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Herein we report the quantitative detection of pathogenic bacteria by an on-chip qPCR previously developed for
COVID-19 detection, using Staphylococcus aureus as pilot microorganism. A conventional qPCR assay for the
rapid and sensitive detection of Staphylococcus aureus harbouring the enterotoxin gene cluster (egc) was trans-
ferred to a microfluidic platform. Patterned silicon substrates were used as reaction vessels during on-chip qPCR.
Reagent optimization was achieved through Design of Experiments (DoE), using multifactorial analysis with
fractional factorial and central composite rotatable designs. On-chip thermal cycling and optical inspection were
achieved using a compact reader providing real-time monitoring and accurate quantification. Experiments were
performed to evaluate optimal assay efficiency, sensitivity, specificity, practicability, and robustness. The assay
was tested for probe-based or intercalating dye-based amplification systems as those are fastest and most sen-
sitive. Seven relevant components in the reaction mixture were screened through 16 amplification runs, where
cost, speed and amplification quality were assessed. The screening identified the intercalating dye-based system
as most promising, with polymerase and primer concentrations as the most influential factors. The following
optimization design led to bacterial screening with template concentrations ranging from 4 to 40,000 copies in
1.8 L of mixture per reaction under 19 minutes, compared to 10 uL of mixture per reaction under 40 minutes of
run time using the conventional real time PCR platform. The workflow introduced here simplifies the transfer of
qPCR recipes to microfluidic devices targeting faster results when compared with the current gold standard
benchtop methods on pathogen detection in real time at on-site locations.

1. Introduction rely on selective enrichment and plating, followed by biochemical or

serological confirmation. However, these methods typically require

In recent decades, there has been a growing trend in the development
of sensitive, rapid and reliable methods to detect microorganisms and
toxins in food, since large-scale production and distribution can threaten
large populations when contamination occurs. Currently, the detection
of pathogens in clinical and food systems is done through culture-based
cultivation techniques, enzyme-linked immunosorbent assay (ELISA)
and quantitative polymerase chain reaction (qPCR) [1-6]. Cultur-
e-based cultivation techniques remain the current standard for bacterial
detection in a wide variety of foods due to their availability, low cost,
and regulatory acceptance (e.g., WHO, FDA, FAO). Standard procedures
for detecting Salmonella, Escherichia coli, and Listeria monocytogenes
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18-48 hours or longer, are labour-intensive, and often delay critical
interventions, complicating timely outbreak control across food sectors
[7-11].

Molecular diagnostic tools such as qPCR have increased in popularity
due to rapid, specific, and sensitive analysis of microbial DNA. These
benefits make it attractive, especially when screening a larger number of
samples. Among amplification systems for DNA quantification, there are
probe-based and dye-based techniques. Intercalating dyes bind to newly
formed double-stranded DNA and then undergo a conformational
change that enhances their emitted fluorescence [12]. For the KAPA2G
polymerase, EvaGreen is used as the dye. Although intercalating dyes
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are usually more sensitive, they can also bind to double-stranded DNA
fragments that are not relevant, such as primer-dimers. Therefore, a
post-processing step using melting curve analysis is necessary to assess
the origin of the measured fluorescence as signal from the desired
amplified region of interest.

Alternatively, TagMan is a probe-based amplification system, which
uses single-stranded DNA or RNA molecules as probes that bind to the
region of interest. These probes contain a reporter dye and a quencher of
the signal. The probes attach to their complementary DNA sequence and
subsequently get cleaved by the polymerase during the extension phase
of amplification. Only after cleaving do the probes emit their fluores-
cence. By exclusively binding to the target sequence, probe-based assays
enhance specificity and guarantee the fluorescence signal originates
from the desired amplicon. In recent years, micro- and nano-fabrication
technologies, originally developed for producing silicon-based chips for
the microelectronics industry, have spread out in a variety of applica-
tions as chemical and biochemical tools, commonly referred to as
Biomedical or Biological Micro-Electro-Mechanical Systems (Bio-
MEMS). Obvious advantages of the miniaturized integrated detection
technologies include higher sensitivity, as well as reduced reagent and
sample volumes, reducing associated costs and time to result. Never-
theless, for lower reaction volumes, an assay optimization is needed to
achieve similar amplification efficiency and reliability as observed in
commercial benchtop tools. Moreover, the reagent concentrations ad-
justments and the addition of ingredients to minimize the increased
impact of surface-to-volume ratio become prominent in smaller reaction
qPCR screenings [13]. The optimization protocols paved the way for
on-chip qPCR. Microfluidic chips have smaller thermal mass compared
to the 96-well plates that are commonly used for qPCR benchtop tools,
making the on-chip amplification routine suitable for faster thermal
cycling [2]. Moreover, by utilizing chips made on substrates with good
thermal conductivity, the total amplification time can be reduced to
under 9 min or even 5 min, making this method suitable for ultra-fast
diagnostics [14,15].

Microfluidic chip technology has progressed from simple fluid-
handling devices to highly integrated platforms enabling rapid and
sensitive pathogen detection. Recent developments include centrifugal
microfluidic systems for recombinase polymerase amplification (RPA)
and dual-mode nanozyme-based chips for colorimetric and biolumi-
nescent detection of pathogens such as Salmonella typhimurium,
achieving detection limits as low as 33 CFU/mL within 40 min [16,17].
Advances such as these leverage miniaturization, reduced reagent con-
sumption, and portability, offering significant advantages over con-
ventional methods like ELISA, lateral flow assays, and bulk PCR, which
are often time-consuming, reagent-intensive, and less amenable to
point-of-care use. Alternative microfluidic approaches, including
isothermal amplification and CRISPR-based systems, provide speed and
specificity but face limitations in quantitative accuracy, thermal uni-
formity, and multiplexing capability [18]. In contrast, microfluidic
gPCR platforms overcome these challenges by integrating precise ther-
mal cycling and real-time fluorescence detection within nanolitre-scale
chambers, enabling accurate quantification, high specificity, and
robust multiplexing. This combination of speed, sensitivity, and quan-
titative reliability positions microfluidic qPCR systems as superior so-
lutions for pathogen detection in clinical and field settings.

Staphylococcus aureus is a ubiquitous bacterial pathogen known for
its capacity to cause a wide range of human diseases, facilitated by its
production of diverse virulence factors, notably staphylococcal entero-
toxins (SEs). These toxins, alongside with other exotoxins like toxic
shock syndrome toxin-1, contribute to serious foodborne intoxications,
toxic shock syndrome, and staphylococcal scarlet fever, underscoring
the significant public health burden associated with S. aureus infections
[12-15]. While S. aureus is inactivated by cooking or pasteurization
processing, its enterotoxins are heat-stable and remain active upon
reaching the human gastrointestinal tract [19]. The enterotoxin pro-
duction increases within an optimal temperature range of 20-37 °C and
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pH 4.0-7.4 with consequent release in foods [20]. A high number of SEs
and staphylococcal enterotoxin-like toxins (SEls) have been discovered
apart from the five classical SEs (SEA-SEE) [21]. S. aureus strains har-
bouring the so-called enterotoxin gene cluster (egc) operon have been
found to cause staphylococcal food poisoning [22-25]. Moreover, these
egc+ strains play a key role in clinical and subclinical mastitis as well as
in other clinical diseases, thus prompting the need for a rapid and reli-
able method to detect egc+ S. aureus strains [26-28].

This paper proposes and evaluates a comprehensive validation
framework for the qPCR detection and quantification of egc-positive
S. aureus from food and clinical samples by using a custom microfluidic
chip and instrument designed by a commercial partner (miDiagnostics,
Leuven, Belgium). During validation, the applicability, specificity,
sensitivity, and robustness were investigated for detection in complex
matrices. By addressing challenges inherent to on-chip qPCR, we aim to
provide a method that supports integration into clinical diagnostics and
food safety monitoring, thereby enhancing our ability to detect and
mitigate pathogens contamination in real-time scenarios. The successful
validation of this technology offers transformative solutions for on-site
rapid pathogen detection and contributes to improved public health
and food safety strategies.

2. Materials and methods
2.1. Material

2.1.1. Bacterial strains and growth conditions

As proof of concept, DNA of 59 bacterial strains comprising food-
borne and clinical egc+ (n = 25) and egc- (n = 13) S. aureus strains
previously characterized by Fusco et al. [29] and Chieffi et al. [21], as
well as strains belonging to other staphylococcal species (n = 12) and
strains belonging to other genera (n = 9) were utilized in the present
study (Supplementary Table Al). All bacterial strains were stored at the
Institute of Sciences of Food Production National Research Council of
Italy as pure glycerol (20 % v/v) stock cultures (—80 °C). Stock cultures
were streaked on Baird Parker agar with egg yolk tellurite emulsion
(Oxoid, Basingstoke, United Kingdom) incubated at 37 °C for 24-48 h
(for staphylococcal species) or relevant (selective) agar media (for
non-staphylococcal species). Working cultures were obtained inocu-
lating single colonies in brain heart infusion broth (Oxoid, Basingstoke,
United Kingdom) with 0.6 % yeast extract (Oxoid, Basing-stoke, United
Kingdom). One mlL aliquots were used for DNA extraction. DNA
extraction was performed following the alcohol-based method described
by Chieffi et al. [30], utilizing lysostaphin (Sigma-Aldrich, St. Louis, MO,
USA) for staphylococcal species (8 pg/ml final concentration) and
lysozyme (Sigma-Aldrich, St. Louis, MO, USA) for non-staphylococcal
species (8 mg/ml final concentration).

2.1.2. Oligonucleotides and qPCR reagents

In this study, the primers and probe previously designed by Fusco
et al. [29] were used. In particular, the set of primers egcAUf/egcAUr
(Supplementary Table A2A) was synthesized by Sigma Aldrich (sig-
maaldrich.com/oligos) and used for amplifying an 82 bp fragment of the
S. aureus egc operon. The internal minor groove binder (MGB) Taq-Man
probe (Supplementary Table A2B) was synthesized by Sigma Aldrich
(sigmaal-drich.com/oligos). It contained the fluorescent reporter dye
6-carboxy-fluorescein (FAM) and an MGB group at the 3’ end. The MGB
is added to the probe to increase stability and specificity of probe hy-
bridization and enhance fluorescent performance.

The TagMan system utilized AmpliTaq Gold DNA polymerase (Fisher
Scientific, Hampton, USA), while the intercalating dye system employed
KAPA2G Fast HotStart polymerase (Roche, Basel, Switzerland) with
fluorescent detection facilitated by EvaGreen dye 20X (25 uM; VWR,
West Chester, USA), whereas TagMan relied on specific probes for signal
generation (Supplementary Table A2B). Magnesium chloride (MgCly),
deoxynucleotide triphosphates (dNTPs) and PCR-grade water were
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provided by Sigma-Aldrich (St. Louis, USA), and bovine serum albumin
(BSA) was procured in Roche (Basel, Switzerland).

2.1.3. On-chip gPCR system

2.1.3.1. Microfluidic chip. The chips used in this study were supplied by
MiDiagnostics (Leuven, Belgium). The design of the chip consists of a
meandered channel (200 pm width, 3000 um length and 200 um depth,
1.8 pL as total volume) used as reaction chamber with an inlet hole (0.5
mm diameter) at each end. The channels were fabricated on a 10 x 5
mm silicon substrate by combining conventional photolithography with
dry etching techniques sealed by an anodic bonded cover glass. After
fabrication, the chip was attached to a frame (20 x 70 mm in size) for
easier manipulation and connected to a plastic foil of 33 x 20 mm
containing an embedded channel of 2 mm by 120 mm of length (with a
total volume of 4.8 uL) which was aligned to one of the chip inlets in use
to facilitate injection of reagents. As a final step, the assembled chip
went under an oxygen plasma furnace for 30 min at 80 W power (Mini-
Flecto, Plasma Technology, Herrenberg-Giiltstein, Germany) to remove
any possible organic residues acquired from the storage period prior to
usage. Fig. 1 shows the front and back of the chip after assembly,
highlighting the location of the different elements.

2.1.3.2. Instrument for the on-chip quantification of S. aureus. On-chip
qPCR was performed using a compact and portable instrument (16 cm
length x 18 cm height x 16 cm width, weight: 5.35 kg, Fig. 2) acquired
from MiDiagnostics (Leuven, Belgium), equipped with heating and op-
tical modules for temperature control and fluorescence detection. The
filters installed on the tool are compatible with green fluorescent pro-
tein/fluorescein amidite (GFP/FAM) fluorophores bands with excitation
at the range of 480-500 nm and emission at 520-540 nm. The chips
were inserted into the equipment by a slit located at the front panel.
After loading the sample, the inlet ports are sealed and the chip inserted
into an instrument that performs temperature cycling while acquiring
fluorescence images. All the parameters related to the amplification step
(temperature cycling, fluorescence images, and data acquisition) were
controlled using a custom-made software installed on a peripheral
computer.

Reaction
chamber Silicon
chip
Plastic foil
with embedded
channels
Plastic
frame
10 mm Front 10 mm Back

(a) (b)

Fig. 1. (a) Front and (b) back side views of the chip after assembly. The plastic
frame has an opening allowing the visualization of the reaction chamber during
the temperature cycling.
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Fig. 2. Instrument in use for on chip qPCR amplification step. The dimensions

are 16 x 18 x 16 cm (length x height x width).

2.2. Methods

2.2.1. Benchtop qPCR for referencing

The same master mixes were tested on benchtop qPCR using the Bio-
Rad CFX Opus 96 Touch Real-Time PCR System (Bio-Rad, Hercules,
California, U.S.A) to validate results from the microfluidic chip. Three
replicates of positive control (strain ‘367P’, Supplementary Table A1)
were tested for each recipe, along with two no template control (NTC)
samples. Both benchtop and on-chip qPCR tools use the same thermal
cycling program of dwell times (see Sections 2.2.2.3 and 2.2.2.4), but
overall time on the benchtop tool is longer than on-chip due to longer
ramp times between temperatures. Also, the volume on the benchtop is
10 pL, whereas the volume on-chip is 1.8 pL. Following benchtop
amplification, melting curve analysis from 65 °C to 95 °C was performed
to estimate PCR product size and presence of primer-dimers.

2.2.2. On-chip gPCR

2.2.2.1. Loading procedure. The reagents were inserted in the micro-
fluidic chip (Supplementary Fig. A7a) by dispensing a 6 uL drop of the
premixed reagents onto the plastic foil inlet. Then, the fluid was guided
by capillary flow towards the reaction chamber (1.8 pL) through the
fluidic channels present on the plastic interposer (Supplementary
Fig. A7b). The filling procedure was completed in approximately 20 s.
When the loading was successfully completed, an adhesive foil (poly-
imide film tape, catalogue code: 7000,144,792, 3M) was placed directly
at the chip inlet- and outlet ports, sealing the microfluidics circuit during
the qPCR temperature cycling (Supplementary Fig. A7c and d). Bovine
serum albumin (BSA) is added to PCR solutions to stabilize polymerase
enzymes and prevent adsorption of reaction components to chamber
surfaces by competitively blocking polymerase binding [31,32].

2.2.2.2. Amplification curves data acquisition and validation. The fluo-
rescence curves were generated by plotting reaction chamber’s mean
fluorescence intensity (relative fluorescence units, RFU) per tempera-
ture cycle. The data was compared with the benchtop tool results (ac-
quired under similar temperature cycling dwell times) for performance
validation.

2.2.2.3. On-chip qPCR reaction design (screening). A Fractional Factorial
Design (FFD) is a solving method based on testing a subset of all possible
combinations and levels of factors, rather than a full factorial design. By
assuming that high-order interactions can be neglected, FFD helps
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identify the most important factors for assay optimization with fewer
runs. Thus, the optimization process started by determining the most
influential ones on the following amplification systems: probe-based
TagMan, and intercalating dye EvaGreen with KAPA2G polymerase.
For this purpose, two separate FFDs of seven factors (273, resolution IV)
were employed, resulting in 16 runs each for each amplification system.
During screening, the thermal cycling program consisted of initial
denaturation for 3 min at 95 °C, followed by 40 cycles of denaturation
for 10 s at 95 °C and elongation for 30 s at 60 °C. With ramp speeds of 7
°C/s, resulting in a total run time of approximately 37 min.

The choice of the seven factors was based on previous results and
suppliers’ information. The factors included in the design had two levels,
lower (—1) and upper (+1) limits. These were usually set to 0.5 or 3
times the recommended concentration, respectively (see Table 1).

Outcome responses of the design were defined as: (1) the threshold
cycle (Ct), and (2) a categorical grade of the curve fit over the data
points. A full summary of the design with the uncoded levels for each run
can be found in Supplementary Tables A3 and A4, for the TagMan and
KAPA2G amplification systems, respectively. All runs were performed in
a randomized order.

2.2.2.4. On-chip qPCR reaction design (optimization). Following the re-
agents screening, an optimization design was employed to determine
optimal concentrations when using KAPA2G as polymerase on the
amplification reaction. Only the most influential factors on outcome
measures were chosen. In the end, from the seven factors present on the
screening experiment, only primer and polymerase concentrations were
kept in the optimization. For this optimization, a central composite
rotatable design (CCRD) was used. This is a response surface plot used in
experimental design that is particularly useful for building models of
second-order response surfaces and is known for its ability to provide
uniform prediction errors across the design space. In this study, CCRD
was used following response surface analysis methodology [33]. The
design contained four factorial points, four axial points, and a centre
point that was repeated five times, totalling 13 runs (see Supplementary
Fig. A8). Remaining reaction components were added in the following
concentrations: dNTPs (200 uM), BSA (3 mg/mL), MgCl, (6 mM), Eva-
Green (3X) and KAPA2G buffer (1X) and microbial DNA-free water to an
end volume of 1.8 pL per chip. Table 2 summarizes the tested recipes.

The kinetics experiments performed prior to the optimization (data
not shown) demonstrated the functionality of a shortened thermal
cycling program, reinforced by prior research reported by Cai et al. [15].
During optimization, the thermal cycling program consisted of initial
denaturation for 1 min at 95 °C, followed by 40 cycles of denaturation
for 1 s at 95 °C and elongation for 15 s at 60 °C. With ramp speeds of 7
°C/s, total run time resulted in approximately 19 min.

In the optimization design, the outcome measures of the tested rec-
ipes were the Ct value and PCR efficiency. To assess PCR efficiency and

Table 1

Selected factors and their final concentrations at manufacturer’s recommenda-
tion levels, lower and upper limits chosen for the screening experiment of
TaqMan and KAPA2G amplification systems.

Factor (unit) Recommended Lower limit Upper limit
MgCl, (mM) 2 1 6

dNTPs* (uM) 200 100 600

BSA* (mg/mL) 1 0 3
AmpliTaq polymerase (U/uL)" 0.2 0.1 1

KAPA2G polymerase (U/uL)” 0.02 0.01 0.1
Forward primer (nM) 500 250 1000
Reverse primer (nM) 500 250 1000
Probes (nM)" 250 100 750
EvaGreen (X)” 1 0.5 3

* dNTPs: deoxynucleotide triphosphates; BSA: bovine serum albumin.
! Reagents in use for TagMan system only.
2 Reagents in use for KAPA2G only.

Talanta Open 13 (2026) 100633

Table 2
Coded and uncoded optimization design. The centre point was repeated five
times, hence recipes 9-13 are identical.

Recipe X1, X2, Polymerase Primers
Polymerase Primers (U/pL) (nM)
Factorial 1 -1 -1 0.035 300
points 2 1 -1 0.17 300
3 -1 1 0.035 1300
4 1 1 0.17 1300
Axial 5 o 0 0.005 800
points 6 o 0 0.2 800
7 0 -0 0.1 100
8 0 o 0.1 1500
Centre 9-13 0 0 0.1 800
point

sensitivity, a dilution series of DNA template (strain ‘NCTC 9393') was
created to establish a standard curve of five points. The DNA dilutions
were distributed around the predicted limit of detection, based on
earlier experiments (data not shown). Around this limit, it was deemed
most probable to determine differences in the limit of detection for the
different recipes. Considering that one S. aureus genome equivalent
equals to 3.03 fg [29], DNA concentrations started at 100 genome
equivalents (303 fg) per reaction (GE/reaction), based on a reaction
volume on-chip of 1.8 pL. Subsequent dilution points were 50, 10, 5 and
2.5 GE/reaction.

2.2.2.5. On-chip qPCR reaction design (model validation). From the
optimization data, DoE results were generated to correlate the poly-
merase and primer concentrations to the outcome measures. From these
DoE results, three recipes were chosen to validate the model (Table 3).
One recipe was chosen with expected bad outcome measures (“unreli-
able”). Two expected good recipes were chosen, one with a higher po-
lymerase concentration (labelled as “high-cost”) and the other with
lower polymerase concentration (labelled as “low-cost”). These recipes
were tested for the same DNA concentrations as the dilution series in the
optimization experiment, ranging from 2.5 to 100 genome equivalents
per reaction. Each dilution was tested in two replicates and one NTC as
negative control. The average Ct values were determined, and PCR ef-
ficiency was calculated. From all three recipes the benchtop samples
were stored post-amplification for primer-dimer analysis using gel
electrophoresis. To assess the cost per recipe, the volume of each
component required was multiplied by its price per microliter, based on
bulk reagent pricing. This included polymerase, primers, BSA, dNTPs,
and MgCl.. Total cost per reaction was calculated separately for chip-
based and benchtop formats, considering the lower reaction volumes
on-chip, which notably reduce costs per test, especially for expensive
reagents like polymerase. The detailed cost breakdown and calculations
(€) can be found in the supplementary material (Supplementary
Table A5).

2.2.2.6. Reproducibility and sensitivity. Following the validation of the
model, the recipe chosen was the one whose variance was best explained
by the model. In this case, the low-cost model was chosen to proceed to
further analysis. During sensitivity, this condition was tested for 20
times at a DNA dilution suspected to be the Limit of Quantification
(LoQ). Following quantification at 95 % certainty, a standard curve of
10-fold increases was generated, ranging from 4 to 4 x 10° genome
equivalents per reaction.

2.2.2.7. Specificity. The approach described by Broeders et al. and the
Codex Alimentarius [34,35] was followed to evaluate the specificity of
on-chip qPCR assays. A panel of 20 known target and 20 non-target
DNAs, highlighted in Supplementary Table Al, were tested. Target
samples were run at 100 GE per reaction, while non-targets were tested
at 1000 GE per reaction to help reveal any potential cross reactivity. All
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Table 3
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Overview of the validation recipes with coded (X1, X2) and uncoded (polymerase, primers) concentrations.

Recipe X1, Polymerase X2, Primers Polymerase (U/uL) Primers (nM) Price per reaction on chip (€) Price per reaction on benchtop (€)
High-cost 0.5 -0.75 0.135 0.902 1.504
Low-cost -0.3 —-1.25 0.08 0.645 1.076
Unreliable -1.25 1.25 0.016 0.367 0.612

samples were tested in duplicate. The results were expressed as a per-
centage of false positives or negatives using Eqs. (1) and 2.

100 x Number ofmisclassified knownpositive samples

False Negati %)=
alse Negatives (%) Totalnumber of known positive samples

(€8]

100 x Number ofmisclassified known negative samples

False Positi %)=
alse Positives (%) Total number of known negative samples

(2)

2.2.3. Electrophoresis

During validation, gel electrophoresis was performed in addition to
melting curves to separate amplification products based on size.
Benchtop qPCR post-amplification samples were run on a 2 % SeaKem®
LE Agarose gel (Lonza, Walkersville, MD, USA), mixed with 1x TAE
buffer (Tris, Acetic acid and EDTA) (Bio-Rad, Hercules, CA, USA). For
size estimation, a GeneRuler™ Low Range DNA Ladder (ThermoFisher,
Waltham, MA, USA) was added, since expected amplicon size was 82
base pairs.

2.2.4. Data analysis and statistics

2.2.4.1. Data acquisition. When performing on-chip qPCR, a routine
was needed to retrieve the fluorescence curves. First, we imported the
images from the thermal cycling program in ImageJ analysis program
and selected the area of the images containing the meandering channels
of the chip. Next, in ImageJ mean fluorescence intensity per pixel (RFU)
was plotted by using the ‘plot Z-axis’ functionality. The raw data from
these graphs was extracted using ImageJ and imported into Microsoft
Excel, where it was first zero-normalized and then scaled to relative
values ranging from 0 to 100. Data from benchtop gPCR was merely
used as a rough estimate of Ct value and to check for amplification and
primer-dimer presence. For this reason, the benchtop data was not
normalized or used for further quantification, analysis, or comparison to
on-chip qPCR results.

2.2.4.2. Data statistics. DoE were designed and processed using an R
script developed in-house by our team (RStudio, version 4.4.1, R Core
Team, 2024).

3. Results
3.1. On-chip qPCR reaction design (screening)

The TagMan probe-based assay showed a large variance in results of
different outcome measures as can be seen for both benchtop and on-
chip qPCR results (see supplementary Table A6). In certain recipes —
such as 3, 4, and 13 - substantial increases in fluorescence intensity were
observed, with mean pixel intensity values rising by several thousand as
measured by ImageJ. These recipes also exhibit low curve residual
values on-chip and good categorical curve goodness of fit on benchtop.
These qualities combined highlight their well performance.

In contrast, recipes 5, 10 and 14 exhibit negligible or poor amplifi-
cation, as seen by their low fluorescence increases. Consequently, their
Ct values could not be determined and have been manually entered as 45
to highlight poor performance of amplification. These recipes’ poor
performance is further highlighted by their poor categorical good of fit

on both benchtop and on-chip qPCR results.

In Table 4, the results of the multifactorial analysis on the data from
the TagMan screening experiments can be observed. Polymerase showed
significant impact on all outcome measures, except for curve residuals
on-chip and the categorical goodness-of-fit of curves on benchtop data.
The impact of polymerase was positive on all outcome measures, except
for fluorescence increase on-chip. The concentration of both forward
and reverse primers showed predominantly positive impact on most
outcome measures. Notably, the impact of BSA was positive for outcome
measures on-chip, such as fluorescence increase and the categorical
goodness-of-fit of the curves. Wherever significant, the impact of MgCl,
was always strongly positive. Contrarily, the influence of increased
dNTPs concentration was strongly negative for the outcome measures
where its impact was significant.

The screening experiment of the KAPA2G amplification system using
EvaGreen as intercalating dye screened several recipes (see Supple-
mentary Fig. A8). Recipes 5, 10, and 14 — exhibited extremely low
fluorescence increases on chip, some even decreased relative to the
starting pixel intensity values measured in ImageJ. Recipes exhibiting
such low fluorescence values accordingly showed poor categorical
goodness of fit on-chip, high curve residuals on-chip and received a
manually entered Ct value of 45 to showcase poor amplification. Other
trials - such as 3, 4, 7, 8, 11, 12 13 and 16 - showcased very high fluo-
rescence increase. In turn, the overall results for these recipes were good
categorical curve goodness of fit, low curve residuals on-chip and good
performance on benchtop with Ct and categorical fit.

In Table 5, the results of the multifactorial analysis on the data from
the KAPA2G screening experiments can be observed. The factor poly-
merase showed highly significant impact on all outcome measures,
except for categorical fit of curves on benchtop data. Primers - both
forward and reverse - showed little significant impact on any of the
outcome, except for categorical fit of curves on benchtop for reverse
primers and categorical fit of curves on-chip for forward primers. The
intercalating dye, EvaGreen, only showed strongly positive impact on
the increase in fluorescence on chip (p < 0.1). Bovine serum albumin
showed strong positive impact on-chip for Ct (p < 0.001), fluorescence
increase (p < 0.05) and categorical fit (p < 0.01). MgCl, showed strong
positive impact for Ct on-chip (p < 0.001), Ct on benchtop (p < 0.001)
and categorical curve fitting on-chip (p < 0.01). Influences from dNTPs
were mostly non-significant, except for strong negative influences on Ct
on-chip and on benchtop (p < 0.001).

After the screening, MgCly and bovine serum album (BSA) were
removed as factors because MgCls is an essential co-factor to DNA po-
lymerase and factors should be independent from each other. Addi-
tionally, BSA was no longer analysed as a factor, because it was deemed
essential to the on-chip qPCR amplification. The surface chemistry of
silicon can bind reaction chemicals and inhibit amplification, which was
also suggested by the screening design analysis.

3.2. On-chip qPCR reaction design (optimization)

On-chip qPCR yielded no false positive amplification in any recipe.
Benchtop qPCR showed false positive amplification for one NTC sample
in recipes 3 and 1, and for both NTC samples in recipes 12 and 8. The
positive controls in triplicate on benchtop qPCR showed consistent,
qualitative amplification across repetitions for all recipes except one.
For this recipe 5, the amplification displayed low fluorescence intensity,
and no plateau was reached.
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Table 4
Results of multifactorial analysis for the TagMan probe-based amplification system. Displayed are the influence that each factor exerted on the mentioned outcome
measure.
Factor CtOn-chip  AFluorescence On-chip ~ Ct on Benchtop  Curve residuals on-chip ~ Categorical fit of curves benchtop  Categorical fit of curves on-chip
Polymerase ~ o ~ mn.s. ns. *
Primer (forward) wx ~ n.s. n.s.
Primer (reverse) -~ * n.s. ns. ns. *
Dye (EvaGreen) n.s. n.s. n.s. n.s. n.s.
BSA ns ns. ns. ns. *
MgCly ek n.s. ns. ns. o
dNTPs b i n.s. ns. * b

p <0.1; *p < 0.05; ** p < 0.01; *** p < 0.001; n.s. non-significant.

Table 5

Results of multifactorial analysis for the KAPA2G system. Displayed are the influence that each factor exerted on the mentioned outcome measure.

Factor CtOn-chip  AFluorescence On-chip ~ Ct on Benchtop  Curve residuals on-chip ~ Categorical fit of curves benchtop  Categorical fit of curves on-chip
Polymerase ok * sk *k n.s. *k

Primer (forward) ns. ns. ns. n.s. n.s. wx

Primer (reverse) ns. n.s. ns. ns.

Dye (EvaGreen) ~ n.s. mn.s. ns. mn.s.

BSA * ek ns. ¥k %k

MgCl2 n.s. o n.s. n.s. il

dNTPs ns. el mn.s. n.s. mn.s.

p <0.1; *p < 0.05; ** p < 0.01; *** p < 0.001; n.s. non-significant.

During optimization, the on-chip gPCR amplification using KAPA2G
polymerase with EvaGreen Dye was tested in nine recipes for sensitivity
and PCR reproducibility. Benchtop qPCR has a positive control in trip-
licate and a non-template control (NTC) in duplicate. The nine recipes
corresponded to the four factorial points and four axial points, along
with the centre point recipe that was repeated five times.

For on-chip qPCR, all recipes exhibited varying ranges of amplifi-
cation throughout the different dilutions of starting DNA concentrations.
Notably, the centre point recipes were repeated five times to test
reproducibility and consistency but displayed differences in sensitivity
and PCR efficiency (Table 6). To support the interpretation of the CCRD
results, the full set of standard curves and efficiency calculations for all
13 recipes (summarized in Table 6) has been added to the Supplemen-
tary Materials (Supplementary Figs. A9 and A10). These figures show
the effect of varying polymerase and primer concentrations on Ct values,
PCR efficiency, and the overall response surface of the optimization.

Following false positive amplification on benchtop in NTC samples,
melting curve analysis was added to the benchtop protocol. However,
this analysis could not sufficiently rule out the cause of the signal.
Therefore, agarose gel electrophoresis was performed to assess the size
and possible origin of the amplicons.

A response surface model based on the C; values and efficiency data

Table 6

from the CCRD matrix was built to guide further optimization. The
model showed a clear trend: predicted PCR efficiency increased with
higher primer concentrations and lower polymerase levels. This trend
was visualized in a two-dimensional contour plot (Fig. 3A) and a three-
dimensional surface plot (Fig. 3B). These visualizations were then used
to select three representative recipes for follow-up: a high reagent “high-
cost” condition predicted to yield robust amplification; a more
economical “low-cost” condition; and a third recipe (“unreliable”) that,
while showing strong predicted efficiency, involved an extreme reagent
combination that raised concerns about specificity.

During validation, two recipes (“high-cost” and “low-cost”) dis-
played consistent and comparable C; values over the dilutions (Table 7).
Notably, the “unreliable” recipe that contained low polymerase and high
primer concentrations showed earlier amplification than the former
recipes. Additionally, the PCR efficiency of the “unreliable” recipe was
closer to 100 %, which indicates this recipe might have the best
outcome. However, benchtop qPCR and later on-chip qPCR results
showed false positive amplification of the negative control (NTC) sam-
ples. Subsequent gel electrophoresis of benchtop qPCR samples post-
amplification showed that the product size of false positive amplifica-
tion differed slightly from the predicted amplicon of 82 bp (data not
shown).

Optimization results from on-chip qPCR experiments. C;1 - C;5 are the on-chip C, values for the previously reported DNA dilutions ranging from 100 to 2.5 genome

equivalents per reaction, respectively.

Recipe Polymerase (U/pL) Primers (nM) Cil C2 C3 C4 C5 Efficiency C; Rangel
1 0.035 300 31.2 32.0 32.5 34.6 -2 185.8 1-4
2 0.17 300 31.3 32.6 33.8 34.4 —2 186.9 1-4
3 0.035 1300 32.2 34.5 34.5 34.1 -2 687.1 1-4
4 0.17 1300 31.1 31.4 34.1 35.4 -2 96.5 1-4
5 0.005 800 33.6 33.9 2 -2 -2 992.5 1-2
6 0.2 800 33.8 32.5 33.6 36.5 -2 222 1-4
7 0.1 100 35.3 36.2 -2 -2 2 109 1-2
8 0.1 1500 31.3 32.4 34.0 35.9 - 104.6 1-4
9 0.1 800 32.2 33.4 36.1 34.3 40.0 83 1-5
10 0.1 800 32.1 33.1 35.6 36.7 37.4 97.2 1-5
11 0.1 800 33.1 33.9 34.4 35.7 -2 293.8 1-4
12 0.1 800 31.6 32.4 33.9 34.3 2 193 1-4
13 0.1 800 34.2 35.1 37.1 -2 -2 122.1 1-3

1¢, range indicates which C, values were used to calculate the PCR efficiency of the respective recipe.
2 Lack of amplification or unreliable and were excluded from PCR efficiency calculations.
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Fig. 3. Response surface plots from CCRD optimization showing predicted PCR efficiency as a function of primer and polymerase concentrations. A: Contour plot. B:
3D surface plot. The model was used to guide recipe selection for the validation experiments.

Table 7

Overview of the validation results.
Recipe Run order X1 X2 Polymerase Primers CS1 CS2 CS3 CS4 CS5 Eff1 5 Eff1 4 Eff1.3
High-cost 4 0.5 -0.75 0.135 430 31.46 32.55 33.63 34.97 34.04 250.0 157 206.6
Low-cost 2 -0.3 —1.25 0.08 180 31.6 32.78 34.13 35 33.44 326.6 138.1 158.5
Unreliable 3 —1.25 1.25 0.016 1400 28.77 30.40 32.26 34.85 33.535 98.4 72.5 99.1

The recipes are shown with corresponded coded (X1, X2) and uncoded (polymerase, primers) concentrations. C, values are shown for the average of the repetitions at
the dilution concentrations of 100 to 2.5 genome equivalents per reaction in CS1 to CS5, respectively. PCR efficiencies are calculated based on the dilutions 1-5,
dilutions 1-4 and 1-3 for the Eff1 5, Effl 4 and Eff1_3, respectively.

3.3. Efficiency and sensitivity assay with KAPA2G polymerase and EvaGreen dye was four genome
equivalents per reaction (1.8 pL). Out of 20 successful repetitions at this
Following a short preliminary experiment, the suspected LOQ of our concentration, 19 produced a quantifiable signal that yielded a Ct value,

y=-3.42 % x + 3847
R?=0.996
Efficiency = 85.9%

GE ! Reaction
= wo00

— 4000
= a0
B o

Fluorescence (RFU)

= 4

Cycle

Fig. 4. Amplification curves following sensitivity experiments and dilution series performed on-chip. Lines represent the mean of all repetitions at that DNA con-
centration, with a surrounding band representing the standard deviation. The inset graph represents the average Ct value generated from the amplification curves,
along with standard deviation. The resulting on PCR efficiency reached 95.9 %.
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corresponding to a 95 % detection rate and establishing four genome
equivalents per reaction as the LOQ95. To document assay behaviour
across the lower concentration range, these 20 replicates were included
in the sensitivity assessment. In addition, the standard curve was
generated from 10-fold increases in starting DNA concentrations and
tested in triplicate for each point. The corresponding plot includes error
bars to illustrate replicate variability across the full dynamic range. This
dilution series resulted in an on-chip PCR efficiency of 95.9 % (Fig. 4).

3.4. Specificity

This specificity assay evaluated the ability of the test to correctly
identify target versus non-target sequences. The assay successfully
detected 19 out of 20 targets, corresponding to a false negative rate of 5
% (strain ‘363P’), indicating high sensitivity. Among the 20 non-targets
tested, 3 were detected (‘372P’, ‘373P’ and ‘CR1’), yielding a false
positive rate of 15 %. While the assay demonstrates high specificity, the
observed false positive rate suggests potential cross-reactivity with some
non-targets, highlighting an area for further optimization to improve
specificity.

4. Discussion

Quantitative polymerase chain reaction (QPCR) is an invaluable tool
in microbiology and is also applied in food technology to detect food
pathogens and increase food safety [3,29,36]. The interest of detecting
foodborne pathogens is growing due to the increased incidence of
foodborne illnesses in recent years [37]. Currently, different research
groups are working to optimize sensitivity [5,38], specificity [39,40]
and multiplexing [41,42] of conventional benchtop qPCR assays for
bacteria detection. However, benchtop qPCR systems have a longer
protocol, whereas new technologies facilitate rapid detection using
on-chip technology [15]. Hence, there is interest in miniaturized in-
struments [43,44], making assay optimization on a microfluidic chip an
important asset to investigate [45]. Here, we show the potential of sil-
icon chips with a meandering channel as reaction chamber to perform
on-chip qPCR for rapid detection of the bacterial pathogen S. aureus
harbouring the enterotoxin gene cluster (egc). More specifically, multi-
factorial analysis and Design of Experiments (DoE) were applied to
select an amplification system and optimize its reaction conditions for
on-chip qPCR.

Several studies report reliable detection of S. aureus and other
foodborne bacteria in milk, meat, poultry, and ready-to-eat products
using standard qPCR chemistries [6,46-49]. These studies show that
qPCR remains sensitive and specific even in the presence of typical
food-matrix inhibitors, supporting the feasibility of applying our opti-
mized on-chip assay once the consortium-generated isolates become
available. Moreover, it is important to note that the primers and probe
used for the on-chip qPCR proposed in the paper have been already
successfully tested in a conventional real time PCR on spiked milk
samples and have been validated on real raw milk samples by compar-
ison with plating combined with conventional PCR [29].

Two widely used systems were compared: AmpliTaq with TagMan
probes, and KAPA2G with the intercalating dye EvaGreen. The Ampli-
Taq system is highly specific, because probe-based fluorescence only
occurs when bound to the exact target sequence [50]. KAPA2G with
EvaGreen is highly sensitive as an intercalating dye-based system, and
the fast-start polymerase allows for ultra-fast cycling protocols. Cai et al.
(2019) [15] showed that EvaGreen-based systems can deliver quick,
sensitive, and reliable results in microfluidic qPCR setups. Our screening
supports their findings: AmpliTaq recipes like 3, 4, and 13 (Table A3,
Supplementary Materials) displayed strong fluorescence signal and good
amplification curves, both on-chip and on benchtop. Meanwhile,
KAPA2G also produced accurate results, where recipes 4, 7, and 13
(Table A4, Supplementary Materials) showed high fluorescence in-
creases and high-quality curve fits, especially on-chip. Both systems
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showcased good assay compatibility, where AmpliTaq offers consistency
and specificity, while KAPA2G with EvaGreen excels in speed and
sensitivity.

In food safety testing, both time and sensitivity are critical. There-
fore, on-chip qPCR amplification using the intercalating dye-based sys-
tem KAPA2G with EvaGreen was optimized and validated following
preliminary and screening experiments. The assay optimization was
needed as most of the QPCR master mix commercial kits were optimized
for benchtop instruments that uses reaction volumes up to 10 uL larger
than the ones on chip.

During optimization, the central composite rotatable design (CCRD)
enabled a systematic exploration of reaction conditions for on-chip
gPCR by modelling the effect of primer and polymerase concentra-
tions on selected outcome measures. The resulting response surface plots
pointed to a consistent trend: the most favourable amplification effi-
ciencies were observed at lower primer concentrations and relatively
high polymerase levels. Only PCR efficiency could be used as an
outcome measure, since no significant difference between recipes could
be found in C; values. Likely, the concentration ranges tested were
already nearly optimized, yielding low differences.

Given this information, three formulations were selected (“high-
cost”, “low-cost” and “unreliable”) from the CCRD output for validation.
While all three recipes produced amplification across the dilution series,
only the “high-cost” and “low-cost” recipes showed consistent, specific
signals across replicates and conditions.

The "unreliable" recipe initially appeared promising due to early C;
values and efficiency estimates close to 100 %. However, amplification
was also observed in no-template controls (NTC) on benchtop. Gel
electrophoresis (data non shown) confirmed that these products differed
in size from the 82 bp target, indicating non-specific amplification, most
likely from primer-dimer formation. These findings emphasize a key
limitation of model-driven optimization: statistical predictions must
always be validated experimentally, particularly in qPCR where non-
specific reactions can mislead efficiency calculations. Several recent
studies have highlighted the impact of primer concentration on dimer
formation and false-positive signals in highly sensitive assays [51,52].

Ultimately, while CCRD modelling streamlined the development
process and narrowed down the testing matrix, the incorporation of gel
electrophoresis and NTC controls was critical in identifying the false
efficiency from the "unreliable" formulation. These results underscore
the importance of balancing sensitivity, speed, and specificity, particu-
larly for qPCR-based food safety assays where both accuracy and turn-
around time are essential.

Following optimization, experiments showcased sensitivity of the
assay down to four genome equivalents (GE) per chip (1.8 uL volume)
with a 95 % certainty rate. During these experiments, the dilution series
— with minimum three replicates per concentration — revealed an effi-
ciency of 95.9 %. Additionally, a high specificity of 95 % was attained by
testing the amplification system on 20 target and 20 non-target DNAs in
concentrations of 100 and 1000 GE per chip, respectively [34].

The main advantages of performing on-chip qPCR (when compared
to the conventional protocol using a 96-well plate) are the lower re-
agents, volume and reaction completion time. Combined, these advan-
tages also decrease total cost of the assay. When compared to other
conventional methods of detection for foodborne pathogens like
enzyme-linked immunosorbent assays (ELISA), next generation
sequencing (NGS) and culture-based detection, the decrease in time and
money of on-chip qPCR becomes even more apparent [4,6]. Table A1l
(Supplementary material) compares the costs, advantages and disad-
vantages of conventional methods compared to the on-chip qPCR pro-
posed in this paper [53,54].

One of the main challenges when performing on-chip PCR is the
reagents handling, that is currently executed using a manual pipette as
sample dispenser. However, to increase the throughput analysis the
number handling steps needs to scale up, meaning that different solu-
tions need to be considered to accurately manipulate samples from
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different sources. One approach is to use a pipetting robot to manipulate
distinct assays on different chip cartridges with minimal chance of
pipetting errors. However, most automated dispensing systems are
bulky and costly. But there have been efforts to miniaturize it, making
this approach more affordable and portable [55]. The use of a dispensing
robot allows the loading of different chips in parallel.

Another aspect to consider is the ability to perform temperature
cycling and fluorescence monitoring on several chips in parallel. At this
moment our commercial partner (MiDx, Leuven Belgium) does not offer
this possibility but with an increasing demand it can be offered as an
upgraded version to the current instrument in use.

The assay reproducibility was achieved when performing an appro-
priate on-chip surface cleaning to remove potential polymer residues
from the fabrication step (as the Oy plasma cleaning step described on
section “2.1.3.1 Microfluidic chip available at the materials and
methods” section). The results presented here showed a good repro-
ducibility on the amplification curves (see Section 3.3 on the results
section). The addition of the right additives to the master mix solution
(as bovine serum albumin on the right concentration) passivates the chip
surface against unwanted adsorption.

The fabrication flow employed by our chip supplier (MiDx, Leuven
Belgium) is based on photolithography to transfer the channels, inlet
ports and silicon-glass anodic bonding to seal the fabricated structures
(as described in the literature [56,57]). During this study more than 300
chips were used (to validate the tool and assay) with a minimal failure
rate (lees then 20 units had issues mainly due to the chip cartridge as-
sembly failure). As the demand for on chips diagnostics increases the
cost per unit will decrease [58].

All data presented in this paper were acquired using chips made in
silicon due to its optimal thermal properties allowing fast thermal
cycling and good reaction efficiency reproducibility. The cost per chip
provided by the partner was accessible (€ 50/chip) due to the small
footprint of the silicon layer. Furthermore, as production scales up from
laboratory prototyping to industrial manufacturing, the high-volume
production would enable process optimization, automated assembly,
and bulk material procurement, all contributing to greater affordability
and market accessibility [58]. While this procedure improved repro-
ducibility of experiments, it also increased the demand of time and
effort. The plastic foil interposer on-chip (with embedded channels)
facilitated the reagents loading by the need of a single drop at the foil
inlet port.

The loading efficiency of the chips was 95 % by the end of the assay
optimization, making the reagent loading achievable to a final user
without intensive training. The tool in use to perform the temperature
cycling and fluorescence reading was compact and allowed a faster re-
action completion (40 min faster than the benchtop tool). By using
dedicated image and statistics software packages (Image J and R code)
the amplification efficiency from each on chip qPCR was determined in a
semi-automated way with minimal interaction from the final user.

Despite the current limitations of the system imposed by small-scale
production and limited diversity in sample testing, we believe the on-
chip qPCR method discussed here holds promise in detecting bacterial
pathogens in a multitude of matrices. Upscaling of the production pro-
cess will reduce the overall costs increasing accessibility making sensi-
tive and fast pathogens detection by on chip qPCR accessible in more
diverse locations.

5. Conclusions

An assay validation routine for detection of egc- positive S. aureus by
qPCR using silicon chips as reaction chambers for the amplification step
was proposed. The optimization led to amplification results with good
sensitivity (down to 2.22 genome equivalents/uL detection) and repro-
ducibility under reduced volume (1.8 uL) and completion time (19 min)
when compared to the golden standard benchtop tool approach. This
method can be used for the optimization of other assays targeting
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different templates (like bacterial strains) moving towards transferring
the benchtop tool qPCR recipes into chip devices making the overall
protocol more accessible for food pathogens detection regarding costs
and overall timing.
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