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ABSTRACT Campylobacter spp. have been recognized as major foodborne patho-
gens worldwide. An increasing frequency of antibiotic-resistant pathogens, including
Campylobacter spp., have been identified to transmit from food products to humans
and cause severe threats to public health. To better mitigate the antibiotic resis-
tance crisis, rapid detection methods are required to provide timely antimicrobial re-
sistance surveillance data for agri-food systems. Herein, we developed a polymer-
based microfluidic device for the identification and antimicrobial susceptibility
testing (AST) of Campylobacter spp. An array of bacterial incubation chambers were
created in the microfluidic device, where chromogenic medium and antibiotics were
loaded. The growth of Campylobacter spp. was visualized by color change due to
chromogenic reactions. This platform achieved 100% specificity for Campylobacter
identification. Sensitive detection of multiple Campylobacter species (C. jejuni, C. coli,
and C. lari) was obtained in artificially contaminated milk and poultry meat, with de-
tection limits down to 1 � 102 CFU/ml and 1 � 104 CFU/25 g, respectively. On-chip
AST determined Campylobacter antibiotic susceptibilities by the lowest concentration
of antibiotics that can inhibit bacterial growth (i.e., no color change observed). High
coincidences (91% to 100%) of on-chip AST and the conventional agar dilution
method were achieved against several clinically important antibiotics. For a pre-
sumptive colony, on-chip identification and AST were completed in parallel
within 24 h, whereas standard methods, including biochemical assays and tradi-
tional culture-based AST, take several days for multiple sequential steps. In con-
clusion, this lab-on-a-chip device can achieve rapid and reliable detection of
antibiotic-resistant Campylobacter spp.

IMPORTANCE Increasing concerns of antibiotic-resistant Campylobacter spp. with re-
gard to public health emphasize the importance of efficient and fast detection. This
study described the timely identification and antimicrobial susceptibility testing of
Campylobacter spp. by using a microfluidic device. Our developed method not only
reduced the total analysis time, but it also simplified food sample preparation and
chip operation for end users. Due to the miniaturized size of the lab-on-a-chip plat-
form, the detection was achieved by using up to 1,000 times less of the reagents
than with standard reference methods, making it a competitive approach for rapid
screening and surveillance study in food industries. In addition, multiple clinically
important Campylobacter species (C. jejuni, C. coli, and C. lari) could be tested by our
device. This device has potential for wide application in food safety management
and clinical diagnostics, especially in resource-limited regions.

KEYWORDS Campylobacter, antimicrobial susceptibility testing, colorimetric,
detection, food safety, lab-on-a-chip, multidrug resistance

Campylobacter spp. are the leading cause of bacterial gastroenteritis in humans, with
the incidence of infections being about 2 to 65 times higher than that with other

foodborne pathogens, such as Salmonella spp., Shiga toxin-producing Escherichia coli,
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and Listeria monocytogenes (1, 2). Globally, 400 million to 500 million cases of diarrhea
are estimated to be caused by Campylobacter spp. per year, resulting in severe burdens
to public health and economic growth (3). The transmission of Campylobacter spp. to
humans occurs mainly through the consumption of contaminated food products,
especially poultry meat and unpasteurized milk (4). Most foodborne campylobacteriosis
cases are either self-limiting or treated with fluid replenishment, but antibiotic therapy
is still warranted if severe or prolonged infections occur, particularly for young, elderly,
and immunocompromised patients (3). Campylobacter spp. obtain increasing resistance
to clinically important antibiotics such as fluoroquinolones, tetracyclines, and ampicillin
(5). The rise of antibiotic resistance contributes to the failure of clinical treatments,
extended recovery spans, and doubling mortality rates. Several international and
national authorities have emphasized an urgent need to mitigate antibiotic-resistant
Campylobacter spp. For example, the Centers for Disease Control and Prevention (CDC)
lists antibiotic-resistant Campylobacter spp. as serious hazard-level threats to public
health (6). The World Health Organization suggests that multidrug-resistant Campylo-
bacter spp. should receive a high priority for investigation because of their high
prevalence of resistance and frequent transmissibility from foods to humans (7).

To reduce antibiotic-resistant threats, one of the major approaches is to monitor the
prevalence of resistant Campylobacter spp. in agri-food systems. A better understand-
ing of the transmission between foods and humans can thus be achieved, followed by
the development of proper control measures and antibiotic stewardship. In surveillance
studies, a gold standard protocol is generally applied based on the growth of bacterial
culture, including sequential steps of bacterial isolation, identification, and antimicro-
bial susceptibility testing (AST) (8). This protocol has several limitations, as follows: (i)
the entire analysis takes at least 7 to 9 days (8); (ii) the protocol involves multiple steps
of labor-intensive operations, such as preparation of the growth media and biochemical
assays; (iii) although conventional culture-based methods readily detect the major
gastroenteritis-related Campylobacter species, they may be biased toward C. jejuni and
C. coli and thus cause the underreporting of other species such as C. lari (9); and (iv)
samples must be transported to centralized microbiology laboratories that are not
accessible in resource-limited settings. As a result, current detection methods are not
optimal for a wide application of surveillance systems in different regions. A rapid,
easy-to-operate, and portable detection approach needs to be developed for multiple
clinically important Campylobacter species.

The microfluidic “lab-on-a-chip” technique is a promising tool to detect antibiotic-
resistant bacteria in various fields, especially clinical diagnostics and environmental
monitoring (10, 11). This technique offers many advantages over macroscale methods
in terms of its rapid analysis, precise controlling of fluids, low cost, lower sample
volume, portability, and high throughput. Microfluidic-based detection can be catego-
rized into two types, namely, genotypic and phenotypic assays. Genotypic on-chip
assays (e.g., PCR and isothermal amplification) target on genetic markers (e.g., 16S rRNA
genes and antibiotic resistance genes), which circumvent bacterial proliferation prog-
ress and can be finished within several hours (12, 13). These methods provide direct
information on bacterial identification but cannot determine bacterial antibiotic sus-
ceptibility profiles in a broad-spectrum manner if antibiotic resistance mechanisms are
unknown. Moreover, antibiotic susceptibility is not always correlated with the presence
or absence of genetic markers, resulting in false-positive and false-negative results (14).
In contrast, phenotypic on-chip assays monitor bacterial growth in the presence of
antibiotics, resulting in accurate AST results. Generally, bacterial cells were confined in
a small volume (e.g., channels, chambers, or droplets) (15, 16), captured by antibodies
on membranes or magnetic beads (17, 18), or encapsulated in agarose chambers (19).
With the presence of antibiotics, changes in cell numbers, sizes, and morphologies
could be monitored using either optical or spectroscopic techniques. The confining of
bacteria reduced the antibiotic diffusion distances and allowed the tracking of single-
cell replication, significantly improving the detection sensitivity and shortening the
analysis time. However, these microfluidic platforms involved expensive and bulky
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microscopies (e.g., phase-contrast microscopy and fluorescence microscopy) or vibra-
tional spectroscopies (e.g., infrared spectroscopy and Raman spectroscopy) (16, 17, 19,
20). To be free of external equipment, micromechanical or electrochemical-based
microfluidic platforms have been proposed to study the mass or electrical transduction
changes of bacterial cells under antibiotic stress (20, 21). However, antibodies were
required to immobilize bacteria in the detection zones, which were not cost-effective
and had limited shelf stability.

To eliminate the use of external detectors and expensive bacterium-capturing
elements, colorimetric-based microfluidic platforms have been established to achieve
the visualization of results in several recent studies. For example, Cira and coauthors
utilized a pH indicator to determine the antibiotic susceptibilities of human pathogens
(e.g., E. coli and Enterococcus faecalis) (22). Unlike sensitive strains, resistant isolates
survived under antibiotic stress and hydrolyzed glucose into acids, leading to a pH
decrease and color change. Elavarasan and others visualized bacterial survival in
antibiotics based on viability-dependent resazurin dye reduction (color change from
blue to pink and colorless) (23). However, these studies only determined antibiotic
susceptibility profiles, whereas bacterial identification had to be performed separately.
To solve this problem, chromogenic medium can be applied to selectively support the
growth of targeted bacterial genera. With the addition of antibiotics, both identification
and AST can be completed simultaneously in microfluidic devices. For example, Xu and
colleagues developed a one-step identification and AST for urinary tract infection
pathogens using chromogenic agar medium (24). To the best of our knowledge, no
microfluidic platform is available for the identification and AST of Campylobacter spp.,
although this pathogen has significant agri-food and clinical importance.

This research study is a novel example of developing a microfluidic device for the
identification and AST of Campylobacter spp. We used chromogenic agar as selective
cultivation medium for Campylobacter spp. exclusively. We employed an advanced
design of air vents and zigzag channels to prevent the cross-contamination of antibi-
otics in different testing chambers, ensuring accurate AST results. Rapid detection of
three primary Campylobacter species (C. jejuni, C. coli, and C. lari) was completed in
various food models. The MICs and susceptibility profiles of Campylobacter isolates
were tested by on-chip AST. This new microfluidic device represents a rapid, portable,
and cost-effective approach to detect antibiotic-resistant Campylobacter spp. in agri-
food systems.

RESULTS AND DISCUSSION
Design and characterization of the microfluidic device. In this study, a colorimetric-

based microfluidic chip was prototyped for Campylobacter identification and AST. This
device was made of hybrid materials, including one layer of glass slide and two layers
of polydimethylsiloxane (PDMS) slabs (Fig. 1). The assembly of multiple chip layers is
described in Fig. 1A. In the PDMS-based chamber layer, a main channel was connected
to 8 separately positioned incubation chambers via side channels. The side channels
were designed in a zigzag shape to eliminate the backflow of sample fluids into the
neighboring incubation chambers. The injection layer was also made of PDMS that
contained air vents downstream of each incubation chamber. During sample injection,
air was purged out of the incubation chambers via air vents to decrease the inner
pressure of incubation chambers and facilitate the distribution of bacteria into the
incubation chambers. After assembling the chamber injection layer, a polyvinylidene
difluoride (PVDF) membrane was deposited into the incubation chambers to support
the addition of chromogenic agar and antibiotic-preloaded paper disks (Fig. 1B).
Besides, PVDF membranes can function as a white background to improve the visual-
ization of color changes due to bacterial chromogenic reactions. A glass layer was
casted onto the chamber injection layer to generate a sealed microfluidic device. This
microfluidic device was highly portable, with dimensions of 50 mm in length by 40 mm
in width by 5 mm in height (Fig. 1C and D).
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To achieve efficient sample injection, pump-driven force was applied. As shown in
Fig. S1 in the supplemental material, blue food dye was injected into the microfluidic
chip at a flow rate of 0.05 ml/min. Once the main channel was filled with food dye (after
�10 s), we blocked the outlet tubing using a metal clip. Flow resistance in the main
channel was increased to exceed the ones in the side channels, leading to favored
distribution of samples into the incubation chambers. This sample loading step was
completed within 3 min. The absence of bubbles or leakage in the microfluidic chip
ensured accurate and equal sample volumes in individual incubation chambers, which
was necessary to provide defined antibiotic concentrations for AST study.

We proposed an on-chip AST to simultaneously investigate bacterial susceptibilities
against different classes and/or concentrations of antibiotics in a single device. During
sample injection, antibiotics on paper disks might diffuse into sample fluids and be
further transferred to neighboring incubation chambers (22). To prevent the cross-
contamination of antibiotics among incubation chambers, we employed zigzag-shaped
side channels and air vents to inhibit the backflow of sample fluids into the main
channels. A reagent diffusion test was conducted to verify the chip design (Fig. 2).
Instead of antibiotics, cresol red, a pH indicator appearing yellow at pH below 7.2 and
red at pH above 8.8, was deposited onto the paper disks and embedded into the
incubation chambers. Green food dye (pH 9.5) was introduced into the microfluidic
device. With the presence of the alkaline solution, paper disks containing cresol red
turned from yellow to red, whereas blank paper disks remained white. After incubation
at 22°C for 48 h, no color change was observed in the chambers without cresol red (Fig.
2), indicating that our microfluidic chip effectively prevented cross-contamination
between incubation chambers.

Optimizing medium concentration and amount for visible chromogenic reac-
tion. The chromogenic agar medium CHROMagar Campylobacter was used as the

FIG 1 (A) Schematic illustration of device assembly. (B) Side view of the incubation chamber. (C) Representative
image of the microfluidic chip. Blue food dye was used for the visualization of chip patterns. The dimensions of
microfluidic chip are 50 mm in length, 40 mm in width, and 5 mm in height. (D) Front view of the microfluidic chip.
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selective and differential medium for Campylobacter detection. It is composed of
powder base as the nutrient source to support bacterial growth and supplements
containing chromogenic substrates and selective agents. With the presence of selective
agents (e.g., antibiotics), competing microbiota from complexed food or clinical sam-
ples could be inhibited so that a better identification of Campylobacter spp. can be
achieved. A chromogenic reaction between Campylobacter cells and chromogenic
substrates results in a color change from light yellow to red.

To enhance the visibility and sensitivity of chromogenic reactions, we optimized the
concentrations of chromogenic substrates. An aliquot of 20 �l chromogenic agar was
prepared in a PCR tube to mimic bacterial cultivation in the miniaturized system (i.e., a
microfluidic device). C. jejuni F38011 at an initial concentration of 106 CFU/ml was
incubated with different concentrations of supplements at 42°C for 48 h. No color
change was recognized by adding 0.21 g/liter of supplements (Fig. S2), which was the
recommended concentration according to the manufacturer’s instructions. A higher
concentration of supplements generated a higher red signal intensity. When the
concentration of supplements reached 0.63 g/liter, we observed a wide spread of
chromogenic products in the PCR tube from the bottom view, which was the moni-
toring view for on-chip chromogenic reactions. Therefore, we selected 0.63 g/liter as
the working concentration of supplements for further study.

Since the total amount of chromogenic substrates could influence the visualization
of chromogenic reactions, we explored the required amount of chromogenic agar
medium in the microfluidic device. In general, a larger amount of agar resulted in a
more intense red signal (Fig. 3). Compared to the negative-control group without
chromogenic agar, a significant (P � 0.05) color change was obtained when the agar
amount fell in a range of 12 to 20 �l. An incubation chamber in the microfluidic chip
had a volume of 27 �l. With a larger amount of chromogenic agar in the incubation
chamber, a lower volume of samples could be implemented. Thus, we used 20 �l
chromogenic agar for on-chip identification and AST to minimize the potential inter-
ferences from food matrices during chromogenic reactions. It is worth mentioning that
too high of a volume of chromogenic agar (�20 �l) could form a bump in the
incubation chamber, which attached to the glass layer after chip assembly and blocked
the injection of bacterial culture into the incubation chambers.

Feasibility of on-chip bacterial cultivation. The PDMS-based microfluidic chip is
an ideal cultivation platform for biological samples due to its excellent gas permeability
and lack of cytotoxicity (25). We evaluated bacterial growth in both microfluidic chips
and conventional glass culture tubes by using C. jejuni F38011 as a bacterial model.
Bacterial cell counts continuously increased in the microfluidic chip (Fig. S3), indicating

FIG 2 Assessment of cross-contamination among incubation chambers. Paper disks with or without
cresol red were deposited into the incubation chambers of a microfluidic chip. A green alkaline solution
(pH 9.5) was injected into the microfluidic chip until the incubation chambers were fully filled (�3 min).
The diffusion of cresol red was investigated by keeping the microfluidic chip still at room temperature
for 48 h. Cresol red is a pH indicator that appears yellow at pH below 7.2 and red at pH above 8.8. In this
case, incubation chambers with a color change from yellow to red indicate an appropriate injection of
alkaline solution, whereas the incubation chambers in green suggest that no cresol red diffused from the
neighboring chambers.
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that this device provided the appropriate growth conditions for Campylobacter spp.
Compared to glass culture tubes, a significantly slower growth (P � 0.05) was observed
in the microfluidic chip within 8 h of incubation, indicating that Campylobacter spp.
experienced a longer lag phase in the device. The lower cell densities in the microfluidic
chips might be due to antibiotic stresses from the chromogenic agar (26). In compar-
ison, nutritious Mueller-Hinton broth (MHB) was used as a growth medium in glass
culture tubes. In a previous study, a slightly lower bacterial count of Staphylococcus
aureus in PDMS-based microfluidic chips than that in glass flasks was also identified
(24). Similar or even significantly higher (P � 0.05) cell counts were identified in our
microfluidic chips than in glass culture tubes between 24 and 48 h. Overall, comparable
bacterial growth environments were achieved between the microfluidic chip and the
conventional platform.

On-chip identification. A detection device should be both specific and sensitive to
the targeted Campylobacter spp., considering that diverse microbiota coexist with this
microbe in agri-food products (27) and that it has a low infectious dose (400 to 800
cells) (4). After 48 h of incubation, no color change was observed with the presence of
S. aureus, L. monocytogenes, E. coli, Salmonella enterica, Arcobacter butzleri, and Helico-
bacter pylori (Fig. 4). In contrast, three representative isolates of C. jejuni, C. coli, and C.
lari generated red signals in the microfluidic device (Fig. 4). To further assess if on-chip
identification is feasible for a range of Campylobacter spp., we incubated a total of 11
Campylobacter isolates (Table 1) in the microfluidic devices. All tested Campylobacter
isolates exhibited prominent red signals compared to no signal from the negative
control (MHB only) (Fig. S4), indicating that our developed assay could be used for
these Campylobacter species. Although the color intensity of each strain might vary,
positive readouts could be clearly identified based on the presence of red signals and
generated a yes or no answer. Previous studies also discovered the bias on the recovery
of Campylobacter isolates by using the conventional detection media (e.g., Preston
broth and mExeter broth) due to different tolerance levels of Campylobacter strains to
selective antibiotics (28, 29). Taken together, on-chip identification was specific to
thermophilic Campylobacter species, including C. jejuni, C. coli, and C. lari.

For the sensitivity study, a wide range of concentrations (102 to 108 CFU/ml) of C.
jejuni were prepared in MHB for on-chip detection. Red signals in positive samples were
easily identified regardless of color intensity (Fig. 5A). Interpretations of color changes
were confirmed by 10 nontrained and 2 trained personnel, resulting in the same and
correct readouts (data not shown). This demonstrated the objective and easy readouts

FIG 3 Optimization of the amount of chromogenic agar. Different amounts of chromogenic agar were
deposited into the microfluidic chip. C. jejuni F38011 (108 CFU/ml) was incubated in the microfluidic chip
at 42°C for 24 h. Photos of incubation chambers were captured using an iPhone 6. We employed ImageJ
to analyze the average color intensity of each entire incubation chamber and expressed the intensity in
ΔRGB value. The results are presented as the mean � standard deviation of four biological replicates.
One-way ANOVA followed by post hoc Dunnett’s test was conducted for statistical analysis. Asterisks (*)
indicate significant differences (P � 0.05) between the negative-control and test groups.
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of bacterial growth in a chromogenic assay-based microfluidic chip that could be
accomplished with the naked eye. Typical red signals appeared after 12 h of incubation
when the initial bacterial concentration was 1 � 108 CFU/ml (Fig. 5A). The limit of
detection was less than 1 � 102 CFU/ml, and its corresponding turnaround analysis
time was still shorter than the routine isolation procedure time (48 to 72 h) (8). Besides,
a linear correlation (R2 � 0.944) was established between initial bacterial concentra-
tions and color change time points (Fig. 5B). Using this linear regression model (y �

�5.175x � 55.25, where y is the turn point [in h] and x is initial cell count [in log
CFU/ml]), we could quantify the initial concentration of Campylobacter spp. in the
tested samples.

Detection of Campylobacter spp. in foods. Campylobacter spp. are usually trans-
mitted to humans through the consumption of undercooked chicken and raw milk (4).
To demonstrate the practical application of this microfluidic device, we tested the
performance of the on-chip assay for identifying Campylobacter spp. in food products.
C. jejuni, C. coli, and C. lari were spiked in milk and chicken breast meat to allow the
initial bacterial loads to be 102 to 108 CFU/ml and 102 to 108 CFU/25 g, respectively. All
tested Campylobacter species produced red signals in the microfluidic device regardless
of the food matrix (Fig. 6). No visible color change was obtained in the negative control
throughout the analysis, demonstrating the high selectivity of this microfluidic device
toward the detection of Campylobacter spp.

Both the turnaround times and limits of detection varied in the two food models. For
whole milk, the detection limit of 1 � 102 CFU/ml C. jejuni could be obtained within 48
h (Fig. 6A). This result was comparable to the detection of C. jejuni in MHB (Fig. 5A),
suggesting that the effect of the food matrix on the sensitivity of our device was

FIG 4 Specificity test. Campylobacter spp. and other foodborne pathogens (�108 CFU/ml) were incu-
bated in the microfluidic chips at 42°C for 48 h. The tested bacterial strains included C. jejuni F38011, C.
coli 314, C. lari RM2818, Staphylococcus aureus S-FF10, Listeria monocytogenes ATCC 7644, Escherichia coli
K-12, Salmonella enterica Enteritidis 43353, Arcobacter butzleri CCUG 30485, and Helicobacter pylori ATCC
43504.

TABLE 1 Campylobacter isolates used in this study

Strain Source of isolation Reference or source

Campylobacter jejuni F38011 Clinical 43
C. jejuni ATCC 33560 Bovine 43
C. jejuni NCTC 11168 Clinical 43
C. jejuni 1143 Chicken This study
C. jejuni 1173 Chicken This study
C. jejuni 1329 Cat This study
C. coli 171 Pig This study
C. coli 314 Pig This study
C. coli 1148 Pig This study
C. coli 1330 Cat This study
C. lari RM2818 Clinical 48
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negligible. For chicken meat, a concentration as low as 1 � 104 CFU of Campylobacter
spp. per chicken (25 g) could generate positive results after the analysis time was
extended to 60 h (Fig. 6B). Compared to milk, the detection of Campylobacter spp. in
chicken meat experienced at least a 12-h delay for the identical bacterial loads. The
longer turnaround time and lower sensitivity of the spiked chicken sample were due to
the 25� dilution of cells on the chicken surface into the meat rinse water, whereas
bacterial cells in milk were directly tested using the microfluidic device. Although the
detection limit of Campylobacter spp. in chicken meat was relatively high (400 CFU/g),
it still meets the requirement of sampling plan regulation (no. 02005R2073-20190228)
in the European Union, in which the maximal detection cutoff value is set as 1,000
CFU/g carcasses of broilers (30). In the United States, the USDA Food Safety and
Inspection Service (FSIS) has proposed the chicken-related microbiological safety prac-
tices based on the presence/absence of Campylobacter in products (document no.
FSIS-2018-0044) (49). In other words, the limit of detection should be �1 CFU/g. Our
on-chip detection can be used as a rapid screening method in a high-load sampling
plan. Optimizations, such as increasing the sampling size, concentrating the chicken

FIG 5 Sensitivity test. (A) Representative images of C. jejuni F38011 on-chip detection. Arrows indicate the time points
when visible color changes were observed. (B) Linear regression model to quantify the initial bacterial counts (n � 3).

FIG 6 Detection of Campylobacter spp. in whole milk (A) and fresh chicken meat (B) using the
microfluidic device. The tested Campylobacter strains were C. jejuni F38011 (clinical isolate), C. coli 314
(pig isolate), and C. lari RM2818 (clinical isolate). Visible color changes are indicated by arrows.
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rinse water, and including an enrichment step, can be performed in the future to
improve the detection limit.

To further validate the specificity of Campylobacter detection in food samples with
a multispecies bacterial background, we conducted an on-chip detection assay for the
mixed culture of C. jejuni, Salmonella enterica, and Staphylococcus aureus, as these
bacteria are commonly identified in the same food products, including raw chicken
meat and milk (31–34). The cocktails of C. jejuni F38011, S. enterica serovar Enteritidis
43353, and S. aureus S-FF10 were prepared in either pasteurized milk or raw chicken
breast meat and incubated in the microfluidic chips at 42°C for 24 h. S. Enteritidis in
foods, S. aureus in foods, or original food samples were used as the negative controls.
As shown in Fig. S5, an obvious red signal was identified in the multispecies bacterial
cocktail. No color change was observed in single S. Enteritidis, single S. aureus, or
original food samples. Besides the artificially spiked S. Enteritidis and S. aureus, the
original food samples also contained natural microflora (Fig. S6). This result demon-
strated that our on-chip detection assay has the potential to specifically detect Cam-
pylobacter spp. within a high concentration and complex bacterial background.

Antimicrobial susceptibility testing. Theoretically, on-chip AST shares the princi-
ple of the conventional agar dilution method. In the individual incubation chambers, a
defined amount of antibiotics was preloaded onto a paper disk, followed by the
addition of chromogenic agar. A droplet of bacterial culture (�7 �l) was then inocu-
lated into each incubation chamber. During bacterial cultivation, antibiotic was ex-
pected to diffuse from the paper disk to the chromogenic agar and thus inhibit
bacterial growth. The MIC was defined as the lowest antibiotic concentration at which
no visible chromogenic reaction was observed.

To verify the accuracy of the on-chip AST, we determined the MIC of C. jejuni F38011
against three types of antibiotics using colorimetric-based microfluidic chips (namely,
the on-chip MIC test). Ampicillin, tetracycline, and ciprofloxacin were selected due to
their wide usage in both humans and food-producing animals (8) and high frequency
of antimicrobial resistance to Campylobacter spp. (5). Two-fold serial dilutions of
selected antibiotics were prepared in the microfluidic device. The MICs of all tested
antibiotics were clearly distinguished based on the sudden absence of red signals as
antibiotic concentrations increased to certain levels (Fig. 7).

Compared to the conventional agar dilution method, the on-chip MIC test had the
same or 2-fold difference in MICs for certain antibiotic classes (Table S2). In other words,
the on-chip MIC test achieved essential agreement with the reference method, a critical
indicator to evaluate the accuracy for commercial AST (35). This result also indirectly
validated that no cross-contamination of antibiotics occurred among different incuba-
tion chambers in the microfluidic device so that different antibiotic concentrations or
types could be customized for the on-chip AST based on the need.

Campylobacter multidrug resistance (MDR) is regarded as a serious threat to public
health (3, 6), calling for high-throughput characterization of bacterial multidrug sus-
ceptibility in clinical diagnosis and agri-food monitoring. Herein, we implemented
on-chip multiplexed AST for ampicillin, tetracycline, and ciprofloxacin, according to

FIG 7 Determination of MICs of a clinical isolate C. jejuni F38011 against ampicillin (Amp) (A), tetracycline
(Tet) (B), and ciprofloxacin (Cip) (C) using microfluidic devices. Numbers represent the concentrations (in
�g/ml) of selected antibiotics. Arrows indicate the MICs.
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susceptibility interpretative criteria established by the Clinical and Laboratory Stan-
dards Institute (CLSI) (5, 36). Instead of testing the exact MIC values, our on-chip MDR
test only involved 2 levels of antibiotic concentrations, which are defined as suscepti-
bility and resistance breakpoints by CLSI (37, 38). There were 3 possible readings using
this colorimetric-based microfluidic device, as follows: (i) “susceptible” strains were
determined when negative chromogenic results were generated at both the suscep-
tibility and resistance breakpoints; (ii) “nonsusceptible” strains produced a positive
result at the susceptibility breakpoint but a negative result at the resistance breakpoint;
and (iii) “resistant” strains were confirmed by positive chromogenic signals at the
susceptibility and resistance breakpoints. Different interpretative categories could be
determined using an on-chip MDR test (Fig. 8). The appearance of red signals in the
control groups without antibiotics suggested that the microfluidic device provided
appropriate cultivation conditions for Campylobacter strains (Fig. 8). Taken together,
AST and identification could be conducted simultaneously in a single device.

To assess the accuracy of the on-chip MDR test, we calculated the categorical
agreement rates between on-chip AST and the conventional agar dilution method.
Categorical agreement is defined as obtaining the same categorical interpretation
using newly developed approaches and reference methods (35). After testing the 11
animal and clinical isolates of 3 Campylobacter species listed in Table 1, we confirmed
the categorical agreement rates to be 100%, 100%, and 90.9% for ciprofloxacin,
tetracycline, and ampicillin, respectively (Table 2). These results met the requirement of
acceptable categorical agreement (�90%) by the U.S. Food and Drug Administration
(35). Among all bacterium-antibiotic combinations, only one major error case was
obtained (Table 2), in which the tested strain was regarded as ampicillin sensitive by the
agar dilution method but resistant by the on-chip MDR test. Other than that, no on-chip
MDR results were scored as very major errors (if reported as resistant by reference
methods but susceptible by new methods) or minor errors (if reported as intermediate
by reference methods but resistant or susceptible by new methods, or vice versa) (35).
Besides the antibiotics tested in this study, we aim to expand the on-chip AST assay to

FIG 8 On-chip multidrug resistance (MDR) test to determine MDR profiles of C. jejuni F38011 (A), C. coli
314 (B), and C. lari RM2818 (C). Each column is deposited with selected types of antibiotics, ciprofloxacin
(Cip), tetracycline (Tet), and ampicillin (Amp). Each row represents different concentrations of antibiotics,
as follows: NC, no antibiotic; low, CLSI breakpoints for susceptible strains; high, CLSI breakpoints for
resistant strains. The concentrations for each antibiotic are listed as follows: (i) for ciprofloxacin, the low
and high concentrations were 1 and 4 �g/ml, respectively; (ii) for tetracycline, the low and high
concentrations were 4 and 16 �g/ml, respectively; and (iii) for ampicillin, the low and high concentrations
were 8 and 32 �g/ml, respectively. The AST results are expressed as susceptible (S), resistant (R), or
nonsusceptible (NS).

TABLE 2 Comparison of on-chip AST results with the conventional agar dilution method for Campylobacter isolates

Antibiotic

AST results (no. correct/total no. of
isolates)

Categorical
agreement rate (%)

No. (%) of errors by type

C. jejuni C. coli C. lari Very major Major Minor

Ciprofloxacin 6/6 4/4 1/1 100 0 (0) 0 (0) 0 (0)
Tetracycline 6/6 4/4 1/1 100 0 (0) 0 (0) 0 (0)
Ampicillin 5/6 4/4 1/1 90.9 0 (0) 1 (16.6) 0 (0)
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other clinically important antibiotics in the future, particularly the drugs recommended
for human campylobacteriosis (e.g., macrolides) (39).

In addition, our on-chip ASTs only took half the analysis time of that with the
conventional agar dilution method (40). Lee and colleagues also observed this phe-
nomenon when they assessed the vancomycin resistance profiles of Enterococcus spp.
using an on-chip pH-based AST (41). There are two possible explanations. First, a high
surface-to-volume ratio was provided in the microfluidic incubation chambers that
facilitated the interaction between bacterial cells and chromogenic agar to exert
chromogenic reactions more quickly. Second, red signals produced by the chromo-
genic reaction are more easily visualized than are the gray-colored colonies observed
with the agar dilution method.

Advantages of on-chip identification and AST. In this study, we established
identification and AST for Campylobacter spp. using a colorimetric-based microfluidic
device that provided results as accurate and sensitive as those obtained by gold
standard methods. Beyond this, this microfluidic device could offer additional advan-
tages over the conventional methods.

First, simultaneous identification and AST by using the microfluidic device reduced
the turnaround time for Campylobacter study. The on-chip study was completed within
24 h once the presumptive Campylobacter isolate was ready. In contrast, standardized
Campylobacter identification and AST are conducted separately, taking at least several
days to collect the results. Briefly, traditional bacterial identification involves a 1-day
shift of performing multiple biochemical assays, including Gram stain, oxidase, and
catalase tests, for presumptive colonies collected on selective agar plates (8). The
conventional AST approaches (e.g., broth dilution, agar dilution, and disk diffusion)
provide definitive results after a 48-h analysis (5, 40). In total, the on-chip approach is
expected to take only 30% of the analysis time of that with conventional methods. It
is worth mentioning that a negligible operation touch time is required with the
microfluidic chip because sample loading (3 min) is the only operation step for the end
users.

Second, our device consumed less of the reagents and growth media than did the
conventional study platforms, such as petri dishes and 96-well plates. For example, 20
�l of agar is required to test one bacterium-antibiotic combination, while at least 75 �l
or 20 ml of growth medium is required for 96-well plates or petri dishes, respectively.
Our method saves around 4 to 1,000 times the antibiotic agents and growth media that
lead to more cost-effective detection.

Finally, portable and automated detection could be realized if a real-time imaging
system (e.g., camera) is developed to monitor the color change of the microfluidic
device.

Conclusions. We established a colorimetric-based microfluidic device for timely
identification and AST of Campylobacter spp. This device exhibits high specificity (i.e.,
shows no cross-reaction with other foodborne pathogens) and sensitivity (detection
limit, �102 CFU/ml) toward Campylobacter spp. Accurate antibiotic resistance profiles
of Campylobacter spp. can be obtained within 24 h using on-chip AST. This miniaturized
platform can save 70% turnaround time and up to 1,000 times the reagents compared
to those with the standard methods. In addition, on-chip results can be visualized by
the naked eye, making the test free from expensive and bulky detectors and thus
suitable for in-field studies, especially in resource-limited regions. A personalized AST
can also be achieved by loading desired antibiotic-containing paper disks into the
microfluidic device. This device has the potential to be used to monitor the prevalence
of antibiotic-resistant pathogens in agri-foods, the environment, and clinical settings.

MATERIALS AND METHODS
Bacterial strains and cultivation conditions. A diverse panel of Campylobacter strains were tested

in this study, including C. jejuni (n � 6), C. coli (n � 4), and C. lari (n � 1). The strain names and isolation
sources are listed in Table 1. For routine cultivation, all Campylobacter strains were grown on Mueller-
Hinton agar supplemented with 5% defibrinated sheep blood (MHBA) at 37°C under microaerobic
conditions (85% N2, 10% CO2, 5% O2) for 48 h. To prepare Campylobacter overnight culture, bacterial
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colonies from MHBA plates were harvested and suspended in Mueller-Hinton broth (MHB) and then
incubated at 37°C under microaerobic conditions for 16 to 18 h in a rotatory manner (at 175 rpm).

Antibiotics. Ampicillin sodium salt, tetracycline hydrochloride, and ciprofloxacin were purchased
from Sigma-Aldrich (Canada). According to solvent solubility, the stock solutions (640 �g/ml) of ampi-
cillin and tetracycline were prepared in distilled water, while ciprofloxacin was dissolved in distilled water
supplemented with 0.1 M HCl. The stock solutions were sterilized by filtering through 0.22-�m sterile
nylon syringe filters and were stored at –20°C until use. For on-chip AST, an antibiotic working solution
was freshly prepared by diluting the stock solution to 8� final concentrations using sterile distilled water.
An aliquot of 2.5 �l working solution was added onto a sterile paper disk (Whatman no. 1 filter paper;
Ø � 2 mm), air dried in the biosafety cabinet, and added into the microfluidic chips. Then, 20 �l of
Campylobacter chromogenic agar medium (i.e., CHROMagar Campylobacter; CHROMagar, USA) was
pipetted into each incubation chamber before solidification to achieve a 1� final concentration of
antibiotics.

Design and fabrication of a microfluidic device. The development of a microfluidic device was
completed by a procedure consisting of 3 steps, namely, chip pattern design, master fabrication, and
construction of a hybrid polydimethylsiloxane (PDMS)/glass microfluidic chip.

We designed the patterns of microfluidic device using the AutoCAD 2016 version (Autodesk, Inc.,
USA). Our device consists of three layers: an injection layer, a chamber layer, and a glass layer. The glass
layer is a plain microscopic slide (75-mm length, 50-mm width, 1-mm thickness; Corning, USA), whereas
the other two PDMS layers are featured with certain patterns. The chamber layer was developed with an
inlet port (Ø � 1.5 mm), 8 incubation chambers (Ø � 4 mm), and an outlet port (Ø � 1.5 mm). A main
channel (500 �m wide and 40 mm long) connected the inlet and outlet ports, and 8 zigzag-shaped side
channels (100 �m wide and 7 mm long) were created to direct fluids from the main channel to 8
individual incubation chambers. The injection layer contained inlet and outlet ports (Ø � 1.5 mm), 8
incubation chambers (Ø � 4 mm), and 8 air vents (Ø � 1.5 mm), with a 100-�m-wide channel to connect
the incubation chambers and air vents. These two patterns were printed on a transparency film (i.e.,
photomask) by CAD/Art Services, Inc. (Bandon, OR, USA).

The master was fabricated using standard photolithography (42). In brief, 4 ml of SU-8 2025
photoresist (MicroChem Corp., USA) was poured onto a clean silicon wafer (Ø � 100 mm; University
Wafer, USA). To achieve an 80-�m thickness of chip patterns on the master, the SU-8 photoresist reagent
was spin coated at 500 rpm for 10 s with an acceleration rate of 100 rpm/s, followed by 1,000 rpm for 30
s with an acceleration rate of 300 rpm/s. The photoresist reagent was soft baked at 65°C for 3 min and
then at 95°C for 9 min. After cooling down to room temperature, the photoresist-coated wafer was
exposed to UV light (dose, 215 mJ/cm2) through the photomask containing specific chip patterns. A
postexposure bake was conducted by heating the photoresist-coated wafer at 65°C for 2 min and then
at 95°C for 7 min. Unexposed photoresist was developed in SU-8 developer (MicroChem, USA) and rinsed
off from the master.

After obtaining the masters, injection and chamber layers were made by PDMS using soft lithography
(16). PDMS prepolymer (Dow Sylgard 184 silicone encapsulant clear kit; Ellsworth Adhesives, Canada) was
prepared by mixing silicone elastomer and a curing agent at a ratio of 10:1 (wt/wt), according to the
manufacturer’s protocol. A total of 16.5 g and 22 g of PDMS prepolymer was dispensed over the masters
for the injection layer and chamber layer, respectively. After degassing, PDMS was cured on a hot plate
(80°C) for 8 min, resulting in the defined chip patterns. The cured PDMS replica was carefully peeled off
from the masters and punched through the whole thickness at the positions of the inlet/outlet ports (for
both the chamber and injection layers), incubation chambers (chamber layer only), and air vents
(injection layer only) using a Miltex biopsy punch (Ted Pella, Inc., USA). The assembly of three layers is
described in Fig. 1A. Briefly, the PDMS-based injection layer and chamber layer were bonded together
after treatment in a plasma cleanser (Harrick Plasma, USA), generating 8 individual reservoirs (i.e.,
incubation chambers) in the injection chamber slab. A piece of PVDF membrane (Ø � 4 mm) was
deposited into each reservoir, serving as the supporting substrate of Campylobacter chromogenic agar.
For on-chip AST, paper disks preloaded with specific antibiotics were put on the top of the PVDF
membrane, and then 20 �l of chromogenic agar was added. To seal the incubation chambers, a glass
slide was bonded to the chamber layer using a plasma-assisted method.

Operation of the microfluidic device. The microfluidic device system contains a syringe pump,
syringe, polyvinyl chloride (PVC) tubing, waste container, outlet blocker, and microfluidic chip. Before
assembly, all components of the device were sterilized under UV light for 30 min. The inlet and outlet
ports of microfluidic chip were separately connected to the syringe and waste container through
capillary PVC tubing. A bacterial suspension was injected into the microfluidic device at a flow rate of
0.05 ml/min. Once the main channel was fully filled, the capillary tubing of outlet port was blocked by
an outlet blocker (i.e., a metal clip). The injection was stopped until all incubation chambers were fully
occupied by sample fluids. Agarose solution (0.4% [wt/vol]) was then introduced to expel the bacterial
suspension from the main channel, insulate each incubation chamber, and prevent cross-contamination.
The inlet, outlet, and air vents were sealed with adhesive tape to eliminate liquid evaporation. Micro-
fluidic chips were maintained in a benchtop CO2 incubator (10% CO2, New Brunswick S41i; Eppendorf,
USA) at 42°C for up to 48 h.

Bacterial on-chip growth. The feasibility of on-chip bacterial cultivation was investigated using C.
jejuni F38011 as a bacterial model (43). C. jejuni overnight culture in MHB was adjusted to an initial
concentration of 106 CFU/ml. A bacterial suspension was inoculated either into the microfluidic device
or the conventional glass culture tube, followed by static incubation at 42°C under a microaerobic
environment. Bacterial cell counts were monitored at certain time points (0, 2, 8, 24, and 48 h). To collect
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a bacterial suspension from the microfluidic device, a sterile syringe with a permanently attached needle
was used to penetrate the PDMS-based injection layer and withdraw the liquid from the individual
incubation chambers. A plating assay was used to determine the bacterial cell counts.

Specificity and sensitivity tests. The on-chip identification assay was designed to target three major
thermophilic Campylobacter species: C. jejuni, C. coli, and C. lari. The presence of Campylobacter spp. was
indicated based on the color change from light yellow to red due to a chromogenic reaction. To evaluate
the specificity of on-chip identification, we tested common foodborne pathogens, including Staphylo-
coccus aureus (S-FF10, a clinical methicillin-resistant isolate), Listeria monocytogenes (ATCC 7644), Esch-
erichia coli (K-12), and Salmonella enterica serotype Enteritidis (43353) (44, 50). In addition, Arcobacter
butzleri (CCUG 30485) and Helicobacter pylori (ATCC 43504) were tested due to their close phylogenic
relativeness to Campylobacter spp. (45). Overnight cultures of S. aureus, L. monocytogenes, E. coli, and S.
Enteritidis were prepared in tryptic soy broth at 37°C under aerobic conditions, while A. butzleri and H.
pylori were cultivated in MHB at 37°C under microaerobic conditions. The overnight culture (16 to 18 h)
of each strain was adjusted to 108 CFU/ml, injected into the microfluidic chips, and incubated at 42°C
under a microaerobic environment for 48 h. Photos of the on-chip identification assay were collected by
using a smartphone (iPhone 6) at the end of the incubation.

For the sensitivity test, C. jejuni F38011 at a wide range of concentrations (102 to 108 CFU/ml) was
incubated in the microfluidic chips at 42°C under a microaerobic environment. The color change of the
on-chip identification assay was monitored at a time interval of 2 h for up to 48 h. Photos were obtained
by using the iPhone 6 at each time point. The limit of detection was defined as the lowest initial
concentration of C. jejuni that could generate visible chromogenic reaction results.

Detection of Campylobacter spp. in food samples. Whole milk and raw chicken meat were selected
as food models because the consumption of these food commodities is the major route of human
campylobacteriosis.

We purchased pasteurized whole milk (3.25% fat) from local grocery stores in Vancouver, Canada,
and kept the milk at 4°C for further study. The absence of Campylobacter spp. in the milk was confirmed
by a plating assay using modified charcoal-cefoperazone-deoxycholate agar (mCCDA). To assess the
universal feasibility of an on-chip identification assay for major thermophilic Campylobacter spp., we
determined the growth of C. jejuni (F38011), C. coli (314), and C. lari (RM2818) in microfluidic chips. An
overnight culture of each strain was adjusted to a concentration of 109 CFU/ml (optical density at 600
nm [OD600], ca. 0.3) using MHB, followed by 10-fold serial dilutions in whole milk to achieve the final
inoculation concentrations of 102 to 108 CFU/ml. Spiked milk samples were directly injected into the
microfluidic chips without any sample pretreatment. Milk without the addition of Campylobacter spp.
was regarded as a negative control. A color change of Campylobacter spp. in the artificially spiked milk
was monitored at a time interval of 12 h for up to 48 h.

Raw boneless, skinless chicken breast meat was purchased from local grocery stores as well. Chicken
breast meat was cut into pieces of 25 g each, the recommended sampling size by the U.S. Food and Drug
Administration BAM protocol (https://www.fda.gov/food/laboratory-methods-food/bam-campylobacter).
To control the starting concentrations of Campylobacter spp., we disinfected the surface of the chicken
meat by using a 1% sodium hypochlorite aqueous solution (VWR International, Canada) and then spiked
chicken products with defined concentrations of Campylobacter cells (102 to 108 CFU/25 g). For the
recovery of Campylobacter cells, the spiked chicken samples were transferred into sterile stomach bags,
followed by adding 25 ml phosphate-buffered saline (PBS) and hand massaging the chicken meat. The
rinse solution was filtered through a sterile Whatman grade 1 filtration paper to remove large meat
particles. The rinse solution was then injected into the microfluidic chips for further detection. The results
were monitored every 12 h for up to 60 h. In the meanwhile, the spiked concentrations of Campylobacter
cells in both milk and chicken samples were confirmed by a conventional plating assay. Briefly, serially
diluted bacterial samples were streaked onto mCCDA and incubated at 42°C for 48 h for enumeration.

To assess the specificity of on-chip identification of Campylobacter spp. in foods, we spiked Campy-
lobacter spp. and two representative foodborne pathogens (i.e., S. aureus and S. enterica) in food samples
that were purchased in grocery stores in Vancouver and used without any further decontamination
treatment (i.e., raw chicken breast meat and pasteurized milk). The spiking procedure was the same as
that for the sensitivity test described above. Briefly, equal concentrations (1 � 108 CFU/ml) of C. jejuni
F38011, S. Enteritidis 43353, and S. aureus S-FF10 were prepared as a bacterial cocktail and inoculated in
foods, followed by incubation in the microfluidic chips at 42°C under microaerobic conditions for 24 h.
Nonspiked food samples, S. Enteritidis in foods, or S. aureus in foods were used as the negative controls.
The initial concentrations of bacterial cocktails were confirmed by a plating assay. The presence of
natural microbiota and Campylobacter spp. in nonspiked foods was determined by streaking 1 ml of
samples onto tryptic soy agar (TSA) and mCCDA, respectively. TSA plates were incubated at 37°C under
aerobic conditions for 24 h, whereas mCCDA plates were incubated at 42°C under microaerobic
conditions for 48 h.

Antimicrobial susceptibility testing. We developed two types of on-chip ASTs to determine either
the MIC or multidrug resistance (MDR) profiles of Campylobacter isolates. These were an on-chip MIC
assay and an on-chip MDR assay, respectively. Both assays were conducted following the procedures
mimicking the CLSI guidelines, with some modifications (37). For the on-chip MIC assay, 8 different
concentrations of certain antibiotics were incorporated into the microfluidic device. In brief, we prepared
a 2-fold dilution series of antibiotic working solutions (8� final concentration), added 2.5 �l of each
working solution onto a paper disk, and deposited these paper disks into the microfluidic chip after air
drying. Afterwards, 20 �l of chromogenic agar was added to an individual incubation chamber so that
accurate final concentrations of antibiotic in the chip were generated. An inoculation concentration of
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108 CFU/ml of C. jejuni F38011 overnight culture was incubated in the microfluidic chips at 42°C under
microaerobic conditions for 24 h (37, 46). The MICs were determined based on the lowest antibiotic
concentration that inhibited the generation of color change.

For the on-chip MDR assay, susceptible and resistant breakpoints assigned by the CLSI were selected
as the tested concentrations for three antibiotic classes (ampicillin, tetracycline, and ciprofloxacin) (39).
As no ampicillin breakpoint is available for Campylobacter spp., we used the CLSI breakpoints for
Enterobacteriaceae instead (47). The antibiotic breakpoints are listed in Table S2. A total of 11 isolates of
Campylobacter (Table 1) were tested using an on-chip MDR assay. A conventional agar dilution method
was conducted in parallel to validate on-chip MIC and on-chip MDR results (37, 46).

Images and data analysis. All of the experiments were performed in at least three biological
replicates. Visual interpretation of bacterial growth in the microfluidic chips was obtained by two
independent personnel so as to ensure the absence of individual bias on colorimetric-based readouts.
Student’s t test or one-way analysis of variance (ANOVA), followed by post hoc Tukey’s or Dunnett’s tests,
were conducted to determine the significant differences among groups (P � 0.05). The equations for AST
categorical agreement are listed in Table S1.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.4 MB.
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