The  
QX700 HT Droplet Digital PCR (ddPCR™) System also supports seven fluorophores, 
but with a different fluorophore set: FAM, HEX, ROX, ATTO 590, Cy5, Cy5.5, and 
ATTO 550. Despite these optical differences, both platforms operate on the same 
core digital PCR principles, including droplet partitioning, endpoint fluorescence 
detection, and absolute quantification. As a result, the study’s findings on inhibitor 
tolerance, sensitivity in wastewater matrices, linearity, and quantification accuracy 
are fully applicable to workflows implemented on the QX700 HT ddPCR System.

Introduction
Wastewater-based surveillance has been historically used to track water-borne 
or fecal-orally transmitted human pathogens. Wastewater surveillance is a crucial 
public health tool used for monitoring disease spread within communities and was a 
key tool used during the recent SARS-CoV-2 pandemic. Different geographic regions 
are establishing legislation and systems for better surveillance. Within the European 
Union, the current Urban Waste Water Treatment Directive1,2 is under revision to 
introduce requirements for monitoring SARS-CoV-2, polio, and influenza viruses,  
as well as other emerging pathogens.

While wastewater-based surveillance is a real-time, cost-effective tool for public 
health monitoring, challenges in detecting low levels of pathogen biomarkers 
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RNA Mini Kit, 1 μg/ml; QIAGEN, #52904) were added to  
300 μL of viral suspension, followed by incubation for  
10 min at 56°C with shaking. The resulting gDNA was pooled 
and used to spike the total nucleic acids extracted from 
wastewater samples.

The NIB reference method for human cytomegalovirus 
quantification by dPCR from the Joint Committee for 
Traceability in Laboratory Medicine (JCTLM) database was 
used to quantify viral DNA for both dPCR platforms (Table 1, 
https://www.jctlmdb.org/#/app/home).

present within a complex matrix remain3, requiring 
consideration of the surveillance methods employed for 
emerging pathogens4. The polymerase chain reaction (PCR) 
is used to detect viral nucleic acids, a technique that involves 
reactions sensitive to inhibitors present in the complex matrix 
of wastewater samples, such as proteins, fats, carbohydrates, 
polyphenols, metal ions, and RNases.

hCMV is a beta-herpesvirus that causes lifelong infection in 
humans. Primary hCMV infection is generally asymptomatic 
in healthy individuals, while in immunocompromised 
individuals and neonates it can cause severe and sometimes 
fatal disease. The absence of obvious symptoms indicating 
transmission of hCMV and some other respiratory viruses 
can hamper conventional disease surveillance. Wastewater-
based surveillance is useful for observing and managing the 
circulation of such respiratory viruses within communities.

In this study, we assessed the effects of inhibitors present 
in wastewater on accurate detection and quantification of 
viral DNA. Nucleic acids extracted from wastewater samples 
analyzed during the SARS-CoV-2 pandemic were spiked  
with hCMV DNA. The amount of hCMV was determined  
using a reference measurement procedure published in the 
Joint Committee for Traceability in Laboratory Medicine 
(JCTLM) database5.

Materials and Methods
Wastewater samples were collected from six treatment plants 
(Ljubljana, Maribor, Celje, Kranj, Koper, and Domžale) during 
SARS-CoV-2 surveillance in Slovenia from 2020–2022. 
Samples containing total nucleic acid (NA) extracted from 
wastewater were spiked with a known concentration of hCMV 
genomic DNA (gDNA). Five samples (D1–D5) were prepared 
with hCMV concentrations ranging from 5 to 1,500 copies/μL 
(Figure 1). Samples were analyzed using RDG16 Cartridges 
(Bio-Rad Laboratories, Inc., catalog #12025252) on the QX700 
HT Droplet Digital PCR System (Bio-Rad, #17010628), using 
QIAcuity Nanoplates 26k 8-well (Qiagen, #250031) and 
QIAcuity Nanoplates 8.5k 24-well (Qiagen, #250011) on the 
QIAcuity One 5-Plex Digital PCR System (Qiagen, #911021), 
with at least 12 reactions per sample.

Total nucleic acids were extracted using the viral DNA 
protocol of the Maxwell RSC Enviro TNA Kit (Promega, 
#AS1831), pooling 20 μL of extracted DNA from  
approximately 300 samples to a final volume of 6 mL. 
Viral gDNA was extracted from inactivated and lyophilized 
whole CMV from the INSTAND EQA scheme Virus Genome 
Detection—cytomegalovirus (INSTAND code 365) using the 
QIAamp DNA Mini Kit (QIAGEN, #51306). Three extractions 
were performed for each of two EQA samples, resulting in six 
total extractions. Lyophilized whole virus was reconstituted 
in 1.1 mL molecular-grade water. Following the viral DNA 
extraction protocol, 30 μL of proteinase K and 300 μL of 
Buffer AL containing 7.5 μL carrier DNA (poly A, QIAamp Viral 
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Fig. 1. Wastewater samples from six Slovenian treatment plants 2020–2022.  
Total nucleic acid extracted from wastewater was spiked with a known concentration 
of hCMV genomic DNA ranging from 5–1,500 copies/μL. gDNA, genomic DNA.

© 2026 Bio-Rad Laboratories, Inc.	 2	 Bulletin 3900

Quantification of Human Cytomegalovirus in Wastewater: Overcoming Inhibition with the QX700 HT Droplet Digital PCR System



All QX700 HT ddPCR System experiments were performed in a 5 μL reaction containing 0.7 μL naica™ 10X Multiplex ddPCR Mix 
(Bio-Rad, #12025255), 0.3 μL primer and probe mix (final concentrations listed in Table 1), and 1–4 μL of sample. Where 
applicable, the remaining reaction volume was molecular-grade water.

For the QIAcuity System, both 8.5k (12 μL reaction) and 26k (40 μL reaction) nanoplates were used. The reaction mixture 
comprised 3 μL or 10 μL of 4x QIAcuity Probe Mastermix from the QIAcuity Probe PCR Kit (Qiagen, #250102) and 0.72 μL  
or 2.4 μL primer and probe mix (final concentrations listed in Table 1) for the 8.5k and 26k nanoplates, respectively. For  
8.5k nanoplates, 2.4, 4.8, 7.2, or 8 μL of sample was added, while 26k nanoplates were tested using 8 μL of sample.

The cycling conditions for the QX700 HT ddPCR System were 95°C for 3 min, followed by 45 cycles of 95°C for 10 sec and 60°C  
for 15 sec. For the QIAcuity System, cycling conditions were 95°C for 2 min, followed by 40 cycles of 95°C for 15 sec and 60°C 
for 30 sec.

Table 1. Reaction primers and probes.
Oligo Oligo Sequence Final Concentration, nM Amplicon Length, bp

Forward primer GGCCGTTACTGTCTGCAGGA 600 72

Reverse primer GGCCTCGTAGTGAAAATTAATGGT 600 –

Probe FAM-CCGTATTGGTGCGCGATCTGTTCAA-BHQ1 200 –

To determine the maximal sample volume input (Figure 2), sample D1 was tested in at least 12 technical replicates for the  
QX700 HT ddPCR System and QIAcuity 8.5k nanoplates. When the maximum sample volume was determined for both platforms, 
4 μL for the QX700 HT ddPCR System and 2.4 μL for QIAcuity, samples D2–D5 were tested in at least 12 technical replicates.  
For QIAcuity 26k nanoplates, all samples (D1–D5) were tested in 10 technical replicates. A negative control in the form of a  
non-template control (molecular-grade water added instead of sample) and a positive control (viral gDNA) were included in  
at least one technical replicate.

Accuracy for each platform was assessed by calculating the bias relative to the 
assigned value (Equation 1), and repeatability was evaluated using the coefficient 
of variation (CV %) for each sample (Equation 2), where σ represents the standard 
deviation and μ represents the mean of the measurements for each sample. The limit 
of detection (LOD) was defined as the sample concentration at which one or more 
reactions were negative (fewer than three positive partitions).

Fig. 2. Effect of sample input proportion. 
The effects of different proportions of 
input sample were evaluated for A, the 
QX700 HT ddPCR System with the RDG16 
Cartridge, and B, the QIAcuity System with 
the 8.5k nanoplate. The sample proportions 
are shown above each panel. Each reaction 
contained 600 nM forward and reverse 
primers and 200 nM FAM/BHQ1-labeled 
hydrolysis probe, and either DNA sample 
D1 (1,500 copies/μL) or a non-template 
control (NTC; molecular-grade water). 
Either the naica 10X Multiplex ddPCR Mix 
or QIAcuity Probe Mastermix was used 
for the QX700 HT ddPCR System and 
QIAcuity System, respectively. Blue and 
red lines indicate the manual thresholds set 
in QX700 Analyzer Software and QIAcuity 
Software Suite, respectively.

A

B
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Despite the inhibitors' impact on amplification efficiency, the quantitative results were repeatable (CV <25%), and the hCMV 
concentrations in all measurable reactions were comparable to the assigned value, with a bias of less than 25% for the QIAcuity 
System and less than 15% for the QX700 HT ddPCR System (Figure 3 and Table 2).

Results
In the first experiment, we measured the amount of hCMV viral DNA in wastewater samples using the QX700 HT ddPCR System 
with the RDG16 Cartridge and the QIAcuity System with the 8.5k nanoplate. The QX700 HT ddPCR System showed no inhibitory 
effect on amplification across all tested proportions, while the QIAcuity System experienced partial inhibition at 40% and full 
inhibition at 60% and 70% sample proportions (Table 2).

Fig. 3. Repeatability of input sample 
proportions. Repeatability was evaluated 
for different proportions of input sample 
using A, the QX700 HT ddPCR System 
with the RDG16 Cartridge in a 5 μL 
reaction, and B, the QIAcuity System with 
the 8.5k nanoplate in a 12 μL reaction. At 
60% and 70% input DNA, no amplification 
was observed for the QIAcuity System 
with the 8.5k nanoplate. The dashed line 
represents the mean of all results for 
each individual dPCR platform.

In the second experiment, we used the highest proportion of input sample that still exhibited resistance to inhibition, 80% for the 
QX700 HT ddPCR System and 20% for the QIAcuity System, to test a dilution series with decreasing hCMV concentrations. The 
limit of detection (LOD) for the QIAcuity System with the 8.5k nanoplate was determined to be >5 copies/μL, while it was not 
reached for the QX700 HT ddPCR System, even at the lowest sample concentration (Table 3).

Table 2. Performance across sample input proportions. Performance was evaluated for the QX700 HT ddPCR System with the RDG16 Cartridge 
and the QIAcuity System with the 8.5k nanoplate across different sample DNA input proportions (20–80%).
DNA Proportion* QX700 HT ddPCR System with RDG16 Cartridge QIAcuity System with 8.5k Nanoplate

Absolute Value, µL Mean, cp/μL CV % Bias % Absolute Value, µL Mean, cp/μL CV % Bias %

20%
40%
60%
70% or 80%

1
2
3
4

1,696
1,577
1,644
1,540

11.19
11.52
12.89
10.65

13.07
5.11
9.58
2.64

2.4
4.8
7.2
8.3

1,844
1,770
NA
NA

6.31
4.55
NA
NA

22.93
17.99
NA
NA

NA, not applicable.
*The sample used was D1, with an assigned value of 1,500 copies/μL.
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Our study demonstrates that the QX700 HT ddPCR System with the RDG16 Cartridge is highly suitable for quantifying 
hCMV in wastewater samples, allowing for high sample input while retaining sensitivity, and enabling cost-efficient reagent 
use due to the small reaction volume.

Table 3. Quantification performance in a dilution series. Performance was evaluated for the QX700 HT ddPCR System with the RDG16  
Cartridge, the QIAcuity System with the 8.5k nanoplate, and the QIAcuity System with the 26k nanoplate across a sample dilution series.  
Mean concentrations were calculated in copies per μL and in copies per reaction (cp/rxn). Concentration per reaction was used to determine  
the limit of detection (LOD).
Dilution Assigned 

cp/µL
QX700 HT ddPCR System with RDG16 Cartridge QIAcuity System with 8.5k Nanoplate QIAcuity System with 26k Nanoplate
Mean, cp/μL CV % Bias % Mean, cp/rxn Mean, cp/μL CV % Bias % Mean, cp/rxn Mean, cp/μL CV % Bias % Mean, cp/rxn

D1
D2
D3
D4
D5

1,500
500
250
50
5

1,540
543
266
54
5

10.65
10.17
11.10
10.38
37.15

2.64
8.54
6.42
8.38
1.68

6,158
2,171
1,064
217
20

1,838
577
299
60
7*

6.82
8.17
11.23
21.07
NA

22.56
15.39
19.59
20.41
38.32

4,412
1,385
718
144
17

1,564
514
269
52
6

4.98
2.59
5.72
6.40
12.87

4.25
2.84
7.58
3.28
10.02

1,2510
4,114
2,152
413
44

NA, not applicable.
*The sample used was D1 with an assigned value of 1,500 copies/μL.

Fig. 4. Quantification sensitivity: five-point serial dilution of hCMV in wastewater nucleic acid (NA). For each of the tested dPCR platforms, the highest proportion of DNA in the 
reaction mixture that produced amplification with reliable separability was 80% for the QX700 HT ddPCR System with the RDG16 Cartridge (green), and 20% for the QIAcuity System 
for both the 26k (red) and 8.5k (blue) nanoplates. The serial dilution of hCMV DNA ranged from 5 to 1,500 copies/μL, with each point tested in at least 12 replicates. All setups 
exhibited high linearity (R² > 0.99); however, the limit of detection differed, with the QX700 HT ddPCR System with the RDG16 Cartridge and the QIAcuity System with 26k nanoplates 
achieving <5 copies/μL, and the QIAcuity System with 8.5k nanoplates achieving <50 copies/μL.

We repeated the experiment on the QIAcuity System with the 26k nanoplates, which have a larger reaction volume (40 μL 
compared with 5 μL for the RDG16 Cartridge and 12 μL for the 8.5k nanoplate). The results with the 26k nanoplates were 
comparable to those of the QX700 HT ddPCR System. Although the dynamic range was narrower for the 8.5k nanoplate, 
all three setups exhibited high linearity (R² > 0.99) (Figure 4).
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