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Abstract

Antimicrobial-resistant Campylobacter has been regarded as a high priority of public
health concern worldwide. This microbe asymptomatically resides in the intestinal tract of
animals and may transmit to humans through the consumption of contaminated animal products.
It is not fully understood how Campylobacter develops and spreads antimicrobial resistance
(AMR) in agri-food systems. This knowledge gap is partially due to a lack of rapid detection
methods, inefficient data integration in current surveillance programs, rapid evolution of AMR
variants, and insufficient studies in AMR gene transfer. This dissertation focused on addressing
the aforementioned problems to better tackle the global AMR crisis.
A microfluidic device was developed to identify Campylobacter, with 100% specificity
and detection limits down to 102 CFU/mL in milk and 104 CFU/25 g in chicken meat. On-chip
antimicrobial susceptibility testing (AST) showed a good agreement (>90%) with the
conventional culture-based method. This miniaturized device enabled on-site detection,
consumed ~99% fewer reagents, and saved >50% of analysis time. This microfluidic device was
further integrated into an internet of things (IoT)-based AMR surveillance program. A machine
learning algorithm was employed for classifying on-chip AST results, providing 99.5% accuracy
in determining Campylobacter AMR profiles. Both spatial and temporal AMR trends were
uploaded to a cloud database for real-time data integration and presentation. Alternatively,
Raman spectroscopy and chemometrics reduced the analysis time of AST to 5 h with acceptable
accuracy. Raman spectroscopy-based approach deciphered distinct phenotypic responses of
antimicrobial-susceptible and resistant Campylobacter to antibiotics. The spread of AMR genes
in Campylobacter biofilms was 17-fold more efficient than planktonic cells, which was
iii

commonly used as an AMR evolution model. Campylobacter might develop AMR more
frequently in the environment than previously expected. When co-cultivating with other
foodborne pathogens, Campylobacter showed distinct gene transfer trends, ranging from 3.5×108

in Escherichia coli-C. jejuni biofilms to no detectable transmission in Salmonella-C. jejuni

biofilms.
This dissertation provides the technique and knowledge to monitor the prevalence of
Campylobacter AMR in agri-food systems.
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Lay Summary

Increasing concerns of antimicrobial-resistant Campylobacter to public health have
emphasized the importance of fast detection, efficient surveillance, and more knowledge on
antimicrobial resistance (AMR) transmission. In this dissertation, I developed timely and
portable identification and antimicrobial susceptibility testing of Campylobacter by using
microfluidic devices. By incorporating the internet of things and intelligent sensors, an integrated
surveillance program was established to track the emergence of Campylobacter AMR isolates,
providing a real-time AMR trend from farm to fork. Raman spectroscopy and chemometrics
were applied to distinguish the phenotypic responses of antimicrobial-susceptible and resistant
Campylobacter isolates to antibiotics, providing complementary information to the conventional
genetic methods such as genome sequencing. In addition, C. jejuni could spread AMR genes in
both mono-species and dual-species biofilms so as to mimic the survival mode of Campylobacter
in the food chain. This dissertation offered alternative detection and surveillance approaches to
understand the transmission of AMR in foodborne pathogens.
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Chapter 1: Introduction

1.1

Campylobacter
Campylobacter is a Gram-negative bacterium, belongs to the family

Campylobacteraceae, and consists of 26 species (1). They are spirally curved rods, having a
dimension of 0.2 to 0.8-μm widths by 0.5 to 5-μm lengths. Campylobacter exhibits corkscrewmotility by a single polar flagellum at either one or both ends of the cells. Campylobacter is a
microaerobic bacterium, requiring specific atmosphere conditions for growth [CO2 (3-10%), O2
(3-5%), N2 (80-85%)]. The optimum growth temperature is 37-42°C, but this bacterium is unable
to propagate when the temperature is below 30°C. Campylobacter is the commensal organism in
the intestinal tract of various animals, including avian and cattle; thus such animals serve as the
potential sources for the contamination of food, water, and the environment. Campylobacter is
recognized as a fastidious microorganism, but it can survive under unfavorable growth
conditions through various physiological progress, including bacterial biofilms.
Campylobacter spp. is well recognized as the leading cause of human foodborne
gastroenteritis worldwide. This bacterial genus ranks as the top 1 bacterial foodborne pathogen in
Canada, which is estimated to be responsible for 145,000 foodborne illnesses and 565
hospitalizations every year (1). More importantly, there was a 14% increase in Campylobacter
infection cases in 2012 compared to 2006, whereas other common foodborne pathogens obtained
constant or declined infection incidences, such as Salmonella, Listeria monocytogenes, and
Shiga-toxigenic Escherichia coli (1). Campylobacteriosis is mainly caused by thermotolerant
species C. jejuni (80-90%), followed by C. coli (4%) and C. lari (<1%) (2). Contaminated raw or
undercooked poultry and dairy products are the common transmission vehicles of foodborne
1

infections. The infection dose is relatively low, which can be less than 500 cells (3). Most cases
of campylobacteriosis are self-limiting, with mild to moderate gastrointestinal symptoms.
However, clinical administration may be necessary when severe and prolonged infections occur
(e.g., bloody diarrheal), especially for immune-compromised and vulnerable populations (e.g.,
children and the elderly). Besides gastroenteritis, Campylobacter infections may lead to other
clinical manifestations, such as Guillain-Barre syndrome (GBS, an autoimmune condition),
inflammatory bowel diseases, and colorectal cancer (1).

1.2
1.2.1

Prevalence of antimicrobial-resistance Campylobacter in agri-food systems
Overview of antimicrobial resistance crisis
Compared to human medicine, more than 70% of antibiotics are used in animal

production as clinical treatments and growth promoters (4). The wide use of antibiotics plays a
key role in selecting resistant bacteria in animals. These antimicrobial-resistant bacteria and
antimicrobial-resistant genes can easily spread to humans along the food chain through direct or
indirect contact (5). Direct contact involves the exposure of humans to animals and biological
substances (e.g., blood, feces, milk). This transmission route mainly occurs to occupationally
exposed workers, such as food handlers, farmers, and veterinarians, but it provides a possible
way to disseminate resistant bacteria through person-to-person contact in the community and
healthcare settings. Indirect contact occurs via consumption or contact with contaminated food
products. Numerous studies reported the presence of antimicrobial-resistant Campylobacter in
various food products and from various animal sources (6). The similarity between
antimicrobial-resistant food and clinical isolates has been identified using advanced genotyping
methods, such as whole-genome sequencing and multilocus-sequence typing.
2

1.2.2

Surveillance studies on Campylobacter
Campylobacter bacteria constitute a challenging problem in public health due to the

increasing antimicrobial resistance. A substantially high level of antimicrobial resistance of
Campylobacter has been reported in both food and human isolates. For example, 42-45% of
Campylobacter isolates from chickens in the United States showed resistance to tetracycline, 2027% were resistant to fluoroquinolones, and about 3% were multidrug-resistant (7). According to
the report of the U.S. National Antimicrobial Resistance Monitoring System, C. jejuni isolated
from clinical samples had high frequencies of resistance to tetracycline (45%), ciprofloxacin
(25%), and nalidixic acid (25%) during 2007-2011 (8). Besides, ampicillin-resistant C. jejuni
was isolated from clinical samples in European Union (8). A relatively low resistance frequency
(10%) has been reported to macrolide class (e.g., erythromycin, telithromycin, azithromycin) (8).
However, macrolide, tetracycline, and fluoroquinolone are categorized as important antibiotics
for human clinical administration of campylobacteriosis. The resistance to these antibiotics could
at least double the duration of hospital stay, mortality, morbidity, and health care cost as
compared with antimicrobial-susceptible infections.

1.3

Antimicrobial susceptibility testing methods
Culture-based antimicrobial susceptibility tests are still regarded as the “gold standard”

method, such as agar dilution method, broth microdilution method, and disk diffusion method
(8). These methods are simple and provide specific minimal inhibitory concentrations (MICs),
but the turnaround time is relatively long (~48 h). PCR-based assays can be applied to detect
resistant genes within only a few hours (8). These techniques provide further information on
antimicrobial resistance mechanisms, but they are feasible only if the resistant genes are well3

characterized. Furthermore, the presence/absence of resistant genes does not always correlate
with the phenotypic resistance profiles (9).
Novel detection technologies include next-generation sequencing, matrix-assisted laser
ionization time-of-flight mass spectrometry (MALDI-TOF MS), Raman spectroscopy, and
microfluidic techniques. All of the approaches promise to reduce detection time, but nextgeneration sequencing and MALDI-TOF MS hold significant drawbacks, such as the
requirement of expensive and sophisticated instruments and specific sample preparation (10). In
comparison, the microfluidic technique and Raman spectroscopy provide simpler, more userfriendly, and cost-effective diagnoses. Microfluidic lab-on-a-chip technology is one of the
promising approaches to provide rapid and on-site diagnostic tests. Microfluidic technology can
miniaturize and integrate various functional modules used in wet laboratories into a small chip.
Microfluidic devices provide a variety of platforms for biological applications, particularly for
cancer biomarker detection and bacterial diagnostics (11). This technique has many innate
advantages, such as portable, low reagent and sample volume, and precise control of flow fluids
(12). Raman spectroscopy is a novel and powerful tool to determine antimicrobial resistance. It
has been widely used for rapid microbial identification and stress response studies of many
foodborne pathogens (e.g., Enterococci, Salmonella) (13).

1.4

Mechanisms of antimicrobial resistance
Antibiotics are classified based on different modes of actions: 1) interrupt cell wall

synthesis by binding to peptidoglycan precursors or synthetic proteins; 2) inhibit protein
synthesis by targeting the 30S or 50S subunit of bacterial ribosomes; 3) interfere with DNA
replication by binding to DNA gyrase or RNA polymerase; 4) interrupt folic acid synthesis (14).
4

Through years of evolution, bacteria can develop antimicrobial resistance to cope with the killing
effect of antibiotics. The main idea is to reduce the binding of antibiotics to target sites. The
mechanisms of antimicrobial resistance include the following: 1) modifications of antibiotic
molecules; 2) decreased influx or increased efflux of antibiotics through the bacterial cell
membrane; 3) alteration or replacement of target sites (15). It is worth mentioning that resistance
to one antibiotic class can be achieved by multiple mechanisms. Different resistance pathways
could coexist in a single bacterial cell, resulting in an increased resistance level. As an example,
fluoroquinolone resistance can be the consequence of mutations in gene encoding target sites
(e.g., DNA gyrase) and over-expression of efflux pumps. A better understanding of antimicrobial
resistance can aid in developing novel strategies to counter the resistance threats.

1.5

Evolution of antimicrobial resistance
Bacteria use two major evolution strategies to combat antibiotic stress, namely

spontaneous mutation and horizontal gene transfer (HGT) (16). In mutational resistance, a subpopulation of bacteria cells spontaneously develops genetic mutations to reduce antibiotic
activity. With the presence of antibiotic selection, the susceptible population is eliminated,
whereas resistant mutants dominate. Spontaneous mutants usually have fitness costs, such as
decreasing growth rates, impairing bacterial motility, and altering the structure of ribosomes
(17). Once antibiotic stress is removed, the mutants might not be maintained in the bacterial
population. In comparison, HGT involves the acquisition of resistance genes within and between
bacterial species. It is mediated through three major mechanisms, namely transformation,
conjugation, and transduction (18). Transformation is the acquisition of naked DNA from the
environment. Conjugation requires cell-to-cell contact so that mobile genetic elements (e.g.,
5

plasmid, transposon) can be transferred through a proteinaceous tunnel (i.e., pilus). Transduction
involves the transfer of DNA via bacteriophage infection. HGT has been identified as the main
driving force of resistance evolution. It has been estimated that HGT occurs at twice the rate of
spontaneous mutation in Campylobacter (19).
HGT allows efficient intraspecies and interspecies transmission of resistance genes in
bacterial communities (e.g., planktonic culture, biofilms, and microbiota) (5). Campylobacter
planktonic population is capable of natural transformation and conjugation. The transfer
efficiency depends on intrinsic and extrinsic factors, including environmental conditions (e.g.,
temperature, atmosphere, antibiotics), growth phase, nature of genetic transfer elements, species
of donors, species of recipients, whether the donors and recipients are from the same species, etc
(20–22).
Compared to planktonic culture, bacterial biofilms are expected to have a higher HGT
efficiency (23). Biofilm is a preferentially main lifestyle of bacteria in the environment. It is a
microbial community embedded in an extracellular polymeric matrix that consists of
polysaccharides, proteins, lipids, and extracellular DNA (eDNA). The dense population structure
in biofilms could increase cell-to-cell contact so as to benefit bacterial gene exchange via
conjugation. The high concentration of eDNA (up to 100 μg/ml) provides potential genetic pools
for natural transformation (24). For instance, the transformation of erythromycin-resistant
plasmids occurred in a dual-species biofilm that contained two oral bacteria Treponema
denticola and Streptococcus gordonii (25). Another study demonstrated that chromosomallyencoded antimicrobial-resistant genes were transformed in Streptococcus mutans biofilms at a
rate 10- to 600-fold higher than planktonic cells (26). The transformation rate was dependent on
biofilm age (26). However, gene transfer of Campylobacter in biofilms is poorly understood.
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Only one study has been conducted to examine the natural transformation of antimicrobial
resistance in C. jejuni biofilms (27). In this study, two C. jejuni NCTC 11168 mutants were
constructed by integrating aphA3 and cat genes into the 23S rRNA gene, which conferred
resistance to kanamycin (KanR) and chloramphenicol (CmR), respectively. After co-cultivating
KanR and CmR C. jejuni, the authors identified a 10-fold increase in the emergence of doubly
resistant C. jejuni in biofilms than the planktonic culture. Although the transformation of
Campylobacter in biofilms has been validated, further studies are required to reveal if this is
universal in C. jejuni strains and if the transformation is in a species-specific and growth phasedependent manner.

1.6

Central objectives
In this dissertation, my central objective is to understand the transmission of

antimicrobial-resistant Campylobacter in agri-food systems. The individual objectives are set as
below:
1. Develop a rapid screening method for antimicrobial-resistant Campylobacter using a
microfluidic “lab-on-a-chip” platform
2. Establish a real-time antimicrobial resistance surveillance program via internet-ofthings technique for better data collection, integration, and presentation
3. Determine the antimicrobial resistance profiles and mechanisms of Campylobacter
using Raman spectroscopy and chemometrics
4. Investigate the transmission of antimicrobial-resistant genes in Campylobactercontaining biofilms
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Chapter 2: Identification and antimicrobial susceptibility testing of
Campylobacter using a microfluidic lab-on-a-chip device

2.1

Introduction
Campylobacter is the leading cause of bacterial gastroenteritis in humans with the

incidence of infections about 2-65 times higher than other foodborne pathogens, such as
Salmonella, Shiga toxin-producing Escherichia coli, and Listeria monocytogenes (28, 29).
Globally, 400-500 million cases of diarrhea are estimated to be caused by Campylobacter per
year, resulting in severe burdens to public health and economic growth (30). Transmission of
Campylobacter to humans occurs mainly through the consumption of contaminated food
products, especially poultry meat and unpasteurized milk (1). Most foodborne
campylobacteriosis 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 immune-compromised patients (30). Campylobacter obtains increasing resistance to
clinically important antibiotics, such as fluoroquinolones, tetracyclines, and ampicillin (8). 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. For example, the
Centers for Disease Control and Prevention (CDC) lists antibiotic-resistant Campylobacter as a
serious hazard-level threat to public health (31). World Health Organization suggests that
multidrug-resistant Campylobacter should receive a high priority to investigate because of its
high prevalence of resistance and frequent transmissibility from foods to humans (32).
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To reduce antibiotic-resistant threats, one of the major approaches is to monitor the
prevalence of resistant Campylobacter in agri-food systems. A better understanding of the
transmission between foods and humans can thus be achieved, followed by developing 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 antimicrobial susceptibility testing (AST) (33). This protocol has
several limitations: 1) the entire analysis takes at least 7-9 days (33); 2) it involves multiple steps
of labor-intensive operations, such as the preparation of growth media and biochemical assays;
3) although conventional culture-based methods readily detect the major gastroenteritis-related
Campylobacter species, it may be biased towards C. jejuni and C. coli and thus causes the
underreporting of other species such as C. lari (9); 4) 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 antibioticresistant bacteria in various fields, especially clinical diagnostics and environmental monitoring
(35, 36). This technique offers many advantages over macro-scale methods in terms of rapid
analysis, precise controlling of fluids, low cost, less sample volume, portability, and high
throughput. Microfluidic-based detection can be categorized into two types, namely genotypic
and phenotypic assays. Genotypic on-chip assays (e.g., polymerase chain reaction, isothermal
amplification) target genetic markers (e.g., 16S rRNA genes, antibiotic-resistant genes), which
circumvent bacterial proliferation progress and can be finished within several hours (37, 38).
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These methods provide direct information on bacterial speciation, but cannot determine bacterial
antibiotic susceptibility profiles in a broad-spectrum manner if antibiotic-resistant mechanisms
are unknown. Besides, antibiotic susceptibility is not always correlated to the presence/absence
of genetic markers, resulting in false-positive/negative results (39). In contrast, phenotypic onchip 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) (40, 41), captured by antibodies on membranes or magnetic beads (42, 43), or
encapsulated in agarose chambers (44). 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, improving the detection sensitivity and shortening analysis
time. However, these microfluidic platforms involved expensive and bulky microscopies (e.g.,
phase contrast microscope, fluorescence microscope) or vibrational spectroscopies (e.g., infrared
spectroscopy, Raman spectroscopy) (41, 42, 44, 45). 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 stresses (45, 46).
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 bacteria-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 antibiotic susceptibility of human pathogens (e.g., E. coli, Enterococcus faecalis) (47).
Unlike sensitive strains, resistant isolates survived under antibiotic stress and hydrolyzed glucose
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into acids, leading to 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 leuco) (48). However, these studies only determined antibiotic susceptibility
profiles, but bacterial identification was required to perform separately. To solve this problem,
chromogenic media can be applied to selectively support the growth of the targeted bacterial
genus. 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 media (49).
To the best of our knowledge, no microfluidic platform is available for the identification and
AST of Campylobacter although this pathogen has critical agri-food and clinical importance.
This research study is a novel example of developing a microfluidic device for the
identification and AST of Campylobacter. We used chromogenic agar as a selective cultivation
medium for Campylobacter exclusively. We employed an advanced design of air vents and
zigzag channels to prevent cross-contamination of antibiotics in different testing chambers,
ensuring accurate AST results. Rapid detection of three primary Campylobacter species (i.e., C.
jejuni, C. coli, 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 in agri-food systems.
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2.2
2.2.1

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). Strain names and isolation sources are listed in Table
2.1. For routine cultivation, all Campylobacter strains were grown on Mueller-Hinton agar
supplemented with 5% defibrinated sheep blood (MHBA) at 37°C under the microaerobic
condition (85% N2, 10% CO2, 5% O2) for 48 h. To prepare Campylobacter overnight culture,
bacterial colonies from MHBA plates were harvested and suspended in Mueller-Hinton broth
(MHB) and then incubated at 37°C under the microaerobic condition for 16-18 h in a rotatory
manner (i.e., 175 rpm).
Table 2.1 List of Campylobacter isolates used in this study.
Strain
Campylobacter jejuni F38011
C. jejuni ATCC 33560
C. jejuni NCTC 11168
C. jejuni 1143
C. jejuni 1173
C. jejuni 1329
C. coli 171
C. coli 314
C. coli 1148
C. coli 1330
C. lari RM2818

2.2.2

Source of isolation
Clinical
Bovine
Clinical
Chicken
Chicken
Cat
Pig
Pig
Pig
Cat
Clinical

Reference
(50)
(50)
(50)
This study
This study
This study
This study
This study
This study
This study
(51)

Antibiotics
The ampicillin sodium salt, tetracycline hydrochloride, and ciprofloxacin were purchased

from Sigma-Aldrich (Canada). According to solvent solubility, the stock solutions (640 mg/L) of
ampicillin 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
12

through 0.22-µm sterile nylon syringe filters and stored at -20°C until use. For on-chip AST, the
antibiotic working solution was freshly prepared by diluting the stock solution to 8× final
concentrations using sterile distilled water. An aliquot of 2.5-µL working solution was added
onto a sterile paper disc (Whatman® no.1 filter paper; Ø = 2 mm), air-dried in the biosafety
cabinet, and added into the microfluidic chips. Then, 20 µL of Campylobacter chromogenic agar
medium (i.e., CHROMagarTM Campylobacter; CHROMagar, USA) was pipetted into each
incubation chamber before solidification to achieve 1× final concentration of antibiotics.

2.2.3

Design and fabrication of a microfluidic device
Development of a microfluidic device was completed by a procedure consisting of 3

steps, namely chip pattern design, master fabrication, and construction of poly(dimethylsiloxane)
(PDMS)/glass-hybrid microfluidic chip.
We designed the patterns of microfluidic devices using AutoCAD 2016 version
(Autodesk Inc., USA). Our device consists of three layers, including an injection layer, a
chamber layer, and a glass layer. The glass layer is a plain microscopic slide (75-mm length, 50mm width, 1-mm thickness; CorningTM, 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 µm
wide, 40 mm long) connected the inlet and outlet ports, and 8 zigzag-shaped side channels (100
µm wide, 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-µm wide channel to
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connect 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 (52). 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-µm thickness of chip patterns on the master, SU-8
photoresist reagent was spin-coated at 500 rpm for 10 s with an acceleration rate of 100 rpm/s,
followed by 1000 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. Post-exposure bake was conducted by heating
the photoresist-coated wafer at 65°C for 2 min and then at 95°C for 7 min. The 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 (41). PDMS prepolymer (Dow SylgardTM 184 Silicone Encapsulant Clear Kit;
Ellsworth Adhesives, Canada) was prepared by mixing silicone elastomer and curing agent at the
ratio of 10:1 (w:w), according to the manufacturer’s protocol. A total of 16.5 g or 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 inlet/outlet ports (for both chamber and
injection layers), incubation chambers (chamber layer only), and air vents (injection layer only)
using Miltex® biopsy punch (Ted Pella Inc., USA). The assembly of three layers was described
in Figure 2.1A. Briefly, the PDMS-based injection layer and chamber layer were bond together
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after the treatment in a plasma cleaner (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 discs preloaded with specific antibiotics were put on
the top of the PVDF membrane, followed by adding 20 µL of chromogenic agar. To seal the
incubation chambers, a glass slide was bonded to the chamber layer using the plasma-assisted
method.

Figure 2.1 Fabrication of microfluidic devices. (A) Schematic illustration of device assembly.
(B) Side view of the incubation chamber. (C) Representative image of the microfluidic chip. Blue

15

food dye was used for the visualization of chip patterns. The dimensions of microfluidic chips are
50 mm in length, 40 mm in width, and 5 mm in height. (D) Front view of the microfluidic chip.

2.2.4

Operation of the microfluidic device
The microfluidic device contains a syringe pump, syringe, PVC tubing, waste container,

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

2.2.5

Bacterial on-chip growth
The feasibility of on-chip bacterial cultivation was investigated using C. jejuni F38011 as

a bacterial model (50). C. jejuni overnight culture in MHB was adjusted to an initial
concentration of 106 CFU/mL. Bacterial suspension was inoculated either into the microfluidic
device or the conventional glass culture tube, followed by static incubation at 42°C under the
microaerobic environment. Bacterial cell counts were monitored at certain time points (i.e., 0, 2,
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8, 24, 48 h). To collect bacterial suspension from the microfluidic device, a sterile syringe with a
permanently attached needle was used to penetrate through the PDMS-based injection layer and
withdraw the liquid from the individual incubation chambers. Plating assay was used to quantify
bacterial cell counts.

2.2.6

Specificity and sensitivity test
An on-chip identification assay was designed to target three major thermophilic

Campylobacter species, including C. jejuni, C. coli, and C. lari. The presence of Campylobacter
was indicated based on the color change from light yellow to red due to the chromogenic
reaction. To evaluate the specificity of on-chip identification, we tested the common foodborne
pathogens, including Staphylococcus aureus (MRSA-10), Listeria monocytogenes (ATCC 7644),
Escherichia coli (K12), and Salmonella enterica serotype Enteritidis (43353) (53). In addition,
Arcobacter butzleri (CCUG 30485) and Helicobacter pylori (ATCC 43504) were tested due to
their close phylogenic relativeness to Campylobacter (54). Overnight cultures of S. aureus, L.
monocytogenes, E. coli, and S. Enteritidis were prepared in tryptic soy broth at 37°C under the
aerobic condition, while A. butzleri and H. pylori were cultivated in MHB at 37°C under the
microaerobic condition. The overnight culture (16-18 h) of each strain was adjusted to 108
CFU/mL, injected into the microfluidic chips, and incubated at 42°C under the microaerobic
environment for 48 h. Photos of on-chip identification assay were collected by using a
smartphone (iPhone 6) at the end of the incubation.
For the sensitivity test, a wide range of concentrations (102 - 108 CFU/mL) of C. jejuni
F38011 was incubated in the microfluidic chips at 42°C under the microaerobic environment.
The color change of the on-chip identification assay was monitored at a time interval of 2 h for
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up to 48 h. Photos were obtained by using iPhone6 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.

2.2.7

Detection of Campylobacter 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 in
milk was confirmed by plating assay using modified charcoal-cefoperazone-deoxycholate agar
(mCCDA). To assess the universal feasibility of on-chip identification assay to major
thermophilic Campylobacter spp., we determined the growth of C. jejuni (F38011), C. coli (314),
and C. lari (RM2818) in microfluidic chips. The overnight culture of each strain was adjusted to
a concentration of 109 CFU/mL (ca. OD600 = 0.3) using MHB, followed by a 10-fold serial
dilution in whole milk to achieve the final inoculation concentrations of 102 - 108 CFU/mL.
Spiked milk samples were directly injected into the microfluidic chips without any sample pretreatment. Milk without the addition of Campylobacter was regarded as the negative control.
Color change of Campylobacter in the artificially spiked milk was monitored at the time interval
of 12 h for up to 48 h.
Raw boneless, skinless chicken breast products were purchased from local grocery stores
as well. Chicken breast meats were cut into pieces of 25 g each as the recommended sampling
size by U.S. Food and Drug Administration BAM protocol
(https://www.fda.gov/food/laboratory-methods-food/bam-campylobacter). To control the starting
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concentrations of Campylobacter, we disinfected the surface of chicken meat by using 1%
sodium hypochlorite aqueous solution (VWR international, Canada), and then spiked chicken
products with defined concentrations of Campylobacter (102-108 CFU/25 g). For the recovery of
Campylobacter cells, spiked chicken samples were transferred into sterile stomach bags,
followed by adding 25-mL 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 in both milk and chicken samples were confirmed by the 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 in foods, we spiked
Campylobacter 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 of the sensitivity test described above. Briefly, equal
concentration (1×108 CFU/mL) of C. jejuni F38011, S. Enteritidis 43353, and S. aureus MRSA10 was prepared as a bacterial cocktail and inoculated in foods, followed by incubation in the
microfluidic chips at 42°C under microaerobic condition for 24 h. Non-spiked 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 in non-spiked foods was determined by streaking 1 mL of
samples onto tryptic soy agar (TSA) and mCCDA, respectively. TSA plates were incubated at
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37°C under the aerobic condition for 24 h, whereas mCCDA plates were incubated at 42°C
under the microaerobic condition for 48 h.

2.2.8

Antimicrobial susceptibility testing
We developed two types of on-chip AST to determine either MICs or multidrug

resistance (MDR) profiles of Campylobacter isolates. They were on-chip MIC assay and on-chip
MDR assay, respectively. Both assays were conducted following the procedures mimicking
CLSI guidelines with some modifications (55). For 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 µL of each working solution onto a paper disc, and deposited these paper discs into the
microfluidic chip after air drying. Afterward, 20 µL of chromogenic agar was added into the
individual incubation chamber so that the accurate final concentrations of antibiotics in the chip
were generated. An inoculation concentration of 108 CFU/mL of C. jejuni F38011 overnight
culture was incubated in the microfluidic chips at 42°C under the microaerobic condition for 24
h (55, 56). The MICs were determined based on the lowest antibiotic concentration that inhibited
the generation of color change.
For on-chip MDR assay, “susceptible” and “resistant” breakpoints assigned by CLSI
were selected as the tested concentrations for three antibiotic classes (i.e., ampicillin,
tetracycline, and ciprofloxacin) (39). As no ampicillin breakpoint is available for Campylobacter,
we used the CLSI breakpoints for Enterobacteriaceae instead (58). The antibiotic breakpoints
were listed in Table 2.2. A total of 11 isolates of Campylobacter (Table 2.1) were tested using
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an on-chip MDR assay. Conventional agar dilution method was conducted in parallel to validate
on-chip MIC and on-chip MDR results (55, 56).

Table 2.2 Minimal inhibitory concentrations (MICs) of C. jejuni F38011 determined by the
microfluidic device and conventional agar dilution method.
Antibiotic agents

MICs (mg/L)
On-chip

Agar dilution

Essential
agreement

MIC breakpoints (mg/L) a
S

R

Ampicillin
2
2
+b
≤8
≥32
Tetracycline
0.25
0.5
+
≤4
≥16
Ciprofloxacin
0.125
0.125
+
≤1
≥4
a
MIC breakpoints were obtained from Clinical Laboratory Standard Institute (57, 58). As no
ampicillin breakpoint is available for Campylobacter, we use breakpoints for Enterobacteriaceae
as alternatives (58). S: susceptible; R: resistant.
b

Plus symbol (+) indicates that essential agreement is achieved between two antimicrobial

susceptibility testing (AST) methods, in which MICs determined by two methods are within a 2fold dilution range.

2.2.9

Images and data analysis
All of the experiments were performed at least in three independent replicates. Visual

interpretation of bacterial growth in the microfluidic chips was obtained by two independent
personnel to ensure the absence of individual bias on colorimetric-based readouts. Student’s ttest 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). Equations for
AST categorial agreement are listed in Table 2.3.
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Table 2.3 Equations for categorical agreement in antimicrobial susceptibility testing (AST).
Terminology
Categorical agreement (CA)

Equation a
NCA/NT × 100

Equation terms
NCA – number of isolates with the same
categorical interpretation between new
AST and reference method
NT – number of isolates tested
Very major error (VME)
NVME/NRefR × 100 NVME – number of isolates that tested falsesusceptible
NRefR – number of isolates resistant by the
reference method
Major error (ME)
NME/NRefS × 100
NME – number of isolates that tested falseresistant
NRefS – number of isolates susceptible by
the reference method
Minor error (mE)
NmE/NT × 100
NmE - number of isolates having minor
errors
Nt - number of isolates tested
a
Equations were retrieved from reference (59).

2.3
2.3.1

Results and discussion
Design and characterization of microfluidic devices
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 a glass
slide and two layers of poly(dimethylsiloxane) (PDMS) slabs (Figure 2.1). The assembly of
multiple chip layers is described in Figure 2.1A. In the PDMS-based chamber layer, the 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
neighbor incubation chambers. The injection layer was also made of PDMS that contained air
vents downstream of each incubation chamber. During sample injection, the air was purged out
of incubation chambers via air vents to decrease the inner pressure of incubation chambers and
facilitate the distribution of bacteria into incubation chambers. After assembling the chamber22

injection layer, a PVDF membrane was deposited into incubation chambers to support the
addition of chromogenic agar and antibiotic-preloaded paper discs (Figure 2.1B). Besides,
PVDF membranes can function as a white background to improve the visualization of color
changes due to bacterial chromogenic reactions. A glass layer was cast onto the chamberinjection layer to generate a sealed microfluidic device. This microfluidic device was highly
portable, with the dimension of 50 mm in length × 40 mm in width × 5 mm in height (Figure
2.1C and D).
To achieve an efficient sample injection, the pump-driven force was applied. As shown in
Figure 2.2, 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 the 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 the AST study.
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Figure 2.2 Demonstration of sample injection into the microfluidic device. (A) Image of
sample injection setup that consists of a syringe pump, syringe, capillary PVC tubing, waste
container, and outlet blocker (i.e., metal clip). (B) Real-time monitoring of sample injection for
up to 200 s. Blue food dye was used to demonstrate the distribution of sample fluids in the
microfluidic device. The flow rate was set at 0.05 mL/min. Asterisk (*) indicates the time point
when the outlet port was blocked by using a metal clip.

We proposed an on-chip AST to simultaneously investigate bacterial susceptibility
against different classes and/or concentrations of antibiotics in a single device. During sample
injection, antibiotics on paper discs might diffuse into sample fluids and be further transferred to
neighbor incubation chambers (47). 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 chip design (Figure 2.3). Instead of antibiotics, cresol red, a pH indicator appearing
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yellow below pH 7.2 and red above pH 8.8, was deposited onto the paper discs and embedded
into the incubation chambers. Green food dye (pH 9.5) was introduced into the microfluidic
device. With the presence of alkaline solution, paper discs containing cresol red turned from
yellow to red, whereas blank paper discs remained white. After incubation at 22°C for 48 h, no
color change was observed in chambers without cresol red (Figure 2.3), indicating that our
microfluidic chip effectively prevented the cross-contamination among incubation chambers.

Figure 2.3 Assessment of cross-contamination among incubation chambers. Paper disks with
or without cresol red were deposited into incubation chambers of a microfluidic chip. Green
alkaline solution (pH 9.5) was injected into the microfluidic chip until the incubation chambers
were filled (~3 min). The diffusion of cresol red was investigated by keeping the microfluidic
chip stay still at room temperature for 48 h. Cresol red is a pH indicator that appears yellow
below pH 7.2 and red above pH 8.8. In this case, incubation chambers with the color alteration
from yellow to red indicate appropriate injection of alkaline solution, whereas incubation
chambers in green suggest that no cresol red diffuses from the neighboring chambers.

2.3.2

Optimizing medium concentration and amount for visible chromogenic reaction
Chromogenic agar medium CHROMagarTM Campylobacter was used as the selective and

differential medium for Campylobacter detection. It is composed of powder base as the nutrient
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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 samples could be inhibited so that better identification of
Campylobacter can be achieved. The 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
concentration of chromogenic substrates. An aliquot of 20-µL chromogenic agar was prepared in
a PCR tube to mimic bacterial cultivation in the miniaturized system (i.e., microfluidic device).
C. jejuni F38011 at the 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/L of supplements (Figure 2.4), which was the recommended concentration according to the
manufacturer’s instruction. A higher concentration of supplements generated a higher red signal
intensity. When the concentration of supplements reached 0.63 g/L, we observed a widespread of
chromogenic products in the PCR tube from the bottom view, which was the monitoring view for
on-chip chromogenic reaction. Therefore, we selected 0.63 g/L as the working concentration of
supplements for further study.
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Figure 2.4 Optimization of the concentration of chromogenic supplements. C. jejuni (106
CFU/mL) was incubated with the presence of different concentrations of supplements in
Campylobacter chromogenic agar. After 48-h incubation, photos were collected from both front
(A) and bottom views (B) of the incubation tubes.

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 higher amount of agar resulted in a more intense red signal
(Figure 2.5). Compared to the negative control group without chromogenic agar, a significant
color change (P < 0.05) was obtained when the agar amount fell in a range of 12-20 µL. An
incubation chamber in the microfluidic chip had a volume of 27 µL. With a higher amount of
chromogenic agar in the incubation chamber, a lower volume of samples could be implemented.
Thus, we used 20-µL chromogenic agar for on-chip identification and AST to minimize the
potential interferences from food matrices during the chromogenic reactions. It is worth
mentioning that too high volumes of chromogenic agar (>20 µL) could form a bump in the
incubation chamber, which was attached to the glass layer after chip assembly and blocked the
injection of bacterial culture into the incubation chambers.
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Figure 2.5 Optimization of the amount of chromogenic agar. Different amounts of
chromogenic agar were deposited into the microfluidic chip. C. jejuni (108 CFU/mL) was
incubated in the microfluidic chip at 42°C for 24 h. Photos of incubation chambers were captured
using iPhone 6. We employed ImageJ to analyze the average color intensity of each entire
incubation chamber and expressed the intensity in ∆RGB value. The results were present as
mean ± standard deviation of four independent replicates. One-way ANOVA followed by posthoc Dunnett’s test was conducted for statistical analysis. Asterisk (*) indicates the significant
differences (P < 0.05) between negative control and the test groups.

2.3.3

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 (60). 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 (Figure
2.6), indicating that this device provided an appropriate growth condition for Campylobacter.
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Compared to glass culture tubes, a significantly slower growth (P < 0.05) was observed in the
microfluidic chip within 8-h incubation, indicating that Campylobacter 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 (61). In comparison, 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 was also identified
than glass flasks (49). Similar or even significantly higher (P < 0.05) cell counts were identified
in our microfluidic chips than glass culture tubes between 24-48 h. Overall, a comparable
bacterial growth environment was achieved between the microfluidic chips and the conventional
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Figure 2.6 Growth curve of C. jejuni F38011 in the microfluidic device and conventional
glass culture tube (n=4). Student’s t-test was conducted to determine the significant differences
between the two cultivation platforms (* indicates P < 0.05). The results were present as mean ±
standard deviation.
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2.3.4

On-chip identification
A detection device should be both specific and sensitive to the targeted Campylobacter,

considering that diverse microbiota co-exist with this microbe in agri-food products (62) as well
as its low infectious dose (i.e., 400~800 cells) (1). After 48-h incubation, no color change was
observed with the presence of S. aureus, L. monocytogenes, E. coli, Salmonella enterica,
Arcobacter butzleri, and Helicobacter pylori (Figure 2.7). In contrast, three representative
isolates of C. jejuni, C. coli, and C. lari generated red signals in the microfluidic device (Figure
2.7). To further assess if on-chip identification is feasible for a range of Campylobacter, we
incubated a total of 11 Campylobacter isolates (Table 2.1) in the microfluidic devices. All tested
Campylobacter isolates exhibited prominent red signals compared to no signal from the negative
control (i.e., MHB only) (Figure 2.8), indicating that our developed assay could be used for
these Campylobacter species. Although the color intensity of each strain might vary, positive
read-outs could be identified based on the presence of red signals and generated a yes/no answer.
Previous studies also discovered the bias on the recovery of Campylobacter isolates by using the
conventional detection media (e.g., Preston broth, mExeter broth) due to the different tolerance
levels of Campylobacter strains to selective antibiotics (63, 64). Taken together, on-chip
identification was specific to thermophilic Campylobacter species, including C. jejuni, C. coli,
and C. lari.
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Figure 2.7 Specificity test. Campylobacter spp. and other foodborne pathogens (~108 CFU/mL)
were incubated 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 MRSA-10, Listeria
monocytogens ATCC 7644, Escherichia coli K12, Salmonella enterica Enteritidis 43353,
Arcobacter butzleri CCUG 30485, and Helicobacter pylori ATCC 43504.

Figure 2.8 Growth of various Campylobacter isolates in the microfluidic chips.
Campylobacter isolates (initial concentration: ~108 CFU/mL) were incubated at 42°C for 48 h
under the microaerobic condition: 1. negative control (i.e., Muller-Hinton broth only); 2. C.
jejuni F38011; 3. C. jejuni ATCC 33560; 4. C. jejuni NCTC 11168; 5. C. jejuni 1143; 6. C.
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jejuni 1173; 7. C. jejuni 1329; 8. C. coli 171; 9. C. coli 314; 10. C. coli 1148; 11. C. coli 1330;
12. C. lari RM2818. Images were obtained by using iPhone 6.

For sensitivity study, a wide range of concentrations (102 -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 intensities (Figure 2.9A). Interpretations of color changes were confirmed by
10 non-trained and 2 trained personnel, resulting in the same and correct read-outs. This
demonstrated the objective and easy read-outs of bacterial growth in the chromogenic-based
microfluidic chips by the naked eye. Typical red signals appeared after 12-h incubation when the
initial bacterial concentration was 1×108 CFU/mL (Figure 2.9A). The limit of detection was less
than 1×102 CFU/mL and its corresponding turn-around analysis time was still shorter than the
routine isolation procedure (48-72 h) (33). Besides, a linear correlation (R2 = 0.944) was
established between initial bacterial concentrations and color change timepoints (Figure 2.9B).
Using this linear regression model [y = -5.175x + 55.25, where y is turn-point (h) and x is initial
cell count (CFU/mL)], we could quantify the initial concentration of Campylobacter in the tested
samples.
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Figure 2.9 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).

2.3.5

Detection of Campylobacter in foods
Campylobacter is usually transmitted to humans through the consumption of

undercooked chicken and raw milk (1). To demonstrate the practical application of this
microfluidic device, we tested the performance of the on-chip assay to identify Campylobacter in
food products. C. jejuni, C. coli, and C. lari were spiked in milk and chicken breast to allow the
initial bacterial load to be 102 - 108 CFU/mL and 102 - 108 CFU/25 g, respectively. All tested
Campylobacter species produced red signals in the microfluidic device regardless of food
matrices (Figure 2.10). No visible color change was obtained in negative control throughout the
entire analysis, demonstrating the high selectivity of this microfluidic device towards
Campylobacter detection.
Both turn-around time and limit of detection varied in two food models. For whole milk,
the detection limit of 1×102 CFU/mL C. jejuni could be obtained within 48 h (Figure 2.10A).
This result was comparable to the detection of C. jejuni in MHB (Figure 2.9A), suggesting that
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the effect of food matrices on the sensitivity of our device was negligible. For chicken meat, as
low as 1×104 CFU Campylobacter per chicken (25 g) could generate positive results after the
analysis time was extended to 60 h (Figure 2.10B). Compared to milk, detection of
Campylobacter in chicken meat experienced at least a 12-h delay for the identical bacterial loads.
The longer turnaround time and lower sensitivity of spiked chicken sample were due to 25×
dilution of cells on the chicken surface into meat rinse water, whereas bacterial cells in milk
were directly tested using the microfluidic device. Although the detection limit of
Campylobacter in chicken meat was relatively high (i.e., 400 CFU/g), it still meets the
requirement of sampling plan regulation (No. 02005R2073-20190228) in the European Union, in
which the maximal detection cut-off value is set as 1,000 CFU/g carcasses of broilers (65). In the
United States, USDA Food Safety and Inspection Service (FSIS) has proposed chicken-related
microbiological safety practices based on the presence/absence of Campylobacter in products
(document No. 84 FR 38203); 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 can be performed in the future to increase the detection limit, such as increasing
sampling size, concentrating chicken rinse water, and including enrichment.
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Figure 2.10 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). The visible color change
was indicated by arrows.

To further validate the specificity of Campylobacter detection in food samples with
multi-species bacterial background, we conducted the on-chip detection assay for the mixed
culture of C. jejuni, Salmonella enterica, and Staphylococcus aureus, as they are commonly
identified in the same food products including raw chicken meat and milk (66–69). The cocktails
of C. jejuni F38011, S. Enteritidis 43353, and S. aureus MRSA-10 were prepared in either
pasteurized milk or raw chicken breast meat, and incubated in the microfluidic chips at 42°C for
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24 h. S. Enteritidis in foods, S. aureus in foods, or original food samples were used as the
negative controls. As shown in Figure 2.11, an obvious red signal was identified in the multispecies bacterial cocktail. No color change was observed in single S. Enteritidis, S. aureus, or
original food samples. Besides the artificially spiked S. Enteritidis and S. aureus, the original
food samples also contained natural microflora (Figure 2.12). This result demonstrated that our
on-chip detection assay has the potential to specifically detect Campylobacter within a high
concentration and complex bacterial background.

Figure 2.11 Specificity of on-chip identification for Campylobacter in pasteurized milk and
raw chicken breast meat. Milk and chicken were purchased from local grocery stores in
Vancouver and used without any further treatment. Food samples were spiked with
Staphylococcus aureus MRSA-10 (1×108 CFU/mL), Salmonella enterica Enteritidis 43353
(1×108 CFU/mL), or the cocktail of S. aureus MRSA-10, S. Enteritidis 43353, and C. jejuni
F38011 (1×108 CFU/mL for each). The spiked milk was injected into the microfluidic chip
directly, while chicken samples (25 g) were rinsed with 25 mL of PBS before sample injection.
Non-spiking samples were used as a negative control. The microfluidic chips were incubated at
42°C for 24 h under the microaerobic condition. Photos were obtained by using iPhone6.
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Figure 2.12 Natural microflora on raw chicken breast meat and pasteurized milk. Milk was
tested without any pretreatment, while 25 g of chicken meat was rinsed with 25 mL of PBS. To
check the presence of natural microflora, a 1-mL aliquot of milk or chicken rinse water was
streaked onto tryptic soy agar (TSA) plates, followed by incubation at 37°C for 24 h. To assess
the presence of Campylobacter, 1-mL of food sample aliquots were streaked onto modified
charcoal-cefoperazone-deoxycholate agar (mCCDA) plates and incubated at 42°C under
microaerobic condition for 48 h.

2.3.6

Antimicrobial susceptibility testing
Theoretically, on-chip AST follows the principle of the conventional agar dilution

method. In the individual incubation chambers, a defined amount of antibiotics was pre-loaded
onto a paper disc, followed by the addition of chromogenic agar. A droplet of bacterial culture
(~7 µL) was then inoculated into each incubation chamber. During bacterial cultivation,
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antibiotics were expected to diffuse from the paper disc to the chromogenic agar and thus inhibit
bacterial growth. MIC was defined as the lowest antibiotic concentration at which no visible
chromogenic reaction was observed.
To verify the accuracy of on-chip AST, we determined the MICs of C. jejuni F38011
against three types of antibiotics using colorimetric-based microfluidic chips (namely on-chip
MIC test). Ampicillin, tetracycline, and ciprofloxacin were selected due to their wide usage in
both humans and food-producing animals (33) and the high antimicrobial resistance frequencies
of Campylobacter (8). 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 (Figure
2.13).

Figure 2.13 Determination of minimal inhibitory concentrations (MICs) of a clinical isolate
C. jejuni F38011 against ampicillin (Amp; panel A), tetracycline (Tet; panel B), and
ciprofloxacin (Cip; panel C) using microfluidic devices. Numbers represent the concentrations
(mg/L) of selected antibiotics. Arrows indicate the MICs.

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 2.2). In other words, the on38

chip MIC test achieved an essential agreement with the reference method, a critical indicator to
evaluate the accuracy for commercial AST (59). This result also indirectly validated that no
cross-contamination of antibiotics occurred among different incubation chambers in the
microfluidic device so that different antibiotic concentrations or types could be customized for
on-chip AST based on the need.
Campylobacter MDR is regarded as a serious threat to public health (30, 31), calling for
high-throughput characterization of bacterial multi-drug susceptibility in clinical diagnosis and
agri-food monitoring. Herein, we implemented on-chip multiplexed AST for ampicillin,
tetracycline, and ciprofloxacin according to susceptibility interpretative criteria established by
the Clinical and Laboratory Standards Institute (CLSI) (8, 70). Instead of testing the exact MIC
values, our on-chip MDR test only involved 2 levels of antibiotic concentrations, which are
defined as susceptibility and resistance breakpoints by CLSI (55, 57). There were 3 possible
readings by using this colorimetric-based microfluidic device: (1) “susceptible” strains were
determined when negative chromogenic results were generated at both susceptibility and
resistance breakpoints; (2) “non-susceptible” strains produced a positive result at susceptibility
breakpoint but a negative result at resistance breakpoint; (3) “resistant” strains were confirmed
by positive chromogenic signals at susceptibility and resistance breakpoints. Different
interpretative categories could be determined using an on-chip MDR test (Figure 2.14). The
appearance of red signals in control groups without antibiotics suggested that the microfluidic
device provided appropriate cultivation conditions for Campylobacter strains (Figure 2.14).
Taken together, both AST and identification could be conducted simultaneously in a single
device.
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Figure 2.14 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: Cip, ciprofloxacin; Tet, tetracycline; Amp, ampicillin. Each row
represents different concentrations of antibiotics: NC, no antibiotic; Low, CLSI breakpoints for
susceptible strains; High, CLSI breakpoints for resistant strains. The concentrations for each
antibiotic are listed as follows: 1) For ciprofloxacin, low and high concentrations were 1 and 4
mg/L, respectively. 2) For tetracycline, low and high concentrations were 4 and 16 mg/L,
respectively. 3) For ampicillin, low and high concentrations were 8 and 32 mg/L, respectively.
AST results are expressed as susceptible (S), resistant (R), or non-susceptible (NS).

To assess the accuracy of the on-chip MDR test, we calculated the categorical agreement
rates between the on-chip AST and conventional agar dilution method. The categorical
agreement is defined as the ability to obtain the same categorical interpretation by newly
developed approaches and reference methods (59). After testing 11 animal and clinical isolates
of 3 Campylobacter species listed in Table 2.1, we confirmed the categorical agreement rates to
be 100%, 100%, and 90.9% for ciprofloxacin, tetracycline, and ampicillin, respectively (Table
2.4). These results met the requirement of acceptable categorical agreement (≥ 90%) by the U.S.
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Food and Drug Administration (59). Among all bacteria-antibiotic combinations, only one case
of major error was obtained (Table 2.4), in which the tested strain was regarded as ampicillinsensitive by agar dilution method but resistant by on-chip MDR test. Other than that, none of the
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) (59). Besides
the antibiotics tested in this study, we aim to expand the on-chip AST assay for other clinically
important antibiotics in the future, particularly the drugs recommended for human
campylobacteriosis (e.g., macrolides) (71).

Table 2.4 Comparison of on-chip antimicrobial susceptibility testing (AST) results with
conventional agar dilution method for Campylobacter isolates (n=11).
Antibiotics

Ciprofloxacin
Tetracycline
Ampicillin

AST results (correct/total)
C. jejuni

C. coli

C. lari

Categorical
agreement
rate (%)

6/6
6/6
5/6

4/4
4/4
4/4

1/1
1/1
1/1

100
100
90.9

Type of errors
No. (%)
Very
Major
Minor
major
0 (0)
0 (0)
0 (0)
0 (0)
0 (0)
0 (0)
0 (0)
1 (16.6) 0 (0)

In addition, our on-chip ASTs only took half of the analysis time compared to the
conventional agar dilution method (72). A previous study conducted by Lee and others also
observed this phenomenon when they assessed vancomycin-resistant profiles of Enterococcus
using on-chip pH-based AST (73). There are two possible explanations. First, a high surface-tovolume ratio was provided in microfluidic incubation chambers that facilitated the interaction
between bacterial cells and chromogenic agar to exert chromogenic reaction more quickly.
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Second, red signals produced by the chromogenic reaction are more easily visualized than greycolored colonies observed by the agar dilution method.

2.3.7

Advantages of on-chip identification and AST
In this study, we established identification and AST for Campylobacter using a

colorimetric-based microfluidic device that provided accurate and sensitive results as gold
standard methods. Beyond this, the microfluidic device could offer additional advantages over
the conventional methods.
Firstly, simultaneous identification and AST by using the microfluidic device reduced the
turnaround time for the Campylobacter study. An 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 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 (33). The conventional AST approaches (e.g., broth dilution,
agar dilution, disk diffusion) provide definitive results after 48-h analysis (8, 72). In total, the onchip approach is expected to take only 30% of analysis time compared to conventional methods.
It is worth mentioning that a negligible operation-touch time is required by using the
microfluidic chip because sample loading (3 min) is the only operation step for the end-users.
Secondly, our device consumed fewer reagents and growth media than the conventional
study platforms, such as Petri dishes and 96-well plates. For example, 20 µL of agar is required
to test one bacteria-antibiotic combination, while at least 75 µL or 20 mL of growth media is
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required for 96-well plates or Petri dishes, respectively. Our method saves around 4-1,000 times
the amounts of antibiotic agents and growth media that lead to more cost-effective detection.
Finally, a 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.

2.4

Conclusions
We established a colorimetric-based microfluidic device for timely identification and

AST of Campylobacter. This device exhibits high specificity (i.e., no cross-reaction with other
foodborne pathogens) and sensitivity (i.e., detection limit: ~102 CFU/mL) towards
Campylobacter. Accurate antibiotic resistance profiles of Campylobacter can be obtained within
24 h using on-chip AST. This miniaturized platform can save 70% of turnaround time and up to
1,000 times the amount of reagents compared to the standard methods. In addition, on-chip
results can be visualized by naked eyes, making it free from expensive and bulky detectors and
thus suitable for in-field studies especially the resource-limited regions. A personalized AST can
also be achieved by loading desired antibiotic-containing paper discs into the microfluidic
device. This device has the potential to monitor the prevalence of antibiotic-resistant pathogens
in agri-foods, environments, and clinical settings.
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Chapter 3: Next-generation antimicrobial-resistance surveillance system
based on internet-of-things and microfluidic technique

3.1

Introduction
Antimicrobial resistance (AMR) has been recognized as one of the top three major threats

to public health besides cancers and climate change. The Farm-to-fork continuum is the
fundamental transmission route of AMR bacteria since the provision of antimicrobials to
livestock enhances the emergence of AMR bacteria that eventually transmit to humans through
contaminated animals and animal products (5). The emergence of AMR limits the therapeutic
options available to treat bacterial infections, resulting in extended hospitalizations and high
mortality rates. Specifically, AMR bacterial infections are responsible for over 14,000 human
deaths every year in Canada and 70,000 globally (74, 75). This global crisis is still worsening
and would cause 10 million deaths annually and up to US$100 trillion of economic loss if AMR
is left unchecked by 2050 (75).
In response to the AMR crisis, there is an urgent need to establish a standardized, userfriendly, on-site testing method for real-time data collection, analysis, and integration. Better
surveillance is a key strategy to attenuate the spread of AMR in the agri-food sector (76). AMR
data collected from surveillance systems provide a full profile of AMR transmission among
animals, food, and humans, and can be used to identify hotspots requiring interventions and
assess the impact of intervention strategies. Recent efforts to monitor AMR have been made at
both national and global levels. For example, the Global AMR Surveillance System (GLASS)
established by the World Health Organization (WHO) in 2015 has fostered a standardized
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protocol to collect and analyze AMR data (77). WHO also encouraged the member states to
establish national action plans for tackling AMR. Unfortunately, sharing of AMR data from
different regions is disconnected and patchy, hindering the control of the global AMR crisis.
Although surveillance systems have been developed in many countries (5), such as Canadian
Integrated Program for Antimicrobial Resistance Surveillance (CIPARS) and the U.S. National
Antimicrobial Resistance Monitoring System (NARMS), there are many challenges in collecting
and integrating data. Firstly, the conventional culture-based antimicrobial susceptibility testing
(AST) employed in the surveillance systems requires labor-intensive operations, such as
preparation of growth media and serial dilution of the tested antibiotics. Due to limited
laboratory capacity, these surveillance systems must reduce the sampling size and conduct retail
sampling in a partial year, which scarifies the accuracy of AMR trends. Secondly, samples are
usually transported to centralized microbiology laboratories that are not accessible in resourcelimited areas. There is always a trade-off between the selection of surveillance sites and
laboratory accessibility. Lastly, national surveillance is a shared jurisdictional responsibility that
requires tens of federal and provincial laboratories working on different surveillance components
(i.e., retail meat, abattoirs, farms, animal clinics, and human clinics). Data integration from
multiple laboratories is not efficient. As a result, it usually takes 1.5-2 years to release annual
reports, which cannot reflect the current AMR trend (33).
In recent years, the internet of things (IoT) has been applied to develop point-of-care
devices for real-time diagnosis (78). IoT is designed to connect sensors via wireless networks, by
which the process of data collection and integration is automated. For example, Liu and
coauthors developed an IoT-enabled paper sensor platform for the analysis of isothermal nucleic
acid amplification tests on foodborne pathogens (79). Alonso and colleagues fabricated an IoT45

based fluorescence reader to measure the signals of a fluorescent enzyme-linked immunosorbent
assay (80). This portable fluorescence reader was validated by detecting the malaria parasite
Plasmodium, which demonstrated similar detection limits as the bulkier and more expensive
commercial fluorescence plate readers. Guo and coauthors established a 5G-enabled
fluorescence sensor for on-site diagnosis and monitor of suspected COVID-19 patients (81). The
medical data were transmitted to a cloud server for big data analysis, which provided
epidemiological information on infectious diseases and released the burdens of going to central
hospitals. While IoT has been applied to rapid diagnostics, the application to bacterial AMR
surveillance has yet to be demonstrated.
Sensors are the critical components of IoT for remote data collection. Traditional AST is
performed to monitor the growth of bacterial culture against antibiotics in either Petri dishes
(e.g., agar dilution method) or multi-well plates (e.g., broth microdilution method), which
requires bulky and expensive instruments in centralized microbiology laboratories (8). Instead,
the microfluidic lab-on-a-chip technique offers various advantages over macro-scale approaches
in terms of cost, portability, and labor. Microfluidic-based AST has been proposed to rapidly
determine bacterial susceptibilities based on either morphological or physiological changes. The
images of bacterial growth in microfluidic channels are commonly interpreted with the aids of
phase contrast microscopy, fluorescent microscopy, or visible colorimetric reactions (42, 44, 82).
However, manual analysis of sensing data can be inaccurate and slow due to the presence of
inevitable signal noise and human errors. To overcome these challenges, machine learning can
be incorporated with common sensors to generate intelligent sensors, which automatically
predict bacterial profiles based on a decision system (83). By training on large data sets, the
algorithms are able to extract multiple phenotypic features of bacterial cells and differentiate
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signals corresponding to bacterial responses to antibiotics that may not be obvious to even welltrained personnel (36, 84).
Herein, we developed an IoT-assisted AMR surveillance system to enable rapid detection
of AMR and establish real-time AMR trends in food supply chains. We targeted AMR
Campylobacter in the poultry supply chain, as this foodborne pathogen is the leading cause of
bacterial gastroenteritis in humans worldwide (28, 85). We first built an automated detection
platform by incorporating the microfluidic lab-on-a-chip technique with a real-time imaging
system. The on-chip AST was monitored by the color change of a chromogenic culture medium
after bacterial incubation. The colorimetric images were recorded, followed by image analysis
using machine learning algorithms. The obtained AMR data were then uploaded to the cloud
database in real-time through the internet. This surveillance system aids in creating a complete
national and international profile of bacterial AMR trends within the agri-food sector.

3.2
3.2.1

Materials and methods
Antibiotics, bacterial strains, and growth conditions
Tetracycline hydrochloride, ciprofloxacin, and erythromycin (Sigma-Aldrich, Canada)

were used as the representative antibiotics in this study. Antibiotic stock solutions were prepared
by dissolving the antibiotic powder into appropriate solvents to achieve a concentration of 1,280
mg/L, followed by filtering through sterile nylon syringe filters (0.2-µm pore size; VWR,
Canada). Specifically, 70% ethanol aqueous solution, 0.1 M HCl aqueous solution, and ethanol
were used as solvents for tetracycline hydrochloride, ciprofloxacin, and erythromycin,
respectively. The stock solutions were stored in dark at -20°C for up to 1 month. Before
antimicrobial susceptibility testing, antibiotic working solutions were freshly prepared by
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diluting stock solutions in sterile ddH2O to reach the defined concentrations. The antibiotic
working solutions were then deposited onto a sterile paper disc (in-house punched, Ø =1.5 mm,
Whatman qualitative filter paper, Grade 1; Sigma- Aldrich, Canada).
Three Campylobacter strains were selected as the reference strains to assess the
performance of the on-chip antimicrobial susceptibility testing, including C. jejuni F38011
(human clinical isolate), C. jejuni ATCC 33560 (bovine feces isolate), and C. coli 314 (pig
isolate). Bacterial strains were routinely cultivated on Mueller Hinton (MH) agar (BD Difco;
Fisher Scientific, Canada) supplemented with 5% (v/v) defibrinated sheep blood (Abbott,
Canada). The agar plates were incubated in the microaerobic condition (85% N2, 10% CO2, 5%
O2) at 37°C for 2 days before subculturing to fresh MH blood agar plates. To prepare bacterial
overnight culture, a few bacterial colonies were transferred from MH blood agar plates to fresh
MH broth (BD Difco; Fisher Scientific, Canada) and shaken at 175 rpm and 37°C in the
microaerobic condition for 16-18 h.

3.2.2

Fabrication of microfluidic chips
Microfluidic chips were designed in AutoCAD (Version 2020; Autodesk, USA); they

comprised one plain glass layer for sealing and observation, one polydimethylsiloxane (PDMS)
middle layer for bacterial incubation, and one PDMS bottom layer for sealing and sample
injection. Figure 3.1 shows the patterns of the middle and bottom layers, which were printed
onto a photomask by CAD/Art Services (Bandon, OR, USA) for silicon mold microfabrication.
Standard photolithographic technologies (86) were performed to fabricate the device features on
a silicon wafer (Ø = 100 mm; University Wafer, USA) on which an 80-µm-thick SU-8 2035
photoresist (Microchem, USA) was applied. Once the SU-8 based silicon mold was obtained,
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soft lithography was applied to produce microfluidic chips (82). PDMS monomer and curing
agent (Dow Sylgard 184 silicone encapsulant clear kit; Ellsworth Adhesives, USA) at a weight
ratio of 10:1 were mixed and degassed in a vacuum desiccator at the ambient temperature
(22°C). Twenty-two grams of PDMS mixture was poured onto the silicon molds and cured for
35 min on a hot plate at 80°C. The cured PDMS slabs were peeled off from the silicon molds,
and Miltex® biopsy punches (Ted Pella Inc., USA) were used to create bacterial incubation
chambers (middle layer), inlets/outlets (middle and bottom layers), and air vents (bottom layer)
on PDMS slabs. Subsequently, the PDMS middle and bottom layers were treated with oxygen
plasma (plasma cleaner PDC32G; Harrick Plasma, USA) for 5 min and bound together. For
bacterial studies, a piece of PVDF membrane (Ø = 4 mm, Amersham Hybond P 0.45; VWR,
Canada) was deposited into each bacterial incubation chamber, followed by adding an antibioticpreloaded paper disc and 20-µL chromogenic agar medium (CHROMagar Campylobacter;
CHROMagar, France). Lastly, a CorningTM plain glass microscope slide (Fisher Scientific,
Canada) was assembled to the PDMS middle/bottom hybrid slab using the oxygen plasmaassisted method.
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Figure 3.1 Mask patterns for the fabrication of the middle layer (left) and bottom layer
(right) of the microfluidic chips. The length and width of each layer are 48 mm and 40 mm,
respectively. The features marked by circled numbers indicate bacterial incubation chambers (1),
inlets/outlets (2), and air vents (3).

3.2.3

IoT-based colorimetric sensing system for bacterial on-chip test
To continuously monitor the growth of Campylobacter in the microfluidic chips, an

colorimetric sensing system was constructed as shown in Figure 3.2. This home-built system
consists of three compartments, including a portable incubator, a camera, and a WiFi-capable
laptop (Figure 3.2A). The incubator was fabricated using a sealed plastic box with dimensions of
20×12×7.5 cm3 and a weight of 323 g (Figure 3.2B). Since Campylobacter has fastidious growth
requirements on temperature and atmosphere (87), the incubator was constructed to achieve an
optimal growth temperature of 42°C and a CO2 concentration of ~10%. An aluminum plate was
used as a heat reservoir for incubation. Four pieces of polyimide foil adhesive heaters (HT10K;
Thorlabs, USA) were attached to the bottom of the aluminum plate and connected to a heater
controller (TC200; Thorlabs, USA). A temperature probe (TSP01; Thorlabs, USA) was attached
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to the center of the aluminum plate to measure the real-time temperature for a feedback loop,
maintaining the temperature of the aluminum plate at 42 ±0.5°C. The concentration of CO2
(industrial pure gas; Praxair, Canada) was controlled by a 2-way normally closed electric gas
valve. The open/close of the gas valve was determined by CO2 concentration monitored by a
CO2 sensor (GC-0006; CO2Meter, USA). A micro gas pump (PMP-0010; CO2Meter, USA) was
installed inside the incubator to circulate CO2 into the incubator. The aluminum plate has four
pockets (5 cm × 8 cm) with a depth of 2 mm to house the microfluidic chips. These pockets were
filled with sterile water to maintain sufficient humidity in the incubator during bacterial
cultivation. The relative humidity was recorded by a humidity sensor (TSP01; Thorlabs, USA).
To monitor the colorimetric reaction between Campylobacter and chromogenic agar medium, a
camera (A6981310; Microsoft, USA) was installed at the fixed distance (9 cm) and angle (90°)
from the incubator to obtain repeatable results under the same conditions. An LED array was
used to provide stable and uniform illumination. All electronics were controlled by a selfdeveloped LabVIEW program (National Instruments, USA). Once the images were obtained,
machine learning algorithms were applied for image analysis. The on-chip results were
transmitted from the local laptop to Tencent Cloud server (Tencent, China) via WiFi.
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Figure 3.2 IoT-based colorimetric sensing system. (A) Image of the hardware set-up. (B)
Illustration of a home-built portable CO2 incubator for simultaneous incubation and monitor of
Campylobacter growth in the microfluidic chips. (C) The layout of the microfluidic chips on the
aluminum heating pad, achieving at most 8 parallel tests simultaneously. (D) Temperature map
of the aluminum heating pad. The average temperature is determined to be 41.5 ±0.5°C.

3.2.4

Preparation of training data set
On-chip AST is based on the colorimetric reaction between Campylobacter cells and

chromogenic agar medium. If the tested Campylobacter survived from certain antibiotic classes
and concentrations, chromogenic agar in the microfluidic chips had a color change from light
yellow to red; otherwise, no color change could be observed. To train the machine learning
algorithms on image analysis, we firstly collected a total of 6,022 images to represent negative
(i.e, inhibition) and positive (i.e., growth) signals. C. jejuni F38011 overnight culture (adjusted to
108 CFU/mL in MH broth) was prepared as a positive sample, while sterile MH broth was used
as a negative sample. To ensure the color change of C. jejuni culture, only chromogenic agar
without the presence of antibiotics was loaded into the microfluidic chip. A bacterial culture or
52

MH broth was injected into microfluidic chips using a syringe pump at the flow rate of 0.05
µL/min until the incubation chambers were filled. The microfluidic chips were then incubated in
the IoT-based colorimetric sensing system. The images of microfluidic chips were captured by
the camera of the IoT-based colorimetric sensing system at the time interval of 30 min for up to
48 h. All data were collected from six independent experiments on different days to include
possible batch variations for data training. Each microfluidic chip contained 8 incubation
chambers, and images of each chamber were saved with an image size of 50×50 pixels. The
color patterns of images were visually determined and cross-validated by two well-trained
personnel. As a result, 3,011 positive images and 3,011 negative images were obtained for
machine learning.

3.2.5

Machine learning algorithms for image analysis
Python scripts were developed to carry out machine learning algorithms. We compared

the performance of three commonly used machine learning algorithms on colorimetric image
analysis, including threshold model, support vector machine (SVM), and convolutional neural
network-residual network 50 (CNN-ResNet50). The objective of image analysis was to classify
the unknown images into one of two classes, either positive (i.e., growth) or negative (i.e.,
inhibition). For all algorithms, the image data set (n = 6,022) obtained from Section 3.2.4 were
randomly divided into two parts: the training data set (80% of the data) and the test data set (the
remaining 20%). An equal number of positive and negative images were obtained in each data
set to achieve an even distribution of two classes. For the threshold model, the greyscale (i.e.,
0.30×R+0.59×G+0.11×B) of each pixel (in total 50×50 pixels) on an individual training image
was summed up and used as the input data (88). Next, we calculated the average greyscale value
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from the group of negative training images and the group of positive training images,
respectively. A cut-off greyscale value was then defined by averaging the mean values of
negative and positive groups so as to distinguish positive signals from negative ones. Images
with the greyscale higher than the threshold were regarded as the negative class, and vice versa.
For SVM, we used the radial basis function kernel to construct an optimal hyperplane with the
largest margin zone between negative and positive clusters (89). SVM was performed using the
sklearn package on Python and the flattened greyscale of the training images was used as input
data (i.e., transformed from 50×50 pixels to 1×2,500 pixels). For CNN-ResNet50, we employed
a 50-layer neural network structure established by He and coauthors (90) and developed the
Python script by implementing multiple functions from TensorFlow (Google, USA), an opensource deep-learning algorithm library. All training images were fed into the CNN-ResNet50
model with RGB channels. An iterative process of feedforward and backpropagation learning
process (91) was used to optimize the parameters of the CNN-ResNet50 model, with an initial
learning rate of 0.001, a mini-batch size of 16, and the number of epochs at 10.
After generating the machine learning models, 5-fold cross-validation was carried out to
assess the classification performance of each model on the test data set. The accuracy, precision,
recall, and F1 score were used as performance indicators, according to the equations as follows
(92):
𝐴𝑐𝑐𝑢𝑟𝑎𝑐𝑦 =
𝑃𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛 =
𝑅𝑒𝑐𝑎𝑙𝑙 =

𝑇𝑃+𝑇𝑁
𝑇𝑃+𝑇𝑁+𝐹𝑃+𝐹𝑁
𝑇𝑃
𝑇𝑃+𝐹𝑃

𝑇𝑃
𝑇𝑃+𝐹𝑁

𝐹1 𝑠𝑐𝑜𝑟𝑒 = 2 ×

𝑝𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛 ×𝑟𝑒𝑐𝑎𝑙𝑙
𝑝𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛+𝑟𝑒𝑐𝑎𝑙𝑙
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where TP, TN, FP, FN represented true positive, true negative, false positive, and false
negative, respectively. For each performance indicator, the mean and standard deviation were
calculated from five repeats of validation. The mean values fall into the range of 0 to 1, with the
best performance at 1. We selected the machine learning algorithm with the best classification
performance for the following on-chip AST.

3.2.6

Antimicrobial susceptibility testing (AST)
On-chip AST was performed to determine bacterial susceptibilities against three major

campylobacteriosis prescriptions, including tetracycline, ciprofloxacin, and erythromycin (93,
94). For each antibiotic, we selected its CLSI susceptible breakpoint and resistant breakpoint as
the tested antibiotic concentrations to determine if the bacterial samples were classified as either
susceptible or resistant, according to the CLSI standard protocol with modifications (57). A
bacterial test without the presence of any antibiotic was used as a positive control to verify if all
procedures were conducted correctly. Briefly, 0.5 µL of antibiotic working solution (40× final
concentrations) was loaded onto a sterile paper disc and air-dried in a biosafety cabinet. The
antibiotic-loaded paper disc was placed into bacterial incubation chambers of microfluidic chips,
followed by adding 20 µL of chromogenic agar medium to achieve the final antibiotic
concentration (Table 3.1). Campylobacter overnight culture was adjusted to the initial
inoculation concentration of 1×108 CFU/mL and injected into the microfluidic chips. The onchip AST was incubated and monitored in the IoT-based colorimetric sensing system at 42°C in
the microaerobic condition for 24 h. At the end of the process, the images of on-chip AST were
read by the developed Python script, where the colorimetric results of different bacteriaantibiotic combinations were simultaneously determined by the pre-trained machine learning
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algorithm. To validate the accuracy of on-chip AST, we compared the results to the ones
obtained from the conventional broth microdilution method (57). Categorical agreement rates
were calculated as the performance indicator, which was equivalent to the number of isolates
with the same categorical interpretation between the new AST and the reference method divided
by the number of isolates tested (82).

Table 3.1 Antibiotic concentrations used in antimicrobial susceptibility testing.
Antibiotic agent
Tetracycline
Ciprofloxacin
Erythromycin

3.2.7

CLSI susceptible
breakpoint (mg/L)
4
1
8

CLSI resistant
breakpoint (mg/L)
16
4
32

Application: food AMR survey study
Fresh chicken breast samples (n=35) were purchased from grocery stores in Vancouver,

Canada. All samples were transported on ice to the lab within 2 h for immediate analysis.
Campylobacter isolation procedure was conducted according to International Organization for
Standardization protocol ISO 10272-1 with slight modifications (56). First, each chicken sample
was placed in a sterile sampling bag and immersed into BBLTM buffered peptone water (BD
Biosciences, Canada) at a ratio of 2.5 g of sample per 1 mL of solution. After sample massaging,
1 mL of chicken rinse solution was transferred to a glass culture tube containing 9 mL of
modified charcoal cefoperazone desoxycholate broth (Sigma-Aldrich, Canada). The mixture was
pre-enriched at 37°C for 4 h in the microaerobic condition with shaking (175 rpm), followed by
incubation at 42°C for 48 h under the same shaking conditions. Then, 10 µL of enriched culture
was streaked onto modified charcoal cefoperazone desoxycholate agar (Sigma-Aldrich, Canada)
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and incubated at 42°C for 48 h in the microaerobic condition. Campylobacter-presumptive
colonies with typical translucent, wet, and flat/slightly raised morphologies were collected in 10
µL of sterile ddH2O for bacterial speciation. A colony multiplex PCR assay was performed for
rapid identification of Campylobacter, as previously described with some modifications (95).
Three sets of primers were used to specifically target 16S rRNA, mapA, and ceuE genes,
achieving the identification of Campylobacter genus, C. jejuni, and C. coli, respectively. The
primer sequences are listed in Table 3.2. A total of 20 µL of multiplex PCR mixture was
prepared that consisted of 10 µL of 2× TaqFroggaMix Plus (FroggaBio, Canada), 0.5 µM 16S
rRNA primers, 0.5 µM ceuE primers, 1 µM mapA primers, 2 µL of sterile ddH2O, and 2 µL of
bacterial colony sample. DNA amplification was carried out in a C1000 Touch Thermal Cycler
(Bio-Rad, USA) under the following reaction conditions: initial denaturation at 95°C for 10 min;
30 cycles at 95°C for 30 s, at 55.6°C for 30 s, and at 72°C for 30 s; and final extension at 72°C
for 10 min. The PCR amplicons were checked using 1.5% agarose gel electrophoresis.
Subsequently, on-chip AST was conducted for the confirmed Campylobacter isolates and the
results were uploaded to the Tencent Cloud server.

Table 3.2 Primers used for Campylobacter speciation by multiplex-PCR assay.
Target gene
16S rRNA

Oligonucleotide sequences (5’-3’) a
F: ATC TAA TGG CTT AAC CAT TAA AC
R: GGA CGG TAA CTA GTT TAG TAT T

mapA

F: CTA TTT TAT TTT TGA GTG CTT GTG
589
R: GCT TTA TTT GCC ATT TGT TTT ATT A

ceuE

F: AAT TGA AAA TTG CTC CAA CTA TG
R: TGA TTT TAT TAT TTG TAG CAG CG
a
F, forward primer; R, reverse primer.

Amplicon size (bp)
857

462
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3.3
3.3.1

Results and discussion
Overview of IoT-assisted AMR surveillance program
To facilitate efficient data collection and integration, we utilized the IoT concept to build

a next-generation AMR surveillance program. The architecture of the proposed program is
demonstrated in Figure 3.3. It consists of four layers, namely the sensing layer, computational
analysis and machine learning layer, data transmission layer, and cloud server and application
layer. In the sensing layer, we developed an intelligent sensor that performed AST using the
microfluidic lab-on-a-chip technique. Determination of bacterial AMR profiles was based on the
colorimetric reaction, which was automatically monitored by a home-built image sensing system
(Figure 3.2). The microfluidic chips and image systems are portable, cost-effective, and require
limited user operations, making it easy to be standardized and performed in different locations,
especially for resource-limited regions. In the computational analysis and machine learning
layer, machine learning algorithms were trained and validated to recognize bacterial responses to
antibiotics using the on-chip AST images as input data. If the tested strain was resistant to a
certain antibiotic, the survived bacterial population led to the color change of chromogenic agar
from light yellow to red; otherwise, the growth medium maintained the original yellowish with
the presence of susceptible strain. After determining AMR results by machine learning
algorithms, the local computer transmitted the data to cloud servers through WiFi, which was the
so-called data transmission layer. In the cloud server and application layer, the remote data from
different locations were fused and stored in the commercial cloud servers (e.g., Tencent Cloud).
A web browser was developed to present the temporal and spatial AMR trends of Campylobacter
to the end-users (Figure 3.4). This real-time reporting system can generate an early alarm on the
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potential outbreaks of AMR foodborne pathogens, providing more effective prevention and
intervention on food safety issues and AMR crisis.

Figure 3.3 Schematic illustration of next-generation antimicrobial resistance (AMR)
surveillance system using IoT-microfluidic technique. The architecture of internet-of-things
(IoT) consists of four layers, including sensing layer, computational analysis-machine learning
(ML) layer, data transmission layer, and cloud server-application layer. In the sensing layer,
Campylobacter strains isolated from various sources (humans, animals, or foods) are tested in
colorimetric-based microfluidic chips, with the AMR results being automatically analyzed using
a pre-trained ML algorithm. The AMR results are then transferred onto a cloud server using
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WiFi. A user-friendly website is available to demonstrate the spatial and temporal trends of
Campylobacter AMR.

Figure 3.4 Web browser of the real-time AMR surveillance system. (A) Line charts are
constructed to show the AMR temporal trends of Campylobacter in different isolation sources
(human, animal, and foods). (B) Column charts are prepared to demonstrate the geographical
distribution of AMR Campylobacter in different regions. The mock data were used to
demonstrate the function of the web browser of our real-time AMR surveillance system for endusers.
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3.3.2

Real-time monitoring of bacterial growth via portable sensing system
Sensors are the key components of an IoT-based AMR surveillance program. As shown

in Figure 3.2A, we developed a colorimetric sensing system to incubate and monitor bacterial
growth in the microfluidic chips in real-time. The colorimetric sensing system is composed of
three compartments: a CO2 incubator for bacterial cultivation, a camera for colorimetric sensing,
and a laptop computer for data acquisition and transmission. This colorimetric sensing system is
compact and portable, enabling applications in resource-limited areas.
The incubator allows users to precisely control the growth temperature and CO2
concentration, providing an optimal growth condition for Campylobacter. Thermophilic
Campylobacter species, such as C. jejuni and C. coli, grow at 37-42°C with an optimal
temperature of 41.5°C (96). In the current study, we created a feedback loop via the adhesive
heaters and a temperature sensor to maintain the temperature (Figure 3.2B). An aluminum plate
was used as the heating substrate to house the microfluidic chips for Campylobacter growth. A
total of eight parallel tests could be simultaneously performed in one incubator (Figure 3.2C).
As shown in Figure 3.2D, the aluminum heating substrate had a uniform temperature
distribution, with an average temperature of 41.5 ±0.5°C. Once an on-chip test started, the
temperature of the aluminum heating pad rapidly increased from ambient temperature to ~41.5°C
within 5 min and remained stable during the entire process (Figure 3.5).
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Figure 3.5 User interface of LabVIEW program to control IoT-based colorimetric sensing
system. Right panels from top to bottom show the real-time records of temperatures (green line,
microfluidic chip temperature; red line, air temperature), relative humidity (cyan line), and CO2
concentration (yellow line). The left top panel is used to customize the cultivation parameters.
The left bottom panel demonstrates the real-time images of the microfluidic chips.

In addition, CO2 concentration in the incubator reached 10% within 20 min with a
variation of less than 1.5% (Figure 3.5), demonstrating comparable or even superior
performance to commonly used chemical gas pack generators (i.e., 90 min) and controlled gas
incubators (i.e., >30 min) (97). Campylobacter species are generally regarded as microaerophilic
microbes that require an atmosphere with reduced O2 and elevated CO2 concentrations (97). The
inability of Campylobacter to survive at ambient O2 level (i.e., 21%) might be due to their
sensitivity to reactive oxygen species in the growth media (98) and the presence of O2-labile
essential enzymes (99). In contrast, the presence of CO2 (1% - 10%) was identified to stimulate
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Campylobacter growth (100). For example, C. jejuni utilizes CO2 to produce pyruvate (101),
which plays a central role in energy generation, biosynthesis, and maintaining redox balance
(102). Therefore, it is beneficial to adjust the gas composition in the incubator by replacing air
with roughly 10% CO2.
After obtaining the appropriate cultivation condition, we developed colorimetric-based
microfluidic chips to test Campylobacter as a model system. The structure of the microfluidic
chip is shown in Figure 3.6A. The microfluidic chips were assembled using one glass slide and
two patterned PDMS slabs to produce sealed incubation chambers that prevent water evaporation
and cross-contamination from the environment. During bacterial sample injection, air vents
reduced flow resistance at the end of incubation chambers so as to facilitate bacteria to transport
from the inlet to the individual incubation chamber. Chromogenic agar (i.e., CHROMagar
Campylobacter) was deposited in the incubation chambers to selectively support and indicate the
growth of Campylobacter. With the presence of Campylobacter, chromogenic agar had a color
change from light yellow to red, which was used as the indicator of bacterial growth.
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Figure 3.6 Colorimetric-based microfluidic chip for real-time monitoring of Campylobacter
growth. (A) Illustration of the microfluidic chip. (B) Optimization of chromogenic supplement
reagents to improve the color intensity of chromogenic reaction. C. jejuni F38011 (initial
concentration of 108 CFU/mL) was incubated with different concentrations of supplement
reagents in the home-built colorimetric sensing system at 42°C in a microaerobic condition. (C)
Growth curve of C. jejuni F38011 in the microfluidic chips at 42°C in a microaerobic condition.
The redness of each incubation chamber was used as the indicator of bacterial growth. Numbers
1-8 represent different incubation chambers.

The concentration of chromogenic supplement reagent requires optimization for higher
color contrast. As shown in Figure 3.6B, the red intensity of the colorimetric reaction was
dependent on the concentration of chromogenic supplement reagents. According to the
manufacturer, the supplement reagents are a mixture of chromogenic reagents and antibiotics.
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The chromogenic reagents contribute to colorimetric reaction while antibiotics serve as the
selective agents to exclude non-Campylobacter growth. To generate visible color change, we
inoculated C. jejuni F38011 overnight culture (108 CFU/mL) into the microfluidic chips where
different chromogenic supplement reagents were present (i.e., 0.63, 0.84, 1.26, and 2.52 mg/mL).
Bacterial growth was monitored in the colorimetric sensing system at ~42°C in the microaerobic
condition. As shown in Figure 3.6B, the optimal concentration of the supplement reagents was
~0.84 mg/mL as it generated red signals as early as 12 h after bacterial inoculation. On the other
hand, the lower or higher concentrations of supplement reagents produced no or slower signals,
which might be due to insufficient chromogenic reagents or the inhibitory effect of extra
antibiotics on Campylobacter. Therefore, we selected 0.84 mg/mL as the concentration of
chromogenic supplement reagents. This concentration also performed well with other
Campylobacter isolates.
Figure 3.6C demonstrates typical red intensity changes over time using C. jejuni F38011
with the initial bacterial concentration of 1×108 CFU/mL. The microfluidic chips were incubated
at 42°C in a microaerobic condition. Time-lapse images of microfluidic chips were captured by
the colorimetric sensing system at a time interval of 5 min. The red intensity shown in Figure
3.6C was calculated by the intensity reduction in the blue channel of the recorded images and
used as the indicator of bacterial growth. Similar to the traditional culturing method in flasks
(103), the growth curves of on-chip cultivation (Figure 3.6C) were divided into three phases
during a 2-day incubation period, including a lag phase, an exponential phase, and a stable phase.
Typically, an increase of the redness could be observed within 12-18 h (Figure 3.6C). The
heterogeneity of bacterial growth in different incubation chambers is in agreement with the
previous microfluidics studies, in which the isogenic bacterial population demonstrated cell-to65

cell variation in growth rate and metabolic activity (104, 105). Considering the heterogeneous
bacterial growth in confined small-volume habitats, it is more reliable to transmit the results after
a 24-h incubation period to ensure that the color changes in on-chip AST were solely due to
bacterial antimicrobial susceptibilities rather than heterogeneous growth.

3.3.3

Determination of on-chip bacterial growth using machine learning algorithms
Three different machine learning algorithms, including the threshold model, SVM, and

CNN-ResNet50, were performed for binary classification of colorimetric images, indicating
bacterial growth or inhibition in the microfluidic chips. The threshold model defines a cut-off
value (i.e., threshold) between the growth class and inhibition class. In our study, the cut-off
value was set as the average greyscales of positive images (i.e., color change) and negative
images (i.e., no color change). SVM performs classification by transforming the original training
data into a multidimensional feature space and identifying an optimal hyperplane (also known as
decision boundary) to distinguish one class of data from the other (106). A positive hyperplane is
positioned in the feature space so that all data points from the positive class are located on one
side of the positive hyperplane, while a negative hyperplane is found to include all negative data
on the other side. The training data that lie on two hyperplanes are referred to as support vectors.
The decision boundary is then fitted to have the largest distance to support vectors, which is
expected to have the highest generalization than other possible hyperplanes and improve
classification accuracy (107). CNN-ResNet50 is a special class of CNN algorithms and provides
deeper and faster feature learning than previous CNN algorithms such as VGG (108). Deep
CNNs integrate image features from stacked layers and it usually requires more layers for better
learning results. However, a degradation of training accuracy has been exposed after the network
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depth increases beyond a certain level (90). To overcome this limitation, CNN-ResNet50
formulates a residual function to provide shortcut connections between input and output layers
(i.e., skip one or more middle layers). The architecture of CNN-ResNet50 is shown in Figure
3.7. Image features (i.e., color) were extracted from a 50-layer deep residual network that
consisted of one convolutional block and four residual blocks (Figure 3.7B). The output features
(n = 2,048) were applied to distinguish two classes in a fully connected neural network.

Figure 3.7 Machine learning algorithms for image analysis. (A) The prediction performance
of different machine learning algorithms on the colorimetric reaction between Campylobacter
and chromogenic agar. The methods include threshold model, support vector machine (SVM),
and convolutional neural network (CNN)-ResNet50. The image data set contain an equal amount
(n = 3,011) of positive (i.e., growth) and negative (i.e., inhibition) results. Five-fold crossvalidation was performed to access the classification performance of machine learning
algorithms in terms of accuracy, precision, recall, and F1 score. Error bars represent the standard

67

deviation of classification indicators obtained from five repeats of validation, respectively. (B)
Working flow of CNN-ReNet50 in this study.

The classification performance of these three machine learning algorithms was evaluated
using a 5-fold cross-validation method. C. jejuni F38011 and MH broth were separately
incubated in the microfluidic chips for 12-48 h, serving as the positive class (i.e., bacterial
growth) and negative class (i.e., no growth), respectively. An equal number (n=3,011) of positive
and negative on-chip test images were prepared for model training and testing. The data set was
randomly split into 80% as the training data set and 20% as the test data set. After training the
machine learning models, their classification performance was assessed using the test data set.
The accuracy directly reflects the correct classification of negative and positive classes, while the
precision, recall, and F1 score emphasize the potential of false classification. The false-negative
and false-positive AST results should be avoided because they cause either inefficient or
overdose antibiotic prescriptions. As shown in Figure 3.7A, CNN-ResNet50 achieved an
accuracy of 99.5%, which was higher than the threshold model (52.5%) and SVM (83.4%).
Besides, CNN-ResNet50 demonstrated comparably high precision, recall, and F1 score
(~99.5%), indicating that this model had an equal performance on determining negative and
positive signals. Hence, we selected the CNN-ResNet50 algorithm for the on-chip AST study.

3.3.4

IoT-assisted AST
The feasibility of on-chip AST was validated using C. jejuni F38011 and C. coli 314 as

bacterial models because they had distinct AMR profiles, while C. jejuni ATCC 33560 was
included as a quality control strain. Multidrug tests were performed for tetracycline,
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ciprofloxacin, and erythromycin, which are the drugs of choice to treat campylobacteriosis (93,
94). CLSI breakpoints were applied to determine Campylobacter susceptibilities: (i) if
Campylobacter strains did not grow at CLSI susceptible breakpoint, the tested strains were
regarded as susceptible strains; (ii) if the strains triggered the colorimetric reaction at CLSI
resistant breakpoint, the tested strains were reported as resistant strains. On-chip AST shown in
Figure 3.8 was in agreement with the conventional broth dilution method, indicating that
accurate AST can be obtained using the developed sensor (i.e., machine learning-assisted
microfluidic chips) and colorimetric sensing system.

Figure 3.8 Representative images of IoT-chip antimicrobial susceptibility testing (AST) for
Campylobacter. Three antibiotic tests were performed, including tetracycline (Tet), ciprofloxacin
(Cip), and erythromycin (Ery). The antibiotic concentrations were divided into three levels,
namely no antibiotic (as the positive control, PC), CLSI susceptible breakpoint (bpS), and CLSI
resistant breakpoint (bpR). The results of AST were indicated as either susceptible (S, green solid
circle) or resistant (R, red solid circle).

Next, we conducted a Campylobacter AMR survey study using the developed IoT
approach. Figure 3.9A demonstrates the workflow of this survey study, including chicken
sampling, bacterial isolation and specification, on-chip AST, machine learning-assisted data
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analysis, and data transmission from a local computer to the cloud server. Multidrug tests were
simultaneously determined in the microfluidic chips (Figure 3.9B). The pre-trained CNNResNet50 model was used to determine if Campylobacter strains either grew or were inhibited at
certain antibiotic tests. A logical decision was proposed to either upload the sensible on-chip
AST results to the cloud server or repeat the tests if there were any errors (Figure 3.9C). A total
of eight Campylobacter strains were isolated from 35 chicken samples, resulting in a prevalence
rate of 23%. On-chip AST had a categorical agreement rate of 96% with the conventional broth
dilution method (Table 3.3), confirming the feasibility of this approach for food microbiological
safety monitoring.

Figure 3.9 Application of IoT-chip approach for chicken AMR survey study. (A) Workflow
of Campylobacter isolation and on-chip antimicrobial susceptibility testing (AST). This
approach includes 7 steps: 1) collect chicken samples from grocery stores; 2) isolate
Campylobacter using selective agar named modified charcoal cefoperazone deoxycholate agar
(mCCDA); 3) confirm the species of isolates using multiplex PCR; 4) load Campylobacter
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overnight culture into the microfluidic chip; 5) perform the on-chip AST in a microaerobic
condition; 6) determine the chromogenic reaction results by applying convolutional neural
network on AST images; and 7) transfer AST results to cloud database. (B) Representative onchip AST images. The preloading patterns of antibiotics were demonstrated in the top panel (PC,
no antibiotics; Tet, tetracycline; Cip, ciprofloxacin; Ery, erythromycin; S, CLSI susceptible
breakpoint; R, CLSI resistant breakpoint). Images in the bottom panel were obtained before and
after incubation. In this case, the tested Campylobacter isolate was resistant to tetracycline but
susceptible to ciprofloxacin and erythromycin. (C) Potential read-outs of on-chip AST and its
corresponding actions (either upload the results to a cloud server or repeat the experiment). PC,
positive control; bpS, CLSI susceptible breakpoint; bpR, CLSI resistant breakpoint.

Table 3.3 Accuracy test of IoT-microfluidic antimicrobial susceptibility testing (AST) a.
Antibiotic

AST results
Categorical
(correct/total)
agreement rate (%) b
C. jejuni C. coli Total Campylobacter
Tetracycline
4/4
4/4
8/8
100
Ciprofloxacin
3/4
4/4
7/8
88
Erythromycin
4/4
4/4
8/8
100
Total tests
11/12
12/12
23/24
96
a
An accuracy test was conducted by comparing the AST results between the IoT-chip approach
and the reference broth microdilution method.
b

Categorical agreement is defined as the same categorical interpretation obtained by the

reference and newly developed methods (59).

3.3.5

Comparison of IoT approach to conventional AST methods
Table 3.4 summarizes the characteristics of IoT-assisted AST. In general, IoT-assisted

AST achieved a comparable accuracy with the conventional AST methods (e.g., broth
microdilution method). Unlike the manual read-outs for the conventional methods, the IoT
approach is completed with the aid of machine learning algorithms, reducing the potential human
errors or biases in result interpretation. The colorimetric reaction in the microfluidic chips
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generates more visible signals than bacterial turbidity-based methods, reducing the analysis time
for up to 24 h. Besides, the developed method achieves ~90% cost savings due to the fabrication
of a portable incubator and fewer test reagents required in the miniaturized microfluidic devices.
When incorporated into an AMR surveillance system, the IoT-assisted approach provides a realtime data analysis and integration, which avoids the delay of annual reporting in the conventional
AMR surveillance systems.
Table 3.4 Comparison between IoT-microfluidic approach and the conventional AST.
Characteristics

IoT-microfluidic
approach

Fixed cost

Incubator

CA$1,460 (homebuilt)

Variable cost a

Device

CA$0.09 (per
chamber in
microfluidic chip)

Growth medium & Cheap (20 µL/test)
antibiotics
Experimental
operation

Sample loading

Results
interpretation
Automation

a

Conventional AST
(e.g., broth
microdilution)
> CA$10,000
(commercial)
CA$0.02 (per well in 96well plate)

Relatively pricy (200
µL/test)

Easy (pump
Tedious (manual
injection); fast (3 min) pipetting); Relatively
slow
Unbiased (ML
Potential human error
algorithm)
(visual check)
Yes (except sample
injection)

No

Data integration
& analysis

Real-time,
available online

Manual and delayed

Analysis time

24 h

24-48 h

Accuracy
Good
Good
The device cost is estimated on the basis of industrial bulky price rather than the Sylgard 184

silicone elastomer kit used in this study.
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3.4

Conclusion
We developed a next-generation AMR surveillance system using IoT and microfluidic

techniques. Intelligent sensing was performed by incorporating machine learning algorithms to
analyze bacterial responses to antibiotic treatment in the microfluidic chips. On-chip AST was
based on the colorimetric reaction between chromogenic agar and Campylobacter, a major
foodborne pathogen used as the model for method validation. A portable colorimetric sensing
system was built to incubate and monitor bacterial growth in the microfluidic chips. The
convolutional neural network CNN-ResNet50 was applied to determine bacterial growth patterns
with an accuracy of 99.5%. A chicken survey study was conducted using the proposed IoT-based
AMR surveillance workflow. Eight out of 35 chicken samples were identified to be
Campylobacter-positive. Multidrug resistance profiles of Campylobacter isolates were
determined by on-chip AST, producing a 96% categorical agreement with the conventional broth
microdilution method. Compared to the conventional AST, the on-chip AST reduced the analysis
time by up to 24 h and saved 90% of the cost for incubator and reagents. This user-friendly setup
can be easily carried to resource-limited regions for in-field detection and allows sampling in
more diverse and representative geographical regions across countries. Intelligent sensors and
imaging systems are also easy to be customized for other important foodborne pathogens, such
as Salmonella and Shiga toxigenic Escherichia coli (33). Because this IoT-based approach is free
from manual data analysis and integration, a daily AMR update can be expected rather than a
yearly report in conventional surveillance systems. The cloud database established in this study
is accessible across agricultural and public health sectors both locally and nationally. As a result,
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our approach provides early alerts for the emergence of AMR bacterial strains, aid in rapid
control of outbreaks, and facilitate the assessment of AMR interventions.
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Chapter 4: Determination of antimicrobial resistance profiles and
mechanisms of Campylobacter jejuni using a Raman spectroscopy-based
metabolomic approach

4.1

Introduction
Campylobacter jejuni is the most commonly reported bacterial pathogen for human

zoonosis that causes a spectrum of diseases from gastroenteritis to postinfectious complications,
such as Guillain-Barre syndrome (1, 28, 109, 110). Although most Campylobacter infections are
self-limiting, antibiotic therapies are required for immunocompromised patients and those with
extra-intestinal infections (e.g., bacteremia, meningitis). However, antimicrobial resistance
(AMR) of Campylobacter has recently reached alarming levels and led to failure and extension
of clinical treatments (111, 112). For instance, approximately half of the clinical C. jejuni
isolates were resistant to tetracycline and ampicillin commonly used in empirical prescriptions
for foodborne pathogen infections (8, 113).
To address the rising threat of AMR, several approaches have been attempted, such as
improving diagnostics to guide antibiotic uses, establishing surveillance systems from the “One
Health” perspective that involves the human, environment, and agri-food sectors, as well as
developing new antimicrobials (32, 114, 115). One of the key issues for identifying
Campylobacter AMR profiles is that the conventional culture-based antimicrobial susceptibility
testing (AST) is time-consuming (~48 h) and labor-intensive (8). The gold standard method is
not efficient for urgent disease diagnostics and national surveillance systems. Furthermore,
understanding AMR mechanisms provides clues to develop novel antimicrobial drugs, especially
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AMR breakers (e.g., β-lactamase inhibitors to combat ampicillin-resistant bacteria) (116, 117).
Current AMR mechanism investigations utilize gene cloning and genome sequence analyses to
identify AMR determinants, requiring tedious experimental design and high-cost facilities (118–
120). For instance, whole-genome sequencing has been recently applied to identify AMR genes
and predict the AMR of C. jejuni with a high degree of accuracy up to 99% (121, 122). However,
the high cost and limited speed of inferring AMR from sequence data remain as the major
challenges to restrict the widespread adoption of WGS-based AST in clinical settings (123).
Therefore, a rapid and easy-to-use approach is required to improve the efficiency of diagnostics
and mechanism discovery.
Raman spectroscopy has emerged as a non-destructive tool for cellular metabolomic
profiling with an acquisition time of a few seconds (124–127). A Raman spectrum describes
vibrational signatures of molecules in bacteria, thus deciphering the complete molecular
composition of the entire cell. For example, Raman spectroscopy has been recently used to
monitor bacterial metabolite patterns upon antimicrobial treatments, revealing the antimicrobial
susceptibility or antimicrobial modes of action (128–130). The biochemical features of
Campylobacter have been revealed by Raman spectroscopy after exposing the bacteria to a
diverse panel of antimicrobials, including antibiotics (131), garlic-derived organosulfur
compounds (132), metal oxide nanoparticles (e.g., TiO2, Al2O3, ZnO) (133, 134), and essential
oils (135). However, no studies have yet utilized Raman spectroscopy to investigate AMR
mechanisms in Campylobacter.
Herein, we developed a novel antimicrobial susceptibility testing (AST) for C. jejuni,
which not only determines bacterial AMR profile but also identifies potential AMR-associated
metabolic fingerprinting. Antimicrobial-susceptible and -resistant C. jejuni isolates were treated
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with two representative antibiotics with distinct modes of action (i.e., ampicillin and
tetracycline). Bacterial phenotypic responses to antibiotics were investigated by the Ramanbased metabolomic approach. Chemometric analyses were applied to extract bacterial
biochemical information from Raman spectra to determine the MICs of tested strains and
decipher the corresponding AMR metabolites.

4.2
4.2.1

Materials and methods
Antibiotics
Ampicillin sodium salt (purity 95%) and tetracycline hydrochloride (purity 98%) were

purchased from Millipore Sigma. Antibiotic stock solution (6,400 mg/L) was prepared in
distilled water and filtered through a 0.2-µm polyethersulfone (PES) syringe filter. Aliquots of
sterilized antibiotic solution were stored at -20°C and freshly thawed for the individual
experimental day.

4.2.2

Bacterial strains and cultivation condition
C. jejuni strains F38011 (clinical isolate), 1143 (chicken isolate), and 1463 (quail isolate)

were used due to their distinct antimicrobial susceptibility profiles (Table 4.1). Bacterial isolates
were preserved at -80°C in a cryogenic culture medium containing 20% glycerol, 10%
defibrinated sheep blood, and 70% bacterial culture in Mueller-Hinton broth (MHB; BD
DifcoTM). For each independent experiment, a fresh bacterial culture was prepared by streaking
~50 µL of bacterial glycerol stock onto Mueller-Hinton II agar plates (BDTM) supplemented with
5% defibrinated sheep blood (MHBA). The incubation was performed at 37°C under the
microaerobic condition for 48 h. Several C. jejuni colonies on MHBA was then transferred into
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MHB and incubated at 37°C with constant shaking (175 rpm) under microaerobic condition.
After cultivation for 16 h, overnight culture reached late log phase for the use in antibiotic tests.

Table 4.1 Summary of MICs in Campylobacter jejuni strains by the reference agar dilution
method and Raman-chemometric methods.
Antibiotics

Strain

Isolation
source

AMR
profilesa

MIC (mg/L)
Agar
RamanRaman-2nd
dilution PCA
derivative
Ampicillin
F38011
Clinical
S
2
1
2
b
1463
Quail
R
64
256*
32
Tetracycline
F38011
Clinical
S
0.125
0.06
0.06
1143
Chicken
R
16
64*
16
a
Antimicrobial resistance (AMR) profile was determined by the agar dilution method according
to the protocol of CLSI (55). The MIC breakpoints for ampicillin susceptible and resistant strains
are 8 and 32 mg/L, respectively (136). The MIC breakpoints for tetracycline susceptible and
resistant strains are 4 and 16 mg/L, respectively (55).
b

Essential agreement is a critical indicator to verify the performance of a new approach. An

essential agreement is achieved when MIC values obtained from the reference method and the
newly developed approach are the same or within a 2-fold difference (59). The MIC values
marked with an asterisk indicate that essential agreement was not achieved between the reference
method and Raman spectroscopic-chemometric method. In other words, MICs determined by
two methods were above a 2-fold dilution range.

4.2.3

MIC determination by the standard culture-based method
MICs of C. jejuni were determined by the agar dilution method as described by the CLSI

guidelines (55, 136). Bacterial AMR profiles (i.e., susceptible or resistant) were determined
based on CLSI breakpoints. As no ampicillin breakpoints are available for Campylobacter, we
used the breakpoints for Enterobacteriaceae instead (55, 136). The results were used to validate
the accuracy of MICs and AMR profiles obtained by the Raman-based AST.
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4.2.4

Sample preparation for Raman-based AST
Serial 2-fold dilutions of antibiotics (4 mL) were prepared with Muller-Hinton broth

(MHB). Table 4.2 summarizes the details of tested antibiotic concentrations, which were
dependent on the type of antibiotics and AMR profiles of C. jejuni isolates. Overnight culture of
C. jejuni was diluted to an OD600 of 0.06 (equivalent to 2×108 CFU/mL) and an aliquot (4 mL)
was mixed with defined concentrations of an antibiotic. Bacterial culture without exposure to any
antibiotics was considered as the positive control. Each inoculated culture was incubated for 5 h
at 37°C with shaking at 175 rpm under the microaerobic condition. To monitor the antibiotic
inhibitory effect, viable bacterial cells were enumerated using the plating assay (50). Briefly,
bacterial samples were 10-fold serially diluted in 1× PBS buffer (pH 7.4) and 10 µL of the
aliquots were streaked on MHBA plates. The MHBA plates were incubated at 37°C under the
microaerobic condition for 48 h. Following the incubation, colony numbers were counted and
reported in the unit of CFU/mL.
Table 4.2 Final antibiotic concentrations for Raman spectroscopic-based antimicrobial
susceptibility testing.
Antibiotic test

Final concentrations (mg/L)

Ampicillin test for susceptible strain (C.
0.5, 1, 2, 4, 8 (bpS) a, 32 (bpR) b
jejuni F38011)
Ampicillin test for resistant strain (C.
0, 8 (bpS), 32 (bpR), 64, 128, 256
jejuni 1463)
Tetracycline test for susceptible strain (C.
0, 0.03, 0.06, 0.125, 0.25, 4 (bpS),
jejuni F38011)
16 (bpR)
Tetracycline test for resistant strain (C.
0, 4 (bpS), 16 (bpR), 32, 64
jejuni 1143)
a
bpS: CLSI susceptible breakpoint for certain antibiotics.
b

bpR: CLSI resistant breakpoint for certain antibiotics.
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After antibiotic treatment, samples were harvested by centrifugation at 15,000 ×g for 3
min. The supernatant was discarded, and the remaining bacterial pellet was washed with sterile
distilled water three times to remove interferents. The washed bacterial pellet was resuspended in
distilled water. For Raman spectral acquisition, 2 µL of bacterial suspension were deposited onto
a commercial gold-coated microarray glass slide (BioGoldTM, Thermo Fisher Scientific). This
gold-coated glass slide was selected as Raman substrate because it effectively reduces the
fluorescence background from glass and barely contributes to the collected Raman spectra of
bacterial samples (137, 138).

4.2.5

Raman spectral acquisition
Raman spectra were collected using a confocal Raman microscope (inViaTM, Renishaw)

coupled to a spectrograph with a grating of 1200 lines/mm and a charge-coupled device (CCD)
array detector with 578 × 385 pixels. A 785 nm laser (Renishaw) served as the excitation source
with an incident laser power of 15 mW. A 50× objective lens (NA 0.75, Leica) was used to focus
the laser beam on bacterial samples and collect the backscattered Raman signal. The scattered
light was filtered by a long-pass filter before it entered the spectrograph and CCD. The spectral
resolution was 0.8 cm-1. The wavenumber was calibrated using silicon Raman peak at 520 cm-1
to ensure the accuracy of ±1 cm-1. Raman spectra were collected over the wavenumber region of
400-1800 cm-1. To obtain the satisfied signal-to-noise ratio, each Raman spectrum was acquired
in 60 s. Three Raman spectra were randomly collected from different spots of each bacterial
sample and the experiment was independently conducted in triplicate, resulting in 9 individual
spectra per treatment group.
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4.2.6

Spectral pre-processing and chemometric analyses
Spectral pre-processing included baseline removal, smoothing, and normalization. The

Vancouver Raman Algorithm v1.0.0 with a fifth-order polynomial fitting was applied to all
Raman spectra to remove the background signal caused by intrinsic fluorescence (139, 140).
Spectra were smoothed on OMNICTM Spectroscopy Software (Thermo Fisher Scientific) using a
Savitzki-Golay filter with a 5-point-wide window and a 2nd-order polynomial fit. To reduce the
variation of cell density in bacterial samples, spectra were normalized against the Raman peak at
1002 cm-1, which is attributed to the ring breathing mode of phenylalanine (141). Normalization
and the following chemometric analyses were completed on MATLAB version R2018b (The
MathWorks, Inc.).
To determine the MICs of tested C. jejuni isolates, we carried out two chemometric
methods, namely principal component analysis (PCA) and second-derivative transformation
analysis, on the pre-processed and untransformed Raman spectra in the wavenumber range of
400-1800 cm-1. Firstly, PCA was used to distinguish the spectra from untreated and treated
bacterial cells as a function of antibiotic concentrations. Three-dimensional (3D) PCA score
plots were constructed to visualize the similarities and differences of each spectrum. The MIC of
C. jejuni in the Raman-PCA method is defined as the lowest antibiotic concentration that induces
Raman spectral changes compared to the positive control group (i.e., a separate cluster away
from the positive control group). The cluster of each group was drawn based on the mean ±2×
standard deviation, representing a confidence level of 95%. If two clusters are not overlapping,
they are regarded as significantly different groups (P <0.05). In parallel, second-derivative
transformation analyses were performed on the pre-processed Raman spectra to identify spectral
differences between antibiotic treatment groups. At each Raman shift, a second-derivative
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transformation was applied to Raman intensity as a function of antibiotic concentrations. When
the second-derivative transformed Raman intensity equaled to 0 (i.e., infection point), we
recorded the corresponding antibiotic concentration for each Raman shift. Since MIC reflects the
overall profile (i.e., population-level) of bacterial response to antibiotic treatment, we averaged
the antibiotic concentrations at infection points from all Raman shifts (400-1800 cm-1) and
regarded it as a Raman-based MIC value.
Hierarchical cluster analysis (HCA) was employed to classify the AMR profiles of C.
jejuni to be either susceptible or resistant (130). We analyzed Raman spectra collected from three
antibiotic treatment groups, namely untreated cells, cells treated at CLSI susceptible breakpoint
of antibiotics, and cells treated at CLSI resistant breakpoint of antibiotics. The Euclidean
distance between each pair of spectra was calculated and used as the criteria to determine the
spectral dissimilarity. A single clustering algorithm was used to split samples into various
hierarchical clusters based on their spectral distances. A dendrogram was generated to visualize
spectral classification, where similar spectra would be grouped into the neighboring branches. As
a result, a susceptible strain was identified if the spectra of untreated and treated groups were
divided into two clusters, while a resistant strain was the one whose spectra from all three groups
were interlaced together.
To further investigate the molecular-based mechanisms of C. jejuni AMR using the
Raman-based metabolomic approach, we performed PCA on the pre-processed and
untransformed spectra from both susceptible and resistant isolates with and without antibiotics.
Histogram plots were presented to visualize the distribution of Raman spectra along with
principal components (PCs). Loading plots of principal components were created to identify the
Raman shifts that indicate spectral variances between susceptible and resistant strains.
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4.2.7

Statistical analysis
To demonstrate the typical Raman spectral pattern and reproducibility, the mean ±

standard deviations of Raman spectra were calculated. Student’s t-test (two-tail) was performed
to assess the statistical difference between PC1 scores of the antibiotic-treated susceptible and
resistant strains. One-way ANOVA followed by Games-Howell test was carried out to determine
whether C. jejuni strains treated with a range of ampicillin concentrations showed significantly
different Raman intensities at selected Raman bands. One-way ANOVA followed by Dunnett’s
test was used to determine statistical differences between bacterial cell counts of the positive
control group and antibiotic-treated groups. Statistical significance threshold was set at 95% (P <
0.05).

4.3
4.3.1

Results and discussion
Determination of MICs by Raman spectroscopy-chemometric analysis
We investigated the feasibility of using Raman spectroscopy to determine the MIC of

different drug classes in C. jejuni. Ampicillin and tetracycline were selected as the representative
antibiotics because of their high occurrence of resistance (~50%) in C. jejuni strains isolated
from both clinical and agri-food settings (8). Besides, both antibiotics were routinely tested for
Campylobacter isolates in national AMR surveillance systems, such as Canadian Integrated
Program for Antimicrobial Resistance Surveillance (CIPARS) (33). For each drug, both
antibiotic-susceptible and antibiotic-resistant strains, namely F38011 (ampicillin- and
tetracycline-susceptible strain), 1463 (ampicillin-resistant strain), and 1143 (tetracyclinesusceptible strain), were included in the Raman-based MIC test. To determine their MIC values,
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these bacteria were exposed to a range of antibiotic concentrations for 5 h, followed by Raman
spectra acquisition for 1 min. It is known that C. jejuni cells would experience distinctive
damaged levels and stress responses at different antibiotic concentrations. Therefore, alternations
of Raman spectral features could be expected when the antimicrobial concentration increases
from 0 mg/L to the one above MICs.
Figure 4.1 shows the Raman spectra of C. jejuni exposed to various concentrations of
ampicillin. The developed method provided reproducible spectra as a narrow grey region
representing the low standard deviations was around the mean spectra of each test group (Figure
4.1A and C). We observed a decrease in peak intensity at 723 cm-1 (adenine) and 778 cm-1
(uracil) when ampicillin concentrations increased (Figure 4.1A and C) (141, 142). Compared to
the positive control, the ampicillin-susceptible strain F38011 displayed significant peak
reductions (P < 0.05) at 723 and 778 cm-1 when the ampicillin concentration was above 2 mg/L,
while the ampicillin-resistant strain 1463 showed significantly reduced peaks (P < 0.05) at 256
mg/L (Figure 4.2). Less intensive DNA/RNA bases-related peaks indicated the inhibition of
bacterial growth at certain ampicillin levels. Similar trends were reported in previous studies on
other bacteria, such as E. coli and Lactobacillus lactis (143, 144). Other than these two Raman
peaks, spectra appeared to be very similar in the remaining regions (Figure 4.1A and C).
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Figure 4.1 Determination of ampicillin MICs for C. jejuni using Raman spectroscopy-PCA.
Averaged Raman spectra (A) and PCA score plot (B) were associated with a susceptible isolate
C. jejuni F38011 after treatments with ampicillin concentrations of 0, 0.5, 1, 2, 4, and 8 mg/L.
Averaged Raman spectra (C) and PCA (D) were related to a resistant isolate C. jejuni 1463 after
treatments with ampicillin concentrations of 0, 8, 32, 64, 128, and 256 mg/L. Arrows in panels
(A) and (C) indicate the significant changes in Raman spectral pattern. Colored shades in PCA
score plots (B) and (D) were drawn as visual aids to illustrate the clusters of each group. It was
calculated as the mean ±2× standard deviation, representing a confidence limit of 95%. The
MIC in the Raman-PCA method is defined as the lowest antibiotic concentration that induces
Raman spectral changes compared to the positive control group (i.e., green cluster). In plots (B)
and (D), the MICs determined by Raman-PCA were 1 mg/L and 256 mg/L, respectively.
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Figure 4.2 Significant alterations in Raman bands after 5 h incubation with various
ampicillin concentrations. Raman intensities of selected marker bands (723 cm-1 and 778 cm-1)
are presented as mean ±standard deviation for ampicillin-susceptible strain C. jejuni F38011 (a)
and resistant-strain C. jejuni 1463 (b) (n=9). One-way ANOVA followed by Games-Howell test
was performed to determine the statistical differences among different ampicillin treatment
groups. The lowercase and uppercase letters represent significant differences between groups (P
< 0.05) for Raman peaks at 723 cm-1 and 778 cm-1, respectively.

To better illustrate the variations between treatment groups, we applied PCA to the entire
Raman spectral region (400-1800 cm-1). PCA reduces the dimension of multivariate data set into
a small batch of uncorrelated variables called principal components (PCs) while maintaining
most of the variations in the data set. By using a few PCs, each sample is represented by
relatively fewer variables (i.e., PCs) instead of thousands of original variables (i.e., Raman
shifts). As a result, samples can be plotted by using the first two or three PCs that represent the
most variances, making it possible to visually assess the differences among samples and
determine if samples can be grouped (145). As an unsupervised classification method, PCA
explores spectral variance patterns without referring to the prior knowledge about whether the
samples belong to different groups or have phenotypic differences (145), leading to a less biased
result.
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In the conventional culture-based AST, MIC is defined as the lowest antibiotic
concentration that causes visible bacterial population reduction. A phenotypic variance is
expected to exist between the positive control group (i.e., without antibiotics) and MIC-treated
group, whereas sub-MIC groups are indistinguishable from the non-treated group. Similarly, we
hypothesized that the MIC determined by the Raman-PCA method should be the lowest
antibiotic concentration that forms a cluster separated from the positive control group in the PCA
score plot (Figure 4.1 and Figure 4.4). To identify the clusters, the color shade of each
treatment group was drawn based on a mean ±2× standard deviation in all three PCs,
representing a 95% confidence limit. If two clusters were not overlapping, it indicated two
clusters were significantly different (P < 0.05). Figure 4.1B and D demonstrated the PCA score
plots for the ampicillin test. Each scattered data point was labeled with the corresponding
antibiotic concentrations. For ampicillin-susceptible strain F38011, a clear cluster separation was
obtained between untreated cells and cells treated with 1-8 mg/L of ampicillin (Figure 4.1B).
The overlap between the control and lower ampicillin-treated groups (i.e., 0.5 mg/L) suggested
that there are negligible differences between their Raman spectra. Therefore, the MIC of
ampicillin for F38011 was determined to be 1 mg/L based on the Raman-PCA method. For the
ampicillin-resistant strain 1463, the MIC of ampicillin was identified to be 256 mg/L as this
treatment group was segregated from other groups with concentrations lower than 128 mg/L
(Figure 4.1D). To validate the accuracy of the Raman-PCA approach, the MICs were compared
to those determined by the standard agar dilution method (8). If the MICs obtained by the
reference and the newly developed methods are within a 2-fold dilution range, an essential
agreement is regarded as achieved between the two methods (59). The Raman-PCA reported a
comparable MIC to the agar dilution method for the ampicillin-susceptible strain, but a 4× higher
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MIC for the resistant strain (Table 4.1). However, both methods resulted in the same AMR
profile category (i.e., resistant) when comparing the MICs to CLSI breakpoints (Table 4.1).
In the tetracycline MIC test, no apparent difference could be identified from their
averaged Raman spectra (Figure 4.3), therefore, we applied the Raman-PCA method to visually
assess the MICs. The PCA score plots (Figure 4.4) illustrated that tetracycline MICs were 0.06
mg/L and 64 mg/L for the susceptible strain (F38011) and the resistant strain (1143),
respectively. For the susceptible strain, the MIC of tetracycline determined by Raman-PCA were
consistent with those by the reference method within a 2-fold dilution range (Table 4.1),
reaching an essential agreement with the reference method (59). Similar to the results for
ampicillin, the Raman-PCA method reported a 4-fold higher MIC for tetracycline-resistant strain
than the agar dilution method (Table 4.1).

88

Figure 4.3 Determination of tetracycline MICs for C. jejuni using Raman spectroscopy.
Averaged Raman spectra (A) were associated with a susceptible isolate C. jejuni F38011 after
treatments with tetracycline concentrations of 0, 0.03, 0.06, 0.125, and 0.25 mg/L. Averaged
Raman spectra (B) were related to resistant isolate C. jejuni 1143 after treatments with
tetracycline concentrations of 0, 4, 16, 32, and 64 mg/L.
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Figure 4.4 Determination of tetracycline MICs for C. jejuni using Raman spectroscopyPCA. PCA score plot (A) was associated with a susceptible isolate C. jejuni F38011 after
treatments with tetracycline concentrations of 0, 0.03, 0.06, 0.125, and 0.25 mg/L. PCA score
plot (B) was related to resistant isolate C. jejuni 1143 after treatments with tetracycline
concentrations of 0, 4, 16, 32, and 64 mg/L. Colored shades were drawn as visual aids to
illustrate the clusters of each group. It was calculated as the mean ±2× standard deviation,
representing a confidence limit of 95%. The MIC in the Raman-PCA method is defined as the
lowest antibiotic concentration that induces Raman spectral changes compared to the positive
control group (i.e., green cluster). In plots (A) and (B), the MICs determined by Raman-PCA
were 0.06 mg/L and 64 mg/L, respectively.
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Regardless of antibiotic classes, Raman-PCA predicted a 4-time higher MIC value than
the standard agar dilution method for resistant strains. The discrepancy of MICs was not solely
caused by a shorter antibiotic treatment time for Raman-PCA (i.e., 5 h vs 48 h) since the amount
of viable tetracycline-resistant bacteria was already significantly reduced (P < 0.05) after 5-h
incubation at the reference MIC value (Figure 4.5). Noticeably, both resistant strains had MICs
around their resistant breakpoints, namely equal or 2× higher values (Table 4.1). Similar results
were reported in a previous study of clinical E. coli isolates (146). The authors proposed that
multiple AMR mechanisms (e.g., more efflux pumps to extrude antibiotics) might contribute to
slower responses of bacterial resistant strains to antibiotic treatments, resulting in less obvious
changes in Raman spectral features (146).
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Figure 4.5 Inhibitory effect of antibiotics on C. jejuni after 5-h treatment: (A) ampicillinsusceptible isolate C. jejuni F38011; (B) ampicillin-resistant isolate C. jejuni 1463; (C)
tetracycline-susceptible isolate C. jejuni F38011; (D) tetracycline-resistant isolate C. jejuni 1143.
Briefly, bacterial culture in Muller-Hinton broth (initial concentration: ~108 CFU/mL) was
incubated with the selected antibiotics at 37°C for 5 h. The results are presented as mean ±
standard deviation (n=3). Arrows indicate the minimal inhibitory concentration (MIC) of the
specified antibiotics for each C. jejuni strain determined by the agar dilution method. Statistical
differences between antibiotic-treated groups and the positive control group were determined by
one-way ANOVA followed by Dunnett’s test (P < 0.05, marked with an asterisk).

To further enhance the sensitivity of the Raman-based approach, we carried out a secondderivative transformation analysis to amplify minor spectral alterations, and thus compensated
for the potential slower responses in the resistant strains. When a Raman peak responds to the
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antibiotic treatment, its inflection point (i.e., second derivative = 0) in the plot of a Raman
intensity verse antibiotic concentration indicates the antibiotic concentration that causes the
maximal rate of Raman signal variation (i.e., the first derivative Raman signal is a local
maximum or local minimum). Figure 4.6 shows the second derivative of the Raman spectra with
respect to the antibiotic concentrations. Regions with a positive second derivative (red color)
indicate that Raman intensity is concave upward while a negative second derivative (blue color)
indicates that Raman intensity is concave downward. The averaged values of the inflection
points over the region between 400 cm-1 and 1800 cm-1 are marked by a black solid line in
Figure 4.6, and their values are summarized in Table 4.1. We found that the averaged inflection
points agreed with the MICs determined by the agar dilution method within a 2-fold difference.
In other words, an essential agreement was achieved between the Raman-2nd deriviative method
and the agar dilution method for all the tested strains (59). Taken together, our studies
demonstrated that the Raman-2nd derivative transformation analysis potentially provides an
alternative method to determine the MICs of C. jejuni.

93

Figure 4.6 Determining the MICs of C. jejuni using Raman spectroscopy-2nd derivative
transformation analysis: (A) ampicillin test for a susceptible isolate C. jejuni F38011; (B)
ampicillin test for a resistant isolate C. jejuni 1463; (C) tetracycline test for a susceptible isolate
C. jejuni F38011; and (D) tetracycline test for a resistant isolate C. jejuni 1143. The intensity in
the color map represents the second derivative values of Raman spectral intensity with respect to
the antibiotic concentration: 1) regions with a positive second derivative (red color) indicate that
the Raman intensity is concave upward; 2) regions with a negative second derivative (blue color)
indicate that the Raman intensity is concave downward; and 3) the second derivative at the value
of 0 (green color) indicates the infection points, where the Raman intensity change reaches either
a local maximum or local minimum. The vertical black lines show the averaged values of the
infection points over the whole spectral region (400-1800 cm-1). This averaged concentration
was rounded up to the closest labeled antibiotic concentration and reported as the MICs obtained
from Raman-2nd derivative transformation analysis.
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4.3.2

Antibiotic susceptibility profiles of C. jejuni determined by Raman-HCA
To improve the analysis throughput, we further explored if the Raman-based

metabolomic approach could directly identify bacterial AMR categories without exposing
bacteria to serial 2-fold diluted antibiotics. Instead of testing bacterial MICs with a wide range of
antibiotic concentrations, we incubated C. jejuni with antibiotics at CLSI susceptible and
resistant breakpoints. Bacterial samples in the absence of antibiotics were used as a positive
control. Hierarchical clustering analysis (HCA) was performed to calculate the dissimilarity of
each sample group. A susceptible strain is defined if all spectral replicates (n=9) within the
positive control group are closely clustered and separated from both antibiotic treatment groups
(i.e., MIC ≤ CLSI susceptible breakpoint). On the other hand, a resistant strain is defined if the
spectra overlapped (i.e., MIC ≥ CLSI resistant breakpoint). The HCA dendrograms showed clear
segregation between the untreated and treated groups for ampicillin- and tetracycline-susceptible
strain F38011 (Figure 4.7A and C), leading to correct classification for the susceptible strain.
For C. jejuni 1463 and 1143, the dissimilarities (i.e., Euclidean distances) between each group
(i.e., cells treated at 0 mg/L, CLSI susceptible breakpoint, and CLSI resistant breakpoint) were
lower than within-group counterparts (Figure 4.7B and D). This result indicated that both C.
jejuni 1463 and C. jejuni 1143 were regarded as resistant strains by the Raman-HCA method,
which agreed to the AMR profiles determined by the conventional agar dilution method (Table
4.1). Therefore, Raman-HCA is a promising tool for determining the AMR categories of C.
jejuni strains.
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Figure 4.7 Hierarchical cluster analysis (HCA) for the determination of antibiotic
susceptibility profiles of C. jejuni. (A) ampicillin test for a susceptible isolate C. jejuni F38011;
(B) ampicillin test for a resistant isolate C. jejuni 1463; (C) tetracycline test for a susceptible
isolate C. jejuni F38011; and (D) tetracycline test for a resistant isolate C. jejuni 1143. Samples
labeled with ‘PC’, ‘bpS’, and ‘bpR’ represent antibiotic treatments at the concentrations of 0
mg/L (green bar with a diagonal stripe pattern), CLSI susceptible breakpoint (blue bar), and
CLSI resistant breakpoint (red bar), respectively. Each treatment group had 9 replicates of
Raman spectra. The Euclidean distance between each pair of spectra was calculated and used as
the criteria to determine the spectral dissimilarity. A shorter Euclidean distance indicates a higher
level of similarity. In the HCA-Raman method, C. jejuni isolates were regarded as susceptible
strains if the untreated group (green bar with a diagonal stripe pattern) clustered together but
separated from the antibiotic-treated samples (blue and red bars), while resistant strains were
defined if all treatment groups were mixed.

4.3.3

AMR mechanisms revealed by Raman signatures
Besides rapid diagnostics of AMR pathogens, understanding the AMR mechanisms is of

great importance to combating the AMR crisis because they may provide insights for drug
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development and intervention measures. We implemented PCA loading plots to extract specific
Raman peaks that attributed to the differentiation of antibiotic-susceptible and resistant C. jejuni
strains. Briefly, PCA was performed for Raman spectra that were collected from the non-treated
group as well as bacteria treated by antibiotics at CLSI susceptible and resistant breakpoints. We
first assessed if there were any differences between Raman spectral features collected from
susceptible and resistant strains after the same antibiotic treatment. According to the PCA score
plots (Figure 4.8A and B), similar results were identified for both ampicillin and tetracycline
tests. After incubation at CLSI susceptible and resistant breakpoints for 5 h, the antibioticsusceptible strain (F38011) formed a tight cluster and separated from the antibiotic-resistant
strains (1463 and 1143) (Figure 4.8A and B), indicating that different physiological behaviors
existed in these two types of strains as determined by the Raman-based approach. Meanwhile, an
overlap was observed between the clusters of susceptible and resistant strains if not treated with
any antibiotics (Figure 4.8A and B). Thus, the difference between susceptible and resistant
strains was attributed to bacterial responses against antibiotics rather than their natural
biochemical compositions. Raman spectroscopy has shown its ability to discriminate phenotypic
diversity of Campylobacter at the species level (147–149), but no studies have yet focused on
strain-level diversity. Although the original phenotypic differences at the strain level might be
negligible (Figure 4.8A and B), future studies need to be performed to confirm if the Ramanchemometric approach can be applied to a more diverse range of C. jejuni strains.
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Figure 4.8 Principal component analysis (PCA) for distinguishing resistant C. jejuni strains
from the susceptible strains (n=9). Three-dimensional PCA score plots for the ampicillin (A)
and tetracycline studies (B). Both susceptible (in blue) and resistant (in red) strains were treated
with defined antibiotics at the concentrations of 0 mg/L (negative control, NC), CLSI susceptible
breakpoint (bpS), and CLSI resistant breakpoint (bpR). In panels (A) and (B), black dot lines
indicate the separated clusters of susceptible strain and resistant strain after a 5-h antibiotic
treatment, demonstrating successful differentiation between susceptible and resistant strains.
Histogram plots were constructed to demonstrate the distribution of ampicillin-treated strains (C)
and tetracycline-treated strains (D) along with principal component 1 (PC1). Student’s t-test was
carried out to determine the statistical difference between PC1 scores of antibiotic-treated
susceptible strains and resistant strains (*, P < 0.001). Loading plots of PC1 for ampicillin test
and tetracycline test are shown in panels (E) and (F), respectively.
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Interestingly, a trend with increased resistance in C. jejuni could be observed along with
an increase in PC1, which explained more than 50% of the total spectral variances in the dataset
(Figure 4.8A-D). Ampicillin-treated susceptible and resistant strains were distributed at the
negative and positive values of PC1, respectively (Figure 4.8C). In the tetracycline treatment
(Figure 4.8D), 14 out of 18 Raman spectra that were collected from the tetracycline-treated
susceptible strain F38011 showed lower PC1 scores than the resistant strain 1143. Regardless of
antibiotic class, a significant difference (P <0.001, Student’s t-test) was identified between PC1
scores obtained from antibiotic-treated susceptible and resistant strains (Figure 4.8C and D).
Since PC1 was positively correlated to bacterial AMR profiles, we constructed PC1 loading plots
to extract specific Raman shifts that contributed to bacterial resistance. In Figure 4.8E and F,
maxima highlighted Raman peaks that were more pronounced in resistant strains, whereas
minima depicted Raman peaks that were more associated with susceptible strains. Loading plots
of the ampicillin and tetracycline tests exhibited different patterns (Figure 4.8E and F),
suggesting that the corresponding resistant strains employed distinctive resistant mechanisms.
Tentative Raman peak assignments are listed in Table 4.3 and Table 4.4 for ampicillin and
tetracycline tests, respectively.
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Table 4.3 Molecular assignments of representative Raman peaks associated with
ampicillin-resistance mechanisms determined by Raman spectroscopic-based metabolomic
approach.
Wavenumber

Tentative peak assignment

References

(cm-1)
723

Adenine ring breathing

Nucleic acid

(150)

778

Uracil, cytosine, thymine

Nucleic acid

(141)

849

Guanine, valine

Nucleic acid/Protein

(142)

1000

Phenylalanine ring breathing

Protein

(150)

1030

Phenylalanine, tyrosine

Protein

(150)

1100

Symmetric phosphate stretching

Nucleic acid

(150)

1221

CH bending in lipid

Lipid

(150)

1250

Amide III

Protein

(151)

1371

Pyruvate

Carbohydrate

(142)

1436

Arginine

Protein

(142)

1578

C-O vibration mode of

Peptidoglycan/nucleic

peptidoglycan/ring stretching mode of

acid

(152, 153)

adenine and guanine
1657

C=C stretching

Unsaturated fatty

(150)

acid/lipid
1690

Cytosine/amide I

Nucleic acid/protein

(142, 154)
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Table 4.4 Molecular assignments of representative Raman peaks associated with
tetracycline-resistance mechanisms determined by Raman spectroscopic-based
metabolomic approach.
Wavenumber

Tentative peak assignment

References

(cm-1)
620

C-C twisting of tryptophan

Protein

(152)

641

C-S stretching, C-C twisting of tyrosine

Protein

(155)

837

Tyrosine

Protein

(156)

865

Tryptophan

Protein

(142)

995

Phenylalanine

Protein

(143)

1030

Tyrosine, phenylalanine

Protein

(150)

1206

N-acetylglucosamine

Cell wall

(142)

1227

Adenine, thymine

Nucleic acid

(150)

Amide III

Protein

1300

CH2 deformation

Protein

(155)

1322

C-N, N-H stretching in amide III

Protein

(152)

Adenine, glycine

Nucleic acid

(150)

CH deformation

Protein

1442

Glycine

Protein

(142)

1604

Phenylalanine

Protein

(155)

1666

Amide I

Protein

(151)

CH2, CH3 deformation
1358
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Ampicillin belongs to β-lactam antibiotics that inhibit bacterial cell wall synthesis. This
drug binds to penicillin-binding proteins in the inner membrane of the bacterial cell wall and
interrupts the cross-linkage of peptidoglycan chains (157). As a result, the newly synthesized
bacterial cell wall is no longer cross-linked and cannot maintain its strength and rigidity, and
eventually causes cell lysis. To survive under antibiotic stress, ampicillin-resistant strains are
expected to have advanced strategies to maintain their cell envelopes. As shown in Figure 4.8E,
the peak at 1578 cm-1 had a relatively large and positive PC1 coefficient, indicating its weighting
in PC1. Previous studies demonstrated that the peak at 1578 cm-1 might have contributions from
both the ring modes of nucleic acids (153) and the C-O mode of peptidoglycan (152, 158).
Berezin and co-authors used tip-enhanced Raman spectroscopy (TERS) to study the composition
of bacterial cell walls and identified an enhanced Raman signal at 1578 cm-1 when the TERS tip
was localized at the cell wall (158). These results were consistent with the current study,
indicating that a higher PC1 coefficient at 1578 cm-1 for ampicillin-resistant strain 1463 than that
of susceptible strain F38011 might be due to a stronger formation of peptidoglycan in C. jejuni
cell wall. Lipid-associated peaks at 1221 cm-1 and 1657 cm-1 also had positive PC1 correlation
coefficients (Figure 4.8E), indicating that more lipid components might be present in the cell
envelope of the ampicillin-resistant strain than that in the susceptible strain (142, 150).
Moreover, the PC1 coefficient at 1221 cm-1 (CH bending mode in lipid) was about 2-fold higher
than that at 1657 cm-1 (C=C stretching mode in lipid), as shown in Figure 4.8E. A higher PC1
coefficient represents a more prominent change in certain bacterial compositions. In this case, we
speculated that the ratio of saturated: unsaturated fatty acids potentially increased in the cell
membranes of ampicillin-resistant strain, leading to a more rigid membrane structure. The
alterations in membrane composition were previously reported as one of the most important
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adaptive mechanisms in bacteria when exposed to toxic compounds (159). Bacteria tend to
increase the saturation level (i.e., rigidification) of membrane phospholipids so that less toxic
compounds can penetrate through the cell membrane. Furthermore, a shoulder peak at 1250 cm-1
and a peak at 1690 cm-1 (Figure 4.8E) are possibly attributed to the amide III band and amide I
band of proteins, respectively (151, 154). It is well-known that overexpression of cmeABC efflux
pumps on cell membranes plays a critical role in the multidrug resistance of C. jejuni (120, 157).
This might explain the increased protein content in the ampicillin-resistant strain 1463. Most of
other positive peaks are potentially associated with nucleic acids (723, 778, 1100, 1690 cm-1) and
pyruvate (1371 cm-1), which are regarded as indicators of active bacterial growth (141, 142, 146,
150, 160). On the other hand, negative peaks at 849, 1000, 1030, and 1436 cm-1 are all related to
amino acids and proteins, as shown in Figure 4.8E (142, 150). The negative PC1 coefficients
implied that higher amounts of amino acids and proteins might be accumulated in ampicillinsensitive strains than resistant strains. The enhanced synthesis of amino acids and proteins in
ampicillin-susceptible strain F38011 might reflect bacterial stress responses to adverse
conditions (e.g., ampicillin treatment) (161).
Raman spectra suggested that the tetracycline resistance of C. jejuni is related to the
protein inhibitory effect and cell envelope integrity. Tetracyclines are widely used for humans
and animals due to their broad-spectrum antimicrobial effect targeting both Gram-negative and
Gram-positive bacteria (162). Tetracyclines can reversibly inhibit protein synthesis by
preventing the association between aminoacyl-tRNA and 30S subunit of ribosomes. In this study,
our results suggested that tetracycline resistance was related to protein and nucleic acid
synthesis. In Figure 4.8F, most of the prominent peaks with positive PC1 coefficients are
associated with proteins, including phenylalanine (995, 1030, 1604 cm-1), amide I band (1666
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cm-1), amide III band (1227 cm-1), tryptophan (620 cm-1), and tyrosine (641 cm-1) (143, 150–152,
155). The higher level of proteins in tetracycline-resistant strain 1143 suggested a reduced
protein inhibitory effect by tetracycline. According to previous studies, two major resistance
mechanisms contribute to tetracycline resistance in Campylobacter, namely antimicrobial
extrusion by efflux pumps and the synthesis of ribosomal protection protein TetO (15, 118, 162).
Both mechanisms involved protein-based bacterial structures (e.g., CmeABC efflux pump and
TetO) that may contribute to the relatively high intensity of protein-related Raman peaks in the
tetracycline-resistant strain 1143. A previous study observed an increase of amide III in
tetracycline-treated E. coli using infrared spectroscopy, and the authors linked this effect to
enhanced syntheses of transport proteins, such as efflux pumps (143). Additionally, our study
showed that the peak at 1206 cm-1 exhibited a positive PC1 coefficient (Figure 4.8F). This peak
can be assigned to N-acetylglucosamine, which is the building block of a bacterial cell wall
(142). The relatively high content of the cell wall suggested that AMR is related to the proper
protein synthesis and cell envelope integrity in the tetracycline-resistant strain 1143. Athamneh
and others reported similar results for E. coli, in which tetracycline treatment influenced both cell
walls and protein synthesis (163). Our results suggested that nucleic acid-related peaks (thymine,
adenine, 1227 cm-1; glycine, 1442 cm-1) were positively related to the tetracycline resistance
(Figure 4.8F) (142). Our results were in good agreement with the mode of action by tetracycline
(164). As the secondary consequence of protein-synthesis inhibition by tetracycline, the initiation
of new rounds of DNA synthesis would be interrupted due to the lack of necessary enzymes
(164). In other words, tetracycline-resistant strains could have a faster DNA synthesis and thus
more DNA contents than susceptible strains when treated by tetracycline. We also found several
negative peaks that were related to proteins (837, 865, 1300, 1322, 1358 cm-1) and nucleic acids
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(1358 cm-1) (142, 150, 152, 155, 156), indicating that tetracycline-susceptible strain F38011
could undergo stress responses to combat the inhibitory effects from tetracycline.

4.4

Conclusion
We developed a Raman-based metabolomic approach to determine the MICs of

antibiotics and AMR profiles of Campylobacter. When a C. jejuni isolate is treated with
antibiotics, its Raman spectra reveal changes in biochemical features along with the change of
antibiotic concentrations. As a result, the MICs or antimicrobial susceptibilities of C. jejuni are
determined by comparing Raman spectra of the positive control and treated groups without the
requirements of pre-developed models or databases. The analysis can be completed within ~5 h
that is superior to the conventional culture-based method, especially for fastidious and slowgrowing bacteria. This high-throughput AST method has the potential to identify multidrugresistant pathogens for timely diagnostics and medical prescriptions in healthcare settings. Future
studies will be conducted to further investigate the feasibility of Raman-chemometric approaches
on a diverse range of C. jejuni isolates, as well as different antibiotic classes (e.g., macrolides,
fluoroquinolones) that are listed in the current AMR surveillance systems (33). Furthermore,
AMR mechanisms of Campylobacter were deciphered based on the rich biochemical information
in Raman metabolomic data. The knowledge obtained from this study provides insights into
AMR mechanisms that can be used to develop either novel antimicrobials or combinational
applications of current antibiotics for synergetic antimicrobial effects.
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Chapter 5: Antimicrobial-resistance gene transfer of Campylobacter jejuni in
mono- and dual-species biofilms

5.1

Introduction
Campylobacter jejuni is a leading bacterial cause of human gastroenteritis worldwide.

Campylobacter spp. are estimated to account for 400-500 million cases of diarrhea per year,
among which C. jejuni contributes to ~90% of infections (19, 39). As a foodborne pathogen, C.
jejuni prevalently colonizes the intestinal tracts of food-producing animals and is frequently
exposed to antibiotics in animal husbandry settings, resulting in resistance against clinically
important antibiotics. The antimicrobial resistance (AMR) of C. jejuni emerges through either
horizontal gene transfer (HGT) for the acquisition of AMR genes or spontaneous point mutation
on chromosomes for modifying antibiotic target sites (30). Compared to spontaneous mutation,
HGT of large DNA segments can introduce a higher number of polymorphisms and generate
novel phenotypes more rapidly (19). This high efficiency of HGT was evident in the spread of
AMR genes between Campylobacter spp. (165–167) or from Gram-positive bacteria to
Campylobacter (168, 169). A recent survey study reported that 90.4% of Campylobacter isolates
recovered from food animals, poultry processing facilities, and retail meat in North Carolina
carried at least one AMR gene, while 43% obtained AMR genes for three or more antibiotic
classes (170). About 50% of Campylobacter isolates in broiler chicken in Canada were found
resistant to at least one antibiotic class (171). Of particular concerns, the World Health
Organization has remarked the AMR crisis of Campylobacter as a high priority to resolve (172).
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Natural transformation is a well-recognized HGT mechanism in C. jejuni, by which
bacterial cells take up free DNA [i.e., plasmids and genomic DNA (gDNA)] from the
environment. Bacteria either maintain the plasmids or integrate gDNA into chromosomes
through homogenous recombination (30, 173–175), obtaining new genotypic and/or phenotypic
traits. The natural transformation of C. jejuni was firstly reported by Wang and Taylor in 1990,
demonstrating the transformation frequencies varying from <10-6 to 10-4 (175). Since then, the
mechanisms and characteristics of natural transformation in C. jejuni have been extensively
investigated using planktonic culture as a standard model (175–177). Many factors influence the
transformation frequency in C. jejuni planktonic cells, including bacterial growth phases, cell
density, source of DNA, strain type, and atmosphere (175–177). Despite that C. jejuni in the
planktonic state can be cultivated in well-controlled laboratory conditions, they are sensitive to
environmental and food processing-related stressors, such as oxygen atmosphere and fluctuating
temperatures (178). As a result, the HGT studies associated with planktonic cells may not be a
good predictor for the rapid evolution of AMR in C. jejuni along food chains.
Biofilms likely represent one of the primary survival strategies for C. jejuni in the farmto-table continuum, embedding the bacteria by their self-produced polymeric matrix and
protecting them from various stressors (178). C. jejuni not only form mono-species biofilms but
have also been recovered from the mixed-species biofilms associated with chicken houses (179),
poultry-processing plants (180), and water systems (181). Biofilm sessile cells have increased
resistance to antimicrobials than planktonic cells, attributing to the reduced diffusion of
antimicrobials through biofilm matrix, production of enzymes that degrade antimicrobials, and
physiological changes of bacteria (182). Moreover, biofilms are known to promote HGT of
AMR genes in many Gram-positive and Gram-negative bacteria, such as Streptococcus spp. (26,
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183), Pseudomonas aeruginosa (184), and Vibrio cholerae (185). The presence of extracellular
DNA (eDNA) is concentrated in the biofilm matrix, which stabilizes the biofilm structure and
provides a genetic pool for HGT (186). Our group has recently demonstrated that C. jejuni
employs a bacterial lysis mechanism to release eDNA so as to mediate biofilm formation (50).
The release of eDNA from the C. jejuni biofilms is expected to provide the source of AMR genes
for natural transformation. However, few studies have investigated the natural transformation of
AMR genes in C. jejuni biofilms (27, 187), thus the critical parameters influencing the efficiency
of HGT within a biofilm are not known.
In this study, we developed a co-cultivation model to systematically assess the role of
biofilm and its intrinsic characteristics on C. jejuni HGT. Two representative AMR genes,
namely aph-A3 (encoding kanamycin resistance) and cat (encoding chloramphenicol resistance),
were separately integrated into the chromosome of C. jejuni as the markers of genetic exchange.
Our study aimed to answer four questions: i) How do different factors influence HGT
frequencies, such as the modes of growth (i.e., planktonic cells, biofilm sessile cells, biofilm
supernatant cells), incubation time, and strain variation? ii) What is the main mechanism of the
emergence of dual-resistant mutants in C. jejuni biofilms, either through natural transformation
or spontaneous mutation? iii) Is there any correlation between biofilm characteristics and natural
transformation? iv) How does C. jejuni perform the natural transformation in dual-species
biofilms? Understanding the HGT in C. jejuni biofilms can lead to broader insights into the
ability of this pathogen to obtain AMR and adapt to the environment.
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5.2
5.2.1

Materials and methods
Bacterial strains and growth condition
Bacterial strains used for the horizontal gene transfer (HGT) study are listed in Table 5.1.

C. jejuni strains were routinely grown either in Mueller-Hinton (MH) broth (BD Difco) with
constant shaking at 175 rpm or on MH agar supplemented with 5% defibrinated sheep blood
(MHBA) at 37°C under microaerobic condition (85% N2, 10% CO2, 5% O2). Cultivation of
Salmonella enterica and Escherichia coli strains was routinely performed at 37°C in LuriaBertani (LB) broth or on LB agar under aerobic condition. When necessary, growth media were
supplemented with kanamycin (50 µg/mL) and/or chloramphenicol (20 µg/mL).

Table 5.1 List of bacteria used for the study of horizontal gene transfer.
Strain

Source

AMR profile*
Kan

Campylobacter jejuni
F38011

R

Cm

R

ARG#

References

aphA-3

cat

Human

-

-

-

-

(50)

F38011 KanR derivative

Human

+

-

+

-

This study

F38011 CmR derivative

Human

-

+

-

+

This study

NCTC 11168

Human

-

-

-

-

(50)

NCTC 11168 KanR derivative Human
+
R
NCTC 11168 Cm derivative Human
Escherichia coli K12
Environment -

+
-

+
-

+
-

This study
This study
(50)

Salmonella enterica Enteritidis
3512H

-

-

-

(188)

*

Food

-

AMR is the abbreviation of antimicrobial resistance. Two AMR profiles were marked in this

study, namely kanamycin resistance (KanR) and chloramphenicol resistance (CmR).
#

ARG is the abbreviation of the antimicrobial-resistance gene.
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5.2.2

Construction of C. jejuni antibiotic-resistant mutants
To monitor the gene transfer between C. jejuni isolates, a kanamycin-resistant (KanR) or

chloramphenicol-resistant (CmR) cassette was inserted into the chromosome of wild-type C.
jejuni F38011 and NCTC 11168 through homogenous recombination. The sequence information
of CmR and KanR cassettes was referred to previous studies (189–192). The plasmids and
bacterial strains involved in the mutant construction are listed in Table 5.2. The primers, as
shown in Table 5.3, were designed using NCBI primer BLAST (National Library of Medicine,
USA).

Table 5.2 Bacteria and plasmids used for mutant construction.
Materials
Bacteria
E. coli pRY107
E. coli pRY111
E. coli DH5α

Plasmids
pUC19
pUC19/23S rRNA-KanR5S rRNA
pUC19/16S rRNA-CmRtRNA

Relevant characteristics

Sources/reference

Containing E. coli-C. jejuni shuttle
vector, KanR
Containing E. coli-C. jejuni shuttle
vector, CmR
Competent strain

Laboratory strain

Cloning vector; origin from E. coli, not
stable in C. jejuni
pUC19 derivative, suicidal vector, KanR

New England
Biolabs
This study

pUC19 derivative, suicidal vector, CmR

This study

Laboratory strain
New England
Biolabs
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Table 5.3 Oligonucleotide primers used for mutant construction and confirmation.
Primers

DNA Sequence (5’ – 3’) *

Target genes

23SrRNA-F

GCCTGCAGGTCGACTCTAGAGG
GAGCTGTCTCAAAGAGGG
TTCGTCTTGGTAGCTTTTTACAA
GGAAGTGATGCTTTATTAAAG

Partial 23S rRNA
and its downstream
region

CTTTAATAAAGCATCACTTCCTT
GTAAAAAGCTACCAAGACGAA
CAAAGTCTTCTTAAAAACCAAG
CTTTTTAGACATCTAAATCTAG
G

KanR cassette on
pRY107, containing
aphA-3 and
promoter

~1.4 kb

CCTAGATTTAGATGTCTAAAAA
GCTTGGTTTTTAAGAAGACTTT
G
AAACGACGGCCAGTGAATTCAA
TGGCTGCACTTAGTCGCT

5S rRNA and its
upstream region

947 bp

Kan-F
Kan-R

CAGTTCGGTCCCTATCTGCC
AGCTTCTTGGTTCGGGATGG

Check KanR cassette 613 bp
insertion on mutant (without
chromosome
KanR) or ~1.9
kb (with KanR)

16SrRNA-F

GCCTGCAGGTCGACTCTAGAAA
GGCGATCTGCTGGAACTC
GCCGAGCAATGGGTTATCTCAA
AGGAGGTGATCCAACCGC

Partial 16S rRNA
and its downstream
region

851bp

CCTCCTTTCTAGAGTACAAAGA
GATAACCCATTGCTCGGC
GTAATAGTTGTGAGACTTATTA
CATCAGTGCGACAAACTGGGA

CmR cassette on
pRY111, containing
cat and promoter

796 bp

TCCCAGTTTGTCGCACTGATGT
AATAAGTCTCACAACTATTAC
AAACGACGGCCAGTGAATTCCC
AGTCAAGGCATCCACCAT

tRNA-Ala and its
upstream region

967 bp

GAATCAGCGACTGGGGTGAA
TCAGGGGTGCACTCTAACCA

Check CmR cassette
insertion on mutant
chromosome

291 bp
(without CmR)
or ~1 kb (with
CmR)

23SrRNA-R

aphA3-F
aphA3-R

5SrRNA-F

5SrRNA-R

16SrRNA-R

cat-F
cat-R

tRNA-F
tRNA-R

Cm-F
Cm-R

PCR product
size
962 bp
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*

Recognition sites for restriction enzymes.

The aphA-3 KanR cassette was inserted into the non-coding region between 23S rRNA
and 5S rRNA genes on C. jejuni chromosome. Primers 23SrRNA-F/R were used to amplify a
962-bp fragment containing partial 23S rRNA and its downstream flanking region, while primers
5SrRNA-F/R were used to amplify the 5S rRNA and its upstream flanking region to produce a
947-bp fragment. The aphA-3 gene and its promoter region were amplified using primers aphA3F/R from the plasmid pRY107, which was extracted from E. coli pRY107 strain through Presto
Mini plasmid kit (Geneaid, Canada). The target PCR products were separated from non-specific
primer dimers on 1% agarose gel and purified using QIAquick gel extraction kit (Qiagen,
Canada). The vector pUC19 was digested with EcoRI and XbaI, followed by PCR purification
through QIAquick PCR purification kit (Qiagen, Canada). All three PCR fragments and digested
pUC19 were ligated and transformed into chemically competent E. coli DH5α cells using
NEBuilder HiFi DNA assembly cloning kit (New England BioLabs, Canada). E. coli harboring
the recombinant plasmid pUC19/23S rRNA-KanR-5S rRNA were selected on LB agar containing
50 µg/mL of kanamycin, followed by plasmid extraction using Presto Mini plasmid kit (Geneaid,
Canada). The presence of 23S rRNA-KanR-5S rRNA fragment on the plasmid was confirmed by
restriction enzyme digestion using EcoRI and XbaI. The constructed plasmid was introduced into
C. jejuni isolates by natural transformation as described previously (193). Transformants were
selected on MHBA supplemented with 50 µg/mL of kanamycin. The insertion of KanR cassette
into C. jejuni chromosome was confirmed by PCR using primers Kan-F/R.
The construction of CmR C. jejuni mutants followed a similar procedure. Briefly, a cat
CmR cassette was inserted into the non-coding region between 16S rRNA and tRNA-Ala genes on
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C. jejuni chromosome. PCR was conducted to amplify an 851-bp fragment containing partial 16S
rRNA and its downstream flanking region using primers 16SrRNA-F/R, a 967-bp fragment
containing tRNA-Ala and its upstream flanking region using primers tRNA-F/R, and a 796-bp
fragment containing cat gene and its promoter region using primers cat-F/R. After purification,
three PCR products and digested pUC19 were ligated and transformed into E. coli DH5α
competent cells using NEBuilder HiFi DNA assembly cloning kit (New England BioLabs,
Canada). Mutants containing the recombinant plasmid pUC19/16S rRNA-CmR-tRNA were
selected on LB agar containing 20 µg/mL of chloramphenicol. The purified plasmid was
confirmed by restriction enzyme digestion using EcoRI and XbaI, prior to natural transformation
into C. jejuni isolates. The presence of cat gene on the defined chromosomal loci was confirmed
by PCR using primers Cm-F/R.
We compared the growth rate, biofilm formation ability, and AMR profiles of parental
strains and mutants to assess the potential effect of inserting AMR genes into the bacterial
chromosome. Briefly, growth curves of C. jejuni wild-type and AMR mutants were monitored by
plating assay for up to 72 h. Crystal violet staining assay was used to quantify the biofilm
biomass (50, 194). The minimal inhibitory concentrations (MICs) of each isolate were measured
by the broth microdilution method as recommended by the Clinical Laboratory Standards
Institute (57).

5.2.3

Biofilm cultivation for HGT
C. jejuni F38011 KanR and CmR isolates were used as model strains to study HGT in

Campylobacter biofilms. Briefly, an overnight culture of each strain was prepared in MH broth
at 37°C under the microaerobic condition for 16-18 h. The initial bacterial concentration was
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adjusted to 2×108 CFU/mL in fresh MH broth, followed by mixing KanR and CmR culture at the
volumic ratio of 1:1. One milliliter of the bacterial mixture was transferred into each well of
polystyrene, tissue culture-treated 24-well plates (Corning, Canada), and incubated statically at
37°C under the microaerobic condition to allow biofilm development. For each sampling time
(i.e., 24, 48, 72 h), three wells of biofilm samples were collected and combined to increase the
possibility of detecting HGT mutants. To provide sufficient growth nutrients, the supernatant in
each well was discarded and replaced by 1 mL of fresh MH broth every 24 h for up to 72 h.
Meanwhile, HGT in planktonic cells was used as the comparison standard, where 3 mL of
KanR/CmR mixture was added into a glass culture tube and incubated at constant shaking
condition (175 rpm) for up to 72 h.
To further study HGT in intra-species biofilms, we cultivated different combinations of
C. jejuni mixture (1:1, v/v) in 24-well plates at 37°C under the microaerobic condition: 1)
F38011 KanR × NCTC 11168 CmR and 2) NCTC 11168 KanR × F38011 CmR. Biofilms
consisting of either F38011 KanR/CmR or NCTC 11168 KanR/CmR were used as the control
groups.
To investigate the effect of dual-species biofilms on Campylobacter HGT, we incubated
C. jejuni F38011 KanR and CmR with the presence of E. coli or S. enterica, which commonly
coexist with Campylobacter in foods and environmental niches (50, 188, 195). Briefly, overnight
cultures of non-Campylobacter strains (i.e., E. coli K12 or S. enterica serotype Enteritidis
3512H) were incubated in MH broth at 37°C under the aerobic condition for 16-18 h, whereas C.
jejuni F38011 AMR mutants were inoculated under the microaerobic condition. Bacterial culture
of non-Campylobacter and C. jejuni strains was diluted to 2×108 and 4×108 CFU/mL in fresh
MH broth, respectively. We mixed the adjusted culture of non-Campylobacter (either E. coli or
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S. Enteritidis), C. jejuni F38011 KanR, and C. jejuni F38011 CmR at the volumic ratio of 2:1:1,
achieving a dual-species population with each strain at the initial concentration of 1×108
CFU/mL. An aliquot of the bacterial mixture (1 mL) was transferred to a 24-well plate and
incubated at 37°C under the microaerobic condition for up to 72 h.

5.2.4

Biofilm detachment and quantification
The emergence of KanRCmR dual-resistance strains was an indicator of HGT. The HGT

frequency was calculated by dividing the dual-resistance cell counts by total Campylobacter cell
counts (27), where bacterial cell counts were quantified by the plating assay. At each sampling
time (i.e., 24, 48, 72 h), we gently withdrew the biofilm supernatant into a collection tube and
washed the biofilm using 1× PBS (pH 7.4) to remove loosely attached cells. The biofilm was
detached from 24-well plates by trypsin as previously described with minor modifications (131).
Specifically, 1 mL of 0.1% trypsin-EDTA solution was added into each well of 24-well plates
and incubated at 37°C under the microaerobic condition for 15 min. Both biofilm supernatant
and biofilm samples were streaked on MHBA containing 50 µg/mL of kanamycin and 20 µg/mL
of chloramphenicol for the enumeration of KanRCmR dual-resistance cells. When necessary, up
to 1 mL of bacterial samples were streaked on the agar plates to achieve a detection limit of 1
CFU/mL. Total Campylobacter cells were counted on MHBA plates. For dual-species biofilm
study, total Campylobacter, E. coli, and Salmonella cells were selectively quantified on modified
charcoal cefoperazone desoxycholate agar (mCCDA; Sigma, Canada), MacConkey agar (MAC;
BD Difco, Canada), and xylose lysine deoxycholate (XLD; BD Difco, Canada), respectively.
Campylobacter-related agar plates were incubated at 42°C under the microaerobic condition for
3 days, whereas MAC and XLD plates were grown at 37°C under the aerobic condition for 1
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day. No colonies were observed on antibiotic-supplemented MAC or XLD plates (i.e., 50 µg/mL
of kanamycin and/or 20 µg/mL of chloramphenicol), indicating no E. coli or Salmonella
KanR/CmR mutants evolved in this study (data not shown). In other words, all KanR/CmR
colonies grown on MHAB dual-antibiotic agars were supposed to be Campylobacter mutants.

5.2.5

Verification of HGT mutants by PCR
Colony-direct PCR was applied to detect the presence of aphA-3 and cat genes on the

chromosome of Campylobacter KanR/CmR mutants. For each sample, a total of 3 single bacteria
colonies were randomly collected from MHBA dual-antibiotic plates. Every single colony was
suspended in 3 µL of DNase-free sterile water and used as the source of template DNA for PCR.
Primers Kan-F/R and Cm-F/R (Table 5.3) were used for the detection of aphA-3 and cat,
respectively. The PCR reaction was performed in a 25-µL volume containing 1 µL of bacterial
suspension, 10 µM forward and reverse primers, and 1× Taq FroggaMix (FroggaBio, Canada).
The amplification was initially incubated at 95°C for 3 min, followed by 30 cycles of 30 s at
95°C, 30 s at 60°C, and 2.5 min at 68°C, and carried out a final extension at 68°C for 10 min.
DNase-free sterile water was used as the negative control and gDNA from C. jejuni KanR and
CmR mutants as the positive controls. PCR products were confirmed by 1% agarose gel
electrophoresis.

5.2.6

Assessment of spontaneous mutation in biofilms
Campylobacter biofilm has been reported to show enhanced mutability associated with

AMR (e.g., fluoroquinolone resistance) under optimal growth conditions and without antibiotic
selection stress (196). In this study, we also assessed the spontaneous mutation associated with
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KanR or CmR in biofilms. Briefly, overnight cultures of C. jejuni KanR or CmR were suspended
in fresh MH broth to give an initial concentration of 1×108 CFU/mL. Sterile 24-well plates were
inoculated with 1 mL of single-strain culture and incubated at 37°C under the microaerobic
condition for up to 72 h. Fresh MH broth was supplied every 24 h to replace the growth media in
24-well plates. Biofilm samples were collected at 24, 48, and 72 h, and streaked onto MHBA
dual-antibiotic plates (50 µg/mL of kanamycin and 20 µg/mL of chloramphenicol) to monitor the
emergence of KanRCmR dual-resistance strains.

5.2.7

DNase I treatment
To identify the role of eDNA on biofilm HGT, we treated C. jejuni biofilms with DNase I

as this endonuclease can non-specifically cleave DNA and reduce its availability. Briefly,
overnight cultures of C. jejuni F38011 KanR and CmR strains were separately diluted to 2×108
CFU/mL in fresh MH broth and thoroughly mixed at the volumic ratio of 1:1. The bacterial
cocktail was supplemented with 100 unit/mL of DNase I (Thermo Scientific, Canada). One
milliliter of bacterial culture was deposited into a 24-well plate and incubated statically at 37°C
under the microaerobic condition for 48 h. Growth media were routinely replaced every 24 h
with fresh MH broth containing 100 unit/mL of DNase I. In parallel, C. jejuni biofilm without
the addition of DNase I was regarded as the negative control. HGT frequencies of DNase-treated
and non-treated biofilms were determined by the plating assay.

5.2.8

Crystal violet staining assay
Biofilm biomass was quantified by crystal violet staining assay according to the previous

studies with modifications (194). Briefly, biofilms grown on 24-well plates were gently rinsed
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twice with water and heat-fixed at 60°C for 30 min. Then, 1 mL of 1% crystal violet solution
(Ricca, Canada) was added into 24-well plates and incubated at room temperature for 30 min.
The stained-biofilms were gently washed with water to remove unbound crystal violet dye. After
drying at 37°C for 10 min, bound crystal violet was dissolved in 1 mL of 95% ethanol solution.
Samples (100 µL) were transferred to a clean 96-well plate (Corning, Canada), and the
absorbance at 595 nm was measured by a Tecan Spark multimode microplate reader (Tecan Life
Sciences, US).

5.2.9

2,3,5-triphenyl-tetrazolium chloride (TTC) assay
TTC assay was performed to measure the metabolic activity of biofilm sessile cells as

previously described with modifications (197). After cultivating biofilms in 24-well plates for
24-72 h, we discarded the supernatant and rinsed the biofilms with 1×PBS. One milliliter of
0.01% TTC in MH broth was added to biofilm-containing wells, followed by static incubation at
37°C under the microaerobic condition for another 24 h. The TTC solution was discarded, and
biofilms were treated with 1 mL of ethanol: acetone mixture (8:2, v/v) at room temperature for 5
min to dissolve the TTC reaction products. An aliquot of 200-µL sample was transferred to a 96well plate, and the absorbance was measured by a Tecan Spark multimode microplate reader at
the wavelength of 500 nm.

5.2.10 Quantification of biofilm eDNA
The amount of eDNA in biofilm was quantified using SYBR Green I dye (Invitrogen,
Canada) according to a previous protocol with modifications (50). After incubating biofilms for
certain time periods (i.e., 24, 48, 72 h), we discarded the growth media and detached biofilms
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from 24-well plates using 300 µL of 0.1% trypsin-EDTA solutions. Biofilms were collected into
clean microcentrifuge tubes, followed by centrifugation at 15,000 ×g for 3 min. An aliquot of
supernatant (95 µL) was transferred into a well of black 96-well plates (Greiner Bio-One,
Canada) and mixed with 5 µL of SYBR Green I working solution as prepared by diluting the
stock solution by 100 times in TE buffer (10 mM Tris HCl, 1 mM EDTA, pH 8.0; Invitrogen,
Canada). The plate was incubated in a Tecan Spark multimode microplate reader with orbital
shaking for 5 min. The fluorescence signal was recorded in the microplate reader with an
excitation light centered at 485 nm (±10 nm) and the emission centered at 535 nm (±10 nm). To
calculate the eDNA amount, a standard curve was generated by detecting the fluorescence signal
of lambda DNA (Invitrogen, Canada) ranging from 0.125 µg/mL to 2.5 µg/mL in 0.1% trypsinEDTA solutions.

5.2.11 Statistical analyses
All experiments were independently performed at least three times. Results were shown
as the mean ±standard deviation. Statistical analysis was conducted using SPSS Statistics 22.0
(IBM, US). The criteria for selecting appropriate statistical analyses included group number,
sample size, and the variance of data (198). Student’s t-test was applied to determine the
statistical difference (P < 0.05) between two groups, while one-way ANOVA followed by post
hoc Tukey’s test (equal variance), Games-Howell test (unequal variance; when sampling sizes =
6), or Dunnet’s T3 test (unequal variance; when sampling sizes <6) was used to determine the
statistical differences among multiple groups (n ≥ 3). Pearson correlation analysis was performed
to assess the correlation between HGT frequency and biofilm eDNA availability. GraphPad
Prism 7 (GraphPad Software, US) was used for graphing.
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5.3
5.3.1

Results and discussion
Construction and characterization of C. jejuni AMR marker strains
We selected C. jejuni F38011 as a model strain for the HGT study, given that it produces

a higher level of biofilm than many C. jejuni reference strains under optimal laboratory growth
condition (50) and its whole genome sequence are available for genetic manipulation (NCBI
assession no.: NZ_CP006851.1). To monitor the potential genetic exchange between C. jejuni
strains in biofilms, C. jejuni F38011 was engineered by adding either the aph-A3 or cat gene into
the bacterial chromosome to provide resistance to kanamycin (KanR) or chloramphenicol (CmR),
respectively. Previous HGT studies commonly inserted the AMR genetic markers into genes that
encode non-essential enzymes or that do not interrupt relevant performances such as host
colonization (177, 199). However, the disruption of certain genes may still influence bacterial
physiology. Instead, we introduced the KanR or CmR cassette into the chromosomal non-coding
region between 23S rRNA and 5S rRNA or the one between 16S rRNA and tRNA-Ala,
respectively (Figure 5.1A). The non-coding regions of the rRNA gene cluster were selected
because there are three highly conserved copies of the ribosomal gene cluster, potentially
minimizing the effects of AMR gene addition on the function of rRNA.
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Figure 5.1 Construction and characterization of C. jejuni antimicrobial-resistant mutants.
The locus location of chloramphenicol- and kanamycin-resistant genes on C. jejuni F38011
chromosome (A). The bacterial growth curve (B) was monitored by the plating assay. Bacterial
biofilms (C) were quantified by crystal violet assay. Mean and standard deviation (i.e., error
bars) were calculated from three independent replicates.

In this study, KanR and CmR genes were successfully inserted into the defined genomic
loci of C. jejuni F38011 through homogenous recombination, as confirmed by PCR (data not
shown). To assess if AMR genes were properly expressed in the mutants, we conducted the broth
microdilution method for the determination of MIC values. Compared to C. jejuni F38011
parental strain, the KanR and CmR mutants showed a decreased susceptibility to kanamycin and
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chloramphenicol, respectively (Table 5.4). Besides, the presence of resistance genes in rRNA
gene clusters did not influence the bacterial growth rate (Figure 5.1B) or biofilm formation
(Figure 5.1C), indicating no significant (P > 0.05) fitness cost was introduced in the current
study model. Therefore, we used these two C. jejuni F38011 AMR mutants in the following
HGT studies.

Table 5.4 Minimal inhibitory concentrations (MICs) of C. jejuni F38011-derivative strains
determined by broth microdilution method (n=3).
Strains
Wildtype
KanR
CmR

5.3.2

MICs of selected antimicrobials (µg/mL)
Kanamycin
Chloramphenicol
16
2
>256
2
16
64

HGT was dependent on bacterial growth mode and incubation time
HGT between C. jejuni strains has been reported in liquid shake culture (176) and

chickens (199), contributing to bacterial genetic diversity and AMR evolution. We hypothesized
that HGT between C. jejuni F38011 isogenic AMR strains could also occur in the biofilm state.
To test this hypothesis, equal concentrations of C. jejuni F38011 KanR and F38011 CmR isolates
were mixed and inoculated into a polystyrene 24-well plate. The plate was statically incubated
for 24-72 h under an optimal growth condition [i.e., 37°C, microaerobic, Muller-Hinton (MH)
broth]. To monitor the emergence of HGT, biofilm sessile cells were enzymatically removed
from the 24-well plate using 1% trypsin-EDTA solution and subsequently spread onto MH agar
supplemented with 5% defibrinated sheep blood (MHBA), chloramphenicol (20 µg/mL), and
kanamycin (50 µg/mL). Prior to harvesting the sessile cells, the supernatant in the 24-well plates
was also enumerated, reflecting the mixture of newly developed AMR mutants in planktonic
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state and the one released from biofilms to environmental niches. In parallel, the co-cultures of
KanR and CmR isolates were incubated in shaking glass tubes to represent the planktonic state.
Regardless of the time, a significantly higher frequency of dual-resistance (KanR + CmR)
mutants was observed in biofilms than that of planktonic state (P < 0.05), with an increase
ranging from 6.4 to 17.5 fold (Figure 5.2). The dual-resistance mutants were randomly selected
for PCR and all tested isolates acquired both aph-A3 and cat genes, confirming the role of HGT
on AMR evolution (data not shown). In biofilms, KanRCmR dual-resistance mutants appeared
soon after 24-h post-inoculation (the first sampling time) at a frequency of 2.71×10-8 per total
cells and increased to the maximal and stable frequencies during 48-72 h (i.e., ~ 4×10-7) (Figure
5.2). In contrast, no detectable HGT mutants were identified in the planktonic population at 24 h,
as shown in Figure 5.2. The HGT frequency of shaking liquid culture peaked at 72 h with a
value of 7.01×10-8, which might be contributed by both free-floating planktonic cells and visible
biofilm flocs in the glass tube. Taken together, biofilm sessile cells of C. jejuni F38011
performed HGT more frequently and rapidly than their planktonic counterparts.

123

Figure 5.2 HGT frequency of C. jejuni F38011 KanR and CmR strains under optimal
growth condition (37°C, Difco MHB, microaerobic condition). One-way ANOVA followed
by Games-Howell test was conducted to determine the significant differences between different
modes of growth (*P <0.05; **P<0.01). Mean and standard deviation (i.e., error bars) were
calculated from six independent experiments.
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5.3.3

Biofilms readily released the newly developed AMR mutants into the environment
In addition to the increased efficiency of HGT within the biofilms, we also identified a

prominent number of KanR CmR dual-resistance mutants in the growth medium of the same
system, with the HGT frequencies increasing from 9.45×10-9 to 1.28×10-6 as a function of
incubation time (Figure 5.2). The presence of dual-resistance mutants in the biofilm supernatant
might not solely rely on gene transfer between supernatant cells, since the HGT frequencies in
the biofilm supernatant were significantly higher (P < 0.01) than the ones in planktonic cells
(Figure 5.2) even though both were regarded as a free-floating planktonic state. C. jejuni
biofilms have been previously reported to liberate relatively high numbers (~106 CFU/mL) of
viable cells into the environment (194). This spontaneous releasing model was in line with our
results in Figure 5.2, where HGT frequencies in the biofilm supernatant increased
simultaneously along with biofilm sessile cells.
The presence of external flow forces could facilitate the spontaneous release of biofilm
cells. To address this possibility, we replaced the growth medium every 24 h to mimic the
recurrence of food juice on contact surfaces, serving as nutrients for biofilm formation and
mechanical forces for biofilm dispersal. With the addition of fresh MHB, C. jejuni single- and
dual-resistance mutants in the biofilms were readily released into the solution (Figure 5.3),
generating new populations of planktonic cells. Once entering the planktonic state, dualresistance C. jejuni F38011 had similar growth rates as the single-resistance strains (Figure 5.4).
With the presence of mechanical forces (i.e., adding fresh MHB), the proportion of released
HGT mutants in the total population was negatively associated with biofilm age. When biofilms
were 24-h old, the number of HGT mutants that were released into the fresh MHB was 7.1-time
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more than that shed in the biofilms (Figure 5.3). This explained the phenomenon that the HGT
frequency of biofilm supernatant cells was significantly higher (P < 0.05) than that of biofilm
sessile cells after an extra 24 h incubation (i.e., in total of 48 h) (Figure 5.2). The proportion of
released HGT mutants was highly diverse at the early biofilm formation stage (i.e., 24 h) (Figure
5.3), which might be due to the uneven distribution of limited HGT mutants in the biofilms.
While biofilms were grown for over 48 h, an equivalent amount of dual-resistance mutants was
obtained in the fresh MHB and biofilms (Figure 5.3), leading to comparable HGT frequencies
identified in the supernatant and biofilms at 72 h (Figure 5.2). Overall, C. jejuni biofilms could
liberate AMR mutants to the environment either spontaneously or under mechanical forces.

Figure 5.3 Release of HGT mutants from C. jejuni F38011 biofilms into the growth
medium. (A) Schematic illustration of the procedure to replace fresh Muller-Hinton broth
(MHB) every 24 h for biofilm cultivation. Briefly, the old supernatant was removed from the
wells of a 24-well plate, followed by gently adding 1 mL of fresh MHB into the wells. In the
HGT study, biofilms were incubated for an extra 24 h before the next sampling time. (B) After
adding fresh MHB into the cultivation wells, HGT frequencies in both growth medium and
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biofilm sessile cells were quantified by the plating assay. Since there was no time for HGT in the
supernatant, HGT mutants in MHB were judged to be the released cells from biofilms. We
normalized the HGT frequencies of released cells in the growth medium by the corresponding
biofilm sessile cells. Mean values of each time point are indicated by black solid lines. The red
dash line represents the equal frequency of HGT mutants in the released cell population and
biofilm sessile cells (ratio=1).

Figure 5.4 Growth curve of C. jejuni F38011 KanR and CmR strains, as well as their HGT
transformants. Each data point indicates the mean of two independent replicates.

5.3.4

Natural transformation played a major role in chromosomal genetic exchange in C.

jejuni biofilms
The evolution of AMR isolates may be caused by spontaneous mutation and/or HGT
(200). In this study, we first investigated whether spontaneous mutation contributed to the
presence of KanR CmR dual-resistance mutants in C. jejuni F38011 biofilms. Either C. jejuni
F38011 KanR or CmR biofilms were separately cultivated in 24-well plates for 72 h. No dual127

resistance mutants were recovered from biofilm cells after streaking onto MHBA supplemented
with 50 µg/mL of kanamycin and 20 µg/mL of chloramphenicol (data not shown). It indicated
that spontaneous mutation was negligible in our experimental model. Next, we carried out a
DNase I assay to assess the role of natural transformation on the acquisition of dual-resistance
profiles. C. jejuni is generally regarded as having natural competence that can uptake eDNA
from the environment and integrate it into their chromosomes (175). Addition of DNase in
biofilm growth media could reduce the availability of eDNA, thus decreasing the efficiency of
natural transformation. In this study, we incubated the co-culture of C. jejuni F38011 KanR and
CmR strains in 24-well plates for 48 h, with the presence of 0 or 100 unit/mL of DNase I. As
shown in Figure 5.5, HGT frequency significantly declined in the DNase I-treated biofilms (P <
0.001), while total sessile cell numbers were not affected. Besides, the genome of C. jejuni
F38011 lacks plasmids and prophages, ruling out the possibility of conjugation (201) and
transduction (202) in the evolution of AMR. In conclusion, natural transformation was the
driving force in the spread of AMR genes in C. jejuni F38011 biofilms under the current
laboratory settings.
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Figure 5.5 DNase I treatment for C. jejuni F38011 KanR + CmR biofilms at 48 h. The HGT
frequency (A) and biofilm sessile cell counts (B) were quantified by the plating assay. Student’s
t-test was performed for statistical analysis (NS indicates P > 0.05). Mean and standard deviation
(i.e., error bars) were calculated from six independent replicates.

5.3.5

Relevance between biofilm characteristics and gene transfer rates
To understand the interconnection between biofilms and HGT, we characterized the

temporal profiles of biofilm properties within 72 h and correlated them to HGT rates. The target
biofilm properties included cell density, metabolic activity, biofilm biomass, and eDNA amounts
(Figure 5.6). For C. jejuni planktonic cells, the levels of transformation were previously
identified to arise at increased cell density when co-cultivating two C. jejuni 81-176 AMR
marker strains in shaking liquid (176). To assess if cell density of biofilms was correlated with
HGT frequency, we quantified the total cell population in C. jejuni F38011 KanR/CmR biofilms
by the plating assay. Figure 5.6A showed that the total cell counts in biofilms kept constant
during the entire incubation period (24-72 h), whereas HGT frequencies increased from 24 h to
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48 h (Figure 5.2). In other words, cell density in C. jejuni biofilms could not explain the change
of HGT efficiency over time.

Figure 5.6 Characterization of biofilms during HGT. Total biofilm cell numbers were
quantified by the plating assay (A). 2,3,5-triphenyl tetrazolium chloride (TTC) assay was carried
out to determine the metabolic activity of biofilm cells (B). Crystal violet staining assay was
used to determine biofilm biomass (C). Extracellular DNA (eDNA) within biofilms was
quantified by fluorescent SYBR green I dye at an excitation wavelength of 485 nm and an
emission wavelength of 535 nm (D). Pearson correlation analysis was performed to assess the
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correlation between HGT frequency and biofilm eDNA concentration (E). One-way ANOVA
followed by Tukey’s test was used to determine the statistical difference among different
incubation times (* P < 0.05; NS, no significance).

A previous study reported that the natural transformation of C. jejuni NCTC 11168 at the
planktonic state was an energy-dependent process (22). To test if this is a case for C. jejuni
biofilms, we determined the metabolic activity of biofilm sessile cells using a 2,3,5-triphenyltetrazolium chloride (TTC) assay. TTC is one of the most widely used reagents in biology for
measuring the metabolic activity of cells. When cells are metabolically active, they can convert
colorless TTC solution to a deep red formazan derivative that can be easily quantified by
colorimetric-based spectrometry (197). In this study, no significant difference (P > 0.05) was
observed between the absorbance values of the TTC assay at different incubation time periods
(Figure 5.6B). This result did not follow the same trend of HGT frequencies at the
corresponding time points (Figure 5.2), suggesting the lack of correlation between metabolic
activity and HGT in C. jejuni biofilms.
Besides sessile cells, biofilms also consist of extracellular polymeric substances (EPS)
that are responsible for the three-dimensional architecture of biofilms (203). EPS keep the
embedded biofilm cells close to each other, thus allowing for intense interactions such as cellcell communication and gene transfer (204, 205). In most biofilms, EPS account for over 90% of
the dry mass, while sessile cells only occupy less than 10% (205). To explore the relevance
between biofilm biomass (i.e., a sum of EPS and cells) and HGT, we performed a crystal violet
staining assay on C. jejuni F38011 KanR/CmR co-cultured biofilms. The crystal violet dyes
unspecifically bind to the molecules with negative charges that are found on both biofilm sessile
cells and EPS (206). According to Figure 5.6C, the quantity of biofilm biomass was unchanged
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from 24 h to 72 h, and thus, did not show a correlation with increased HGT frequencies over
time.
We identified a negative correlation between eDNA concentrations and HGT frequency
in C. jejuni F38011 KanR/CmR co-cultured biofilms, with a Pearson correlation coefficient of 0.669 and a P-value of 0.011 (Figure 5.6D and E). The eDNA concentration was about 2-fold
higher in the 24-h old biofilms than that during 48-72 h (Figure 5.6D), whereas the HGT
frequencies at 48-72 h were significantly higher (P< 0.05) than that at 24 h (Figure 5.2). This
phenomenon was in agreement with the observations of the first Campylobacter natural
transformation study (175). Each naturally competent Campylobacer cell could probably take up
an average of two DNA molecules from the environment (175). We speculated that the 2-fold
reduction of eDNA in biofilms during 24-48 h was due to eDNA uptake of C. jejuni cells,
resulting in the increased prevalence of dual-resistance mutants.

5.3.6

Campylobacter HGT occurred in intra-species and dual-species biofilms
Broiler chickens and retail meat products are usually colonized or contaminated by

multiple strains of C. jejuni (207, 208), providing a diverse genetic pool for HGT. To assess the
intra-species genetic exchange, we cultivated the biofilms from two marker strains with different
genomic backgrounds (F38011 and NCTC 11168; Table 5.1) and determined the HGT
frequencies using the plating assay. Figure 5.7 demonstrates the HGT results of four types of
biofilms: (i) F38011 KanR and CmR (FKFC), (ii) NCTC 11168 KanR and CmR (1K1C), (iii) F38011
KanR and NCTC 11168 CmR (FK1C), and (iv) NCTC 11168 KanR and F38011 CmR (1KFC). HGT
frequencies varied among the different C. jejuni strains. Specifically, C. jejuni NCTC 11168 had
significantly higher levels of HGT than F38011 after incubating for 48 h and 72 h (P < 0.05).
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When F38011 and NCTC 11168 were mixed (i.e., FK1C or FC1K), their HGT frequencies fell into
the range of isogenic-strain biofilms (i.e., FKFC, 1K1C) for up to 48 h. Interestingly, the dualstrain FK1C biofilms significantly facilitated the HGT at 72 h post-inoculation (P < 0.05) when
compared to the isogenic-strain biofilms (i.e., FKFC, 1K1C). At 72 h, the HGT frequencies of FK1C
biofilms were 381-fold and 9-fold more than F38011 and NTCT 11168 biofilms, respectively.
However, the total cell numbers of different biofilm combinations were similar (Figure 5.8),
indicating that the increased HGT in FK1C biofilms was not due to the change of bacterial cell
density.

Figure 5.7 Horizontal gene transfer (HGT) in dual-strain C. jejuni biofilms. Different
combinations of C. jejuni strains F38011 and NCTC 11168 were co-cultivated in 24-well plate at
37°C under microaerobic condition, including the biofilms containing F38011 KanR/CmR
(FKFC), NCTC 11168 KanR/CmR (1K1C), F38011 KanR/NCTC 11168 CmR (FK1C), and NCTC
11168 KanR/F38011 CmR (1KFC). One-way ANOVA followed by Tukey’s test (equal variance)
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or Dunnett’s T3 test (unequal variance) were performed to determine the statistical difference
among four groups at defined time points (P < 0.05; Sample groups with different letters indicate
that they have significantly different HGT frequencies). Mean and standard deviation (i.e., error
bars) were calculated from three independent replicates.

Figure 5.8 Total cell counts of dual-strain biofilms. Different combination of C. jejuni strains
F38011 and NCTC 11168 were co-cultivated in 24-well plate at 37°C under microaerobic
condition, including biofilms containing F38011 KanR/CmR (FKFC), NCTC 11168 KanR/CmR
(1K1C), F38011 KanR/NCTC 11168 CmR (FK1C), and NCTC 11168 KanR/F38011 CmR
(1KFC). Statistical analysis was conducted by performing one-way ANOVA with Tukey’s test
(equal variance) or Dunnett’s T3 test (unequal variance). NS indicates no significant difference
(P > 0.05) among four biofilm groups at defined incubation time. Mean and standard deviation
(i.e., error bars) were calculated from three independent experiments.

In addition to monospecies biofilms, C. jejuni is believed to survive in the natural
environment through colonizing the biofilms that consist of multiple species cultures such as
Escherichia coli (209) and Salmonella enterica (50). To investigate whether dual-species
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biofilms affect the genetic exchange of C. jejuni, we cultivated C. jejuni F38011 KanR and CmR
strains in the presence of E. coli K12 or S. Enteritidis 3512H in 24-well plates. HGT frequency
and Campylobacter growth profiles were displayed in Figure 5.9. C. jejuni F38011 had different
trends of HGT when encountered different compositions of biofilm populations. The E. coli-C.
jejuni biofilms facilitated the transmission of AMR genes between C. jejuni F38011 KanR and
CmR strains, resulting in the HGT frequency of 2.15×10-8 at 24 h and 3.47×10-8 at 48 h (Figure
5.9A). No KanRCmR dual-resistant transformants were observed in E. coli-C. jejuni biofilms at
72 h (Figure 5.9A), which might be due to the induction of VBNC cells and/or the suppression
of C. jejuni growth with the presence of E. coli (Figure 5.9B). In comparison, KanR CmR dualresistant transformants were identified in the supernatant of E. coli-C. jejuni biofilm system
during the incubation period up to 72 h (Figure 5.9A). When co-cultivated with S. enterica, C.
jejuni in biofilm supernatant randomly performed HGT at the early stage of biofilm formation
(i.e., 24 h) (Figure 5.9C). However, gene transfer in biofilm sessile cells was negligible within
72 h (Figure 5.9C), as only limited numbers of C. jejuni cells had culturability (104-106
CFU/mL; Figure 5.9D). In contrast, there were >107 CFU/mL of culturable C. jejuni cells in the
mono-species biofilms (Table 5.5). This result cannot exclude the possibility of HGT in S.
enterica-C. jejuni biofilms, considering that the HGT frequency (if there is any) might be below
the detection limit of plating assay (i.e., <1 CFU of transformant per 104-106 CFU of total
population). Moreover, C. jejuni did not transfer KanR or CmR genes to other genus, as E. coli
and S. enterica cultures obtained from dual-species biofilms could not grow on kanamycin- or
chloramphenicol-containing agar plates (data not shown).
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Figure 5.9 Horizontal gene transfer (HGT) of C. jejuni in dual-species biofilms. Equal
concentrations of C. jejuni F38011 (KanR and CmR) and non-Campylobacter were cultivated in
24-well plates at 37°C under the microaerobic condition. HGT frequency and total
Campylobacter concentration were determined for dual-species biofilms containing E. coli
K12/C. jejuni F38011 (panels A, B) or S. Enteritidis 3512H/C. jejuni F38011 (panels C, D). For
the HGT study, Student’s t-test was conducted to determine the statistical difference between
groups (*, P < 0.05). For Campylobacter cell counts, one-way ANOVA followed by Tukey’s test
(equal variance) or Dunnett’s T3 test (unequal variance) were performed to determine the
statistical difference between groups (P < 0.05). Different lower-case letters indicate significant
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differences between different ages of biofilm sessile cells and different upper-case letters
indicate significant differences between different ages of biofilm supernatant cells. Mean and
standard deviation (i.e., error bars) were calculated from four independent replicates.

Table 5.5 The ratio of eDNA to bacterial cell counts in C. jejuni F38011 biofilms a.

a

Time (h)

eDNA weight
(µg)b

Number of
eDNAc

Total bacterial
counts (CFU)

24
48
72

0.230
0.123
0.124

1.33×108
7.10×107
7.12×107

7.15×107
6.72×107
6.20×107

The ratio of
eDNA: bacterial
cells
1.85
1.06
1.15

The equal concentration (~108 CFU/mL) of C. jejuni F38011 KanR and CmR isogenic strains

were inoculated into 24-well plates for biofilm formation. The plates were incubated at 37°C
under the microaerobic condition.
b

eDNA weight per well was determined by SYBR Green I staining assay.

c

The number of C. jejuni F38011 eDNA per well was calculated using an open-access DNA

calculator: http://www.molbiotools.com/dnacalculator.html. We assumed the eDNA in biofilms
was still intact and one piece of eDNA was regarded as one chromosomal DNA. As a result,
5.76×108 copies of C. jejuni F38011 chromosomal DNA weight 1 µg.

5.3.7

Discussion
In this study, we constructed a natural transformation model by co-cultivating C. jejuni

KanR and CmR strains in biofilms to allow eDNA uptake and chromosomal recombination
(Figure 5.2). We confirmed the role of transformation in the appearance of KanRCmR dualresistant mutants in C. jejuni F38011 biofilms by using PCR (data not shown), spontaneous
mutation assay (data not shown), and DNase I treatment assay (Figure 5.5). This co-culture
transformation model has two major advantages for biofilm study over the traditional C. jejuniDNA model, which was extensively used to investigate the natural transformation of C. jejuni in
the planktonic state (22, 175, 176, 210). Firstly, the direct addition of gDNA into C. jejuni
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culture does not fully mimic the entire HGT process in the real environment, as DNA release is
the first step of transformation and provides the sources of AMR genetic pools. Secondly, the
rate of natural transformation of gDNA in bacterial biofilms, such as P. aeruginosa, is usually
higher than that of eDNA (184). This difference might be due to the degradation of eDNA in
bacterial culture, while gDNA remained intact after extraction from commercial kits (184).
Using a co-culture transformation model could better reflect the temporal dynamics of eDNA
generation and degradation in C. jejuni biofilms, leading to a more accurate estimate of HGT
frequency.
Almost all previous studies of C. jejuni transformation only focused on investigating
planktonic cells. For example, the mixture of C. jejuni 81-176 isogenic KanR and CmR strains in
Bolton broth showed the transformation frequencies ranging from 9.0×10-10 to 1.4 ×10-8 under
10% CO2 (176). Svensson and others discovered a rapid evolution of transformants after 8 h
post-inoculation of two C. jejuni 81-176 isogenic AMR strains in MH broth (211). In another
study, C. jejuni NCTC 11168 KanR and CmR strains were cultivated in biphasic MH broth for 5
h, generating dual-resistant transformants at the frequency of 0.028% (177). Our current study
demonstrated that the planktonic culture of C. jejuni F38011 KanR and CmR strains in MH broth
did not contribute to detectable transformation after 24 h post-inoculation, but generated the
KanRCmR dual-resistant mutants after 48 h at the frequency of 10-8 (Figure 5.2). The variation of
HGT frequencies in different studies might be caused by the inconsistency in C. jejuni strains
and growth media (175).
The current study filled a knowledge gap that C. jejuni had different HGT efficiencies at
different modes of growth, including planktonic cells, biofilm sessile cells, and biofilm
supernatant cells. Only two studies have reported the transformation of C. jejuni biofilm sessile
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cells or supernatant culture, and both studies lacked a systematic comparison between biofilms
and planktonic lifestyles. Brown and co-authors developed C. jejuni NCTC 11168 and 81116
biofilms for 48 h in the presence of 2 µg of C. jejuni gDNA carrying CmR gene and identified
that chloramphenicol-resistant cells were present in both biofilms and biofilm supernatant (187).
Bae and colleagues inoculated the mixed-culture of C. jejuni NCTC 11168 KanR and CmR strains
into microwell plates and monitored the emergence of KanRCmR C. jejuni in biofilm supernatant
culture (27). Their study demonstrated that the transformation frequency of biofilm supernatant
cells reached ~1.4×10-6 at 48 h, about 6.5-fold higher than that at 24 h (27). Similarly, our study
validated that extensive transformation occurred in C. jejuni co-cultured biofilms with a
frequency up to the magnitude of 10-6 (Figure 5.2). The transformation rate increased as the
function of time and stayed stable when biofilms became mature at 48-72 h (Figure 5.2). Our
results support the hypothesis that C. jejuni biofilms performed significantly (P < 0.05) more
transformation than planktonic cells regardless of time (Figure 5.2). This finding is consistent
with other bacterial models, such as P. aeruginosa (184) and Streptococcus spp. (26, 212).
Besides, we revealed the mechanism that the presence of transformants in biofilm supernatant
culture was due to the continuous shedding of transformants from biofilms (Figure 5.2, Figure
5.3). This release model agrees with the findings of a previous study (194). Overall, our study
demonstrates that the influence of HGT on C. jejuni AMR evolution might be under-estimated,
as previous studies focused on C. jejuni planktonic lifestyle rather than biofilms.
We discovered that the level of HGT in C. jejuni biofilms was not correlated to cell
density, biofilm biomass, and metabolic activity (Figure 5.6A-C). This finding is in contrast to
the HGT in C. jejuni planktonic cells, which was related to bacterial concentration and growth
phase (22, 176). The differences observed in our study of biofilms and the aforementioned
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studies of planktonic cells might be associated with the use of different transformation models
(co-cultured cells vs. cell-DNA), as well as distinct transcriptional patterns between biofilms and
planktonic cells (213). Regarding biofilm matrix, previous studies reported that the gene transfer
rate of human pathogen Neisseria gonorrhoeae was independent of biofilm biomass and
roughness (214), whereas EPS porosity and biovolume showed intermediate correlations (R =
±0.5, P < 0.05) with the transformation of plasmids in Acinetobacter baylyi biofilms (215).
Taken together, other factors remain to be explored to further understand the correlation between
C. jejuni HGT and biofilm characteristics in the future, such as biofilm architecture (215) and
expression level of transformation-associated genes (216–218).
The eDNA plays a critical role in the AMR evolution of C. jejuni. Svensson and coauthors reported that the cultivation conditions that increased DNA release (e.g., with the
presence of bile salt) also promoted chromosomal recombination between two C. jejuni strains in
shaking liquid cultures (211). On the other hand, DNase I treatment (200 µg/mL) caused a 10fold reduction in the transfer of chromosome-encoded AMR determinants from Helicobacter
pylori to C. jejuni (219). Regarding C. jejuni biofilms, our current study demonstrates that
DNase I-treated C. jejuni F38011 biofilms had a significant reduction (P < 0.05) on HGT
between F38011 KanR and CmR strains (Figure 5.5), indicating that eDNA is a key vehicle of
AMR transmission. The release of eDNA in C. jejuni biofilms could be the result of bacterial
autolysis (50, 211). Interestingly, the amount of eDNA in C. jejuni biofilms decreased from 24 h
to 48 h (Figure 5.6D), whereas the HGT frequencies increased during the same period (Figure
5.2). The negative correlation between eDNA and HGT frequencies (Figure 5.6E) might be due
to that multiple eDNA was expected to be uptaken by C. jejuni (175), resulting in fewer eDNA
recovered from biofilms at 48 h. This assumption could also explain the coincidence of
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unchanged HGT frequency and eDNA amount in C. jejuni biofilms from 48 h to 72 h, when no
new HGT event occurred (Figure 5.2, Figure 5.6D). Moreover, we estimated that approximately
one to two C. jejuni genome was available to one C. jejuni F38011 cells in biofilms (Table 5.5).
This is more than what has been described for C. jejuni planktonic cultures, in which the ratio of
extracellular genomes: bacterial cells was about 1: 100 (22). Compared to the planktonic state, a
stronger accumulation of DNA in biofilms is hypothesized to promote more transformation,
which was confirmed by our current study (Figure 5.2) as well as previous reports (24, 186).
C. jejuni strains have diverse natural competence levels and transformation ability (175).
When inoculated with the same C. jejuni chromosomal DNA, different C. jejuni isolates showed
strong (10-3), relatively weak (10-4), or even no transformation (175). The distinct transformation
performances were partially related to the presence of DNase-encoded genes, such as cje0256
(also known as dns), in some C. jejuni genomes (55). In the current study, we tested both C.
jejuni strains F38011 and NCTC 11168 and conducted the transformation in biofilms (Figure
5.7). Both tested strains lack the three known DNase-encoded genes (i.e., dns, cje0556, and
cje1441) (221) on their genomes. The HGT frequencies of C. jejuni NCTC 11168 biofilms were
significantly higher than that of F38011 biofilms (P < 0.05), with a difference up to 130 folds
(Figure 5.7). The different HGT levels were not due to the change of biofilm cell density as no
significant difference (P > 0.05) was identified between different dual-strain combinations
(Figure 5.8). Future work will be performed to reveal the mechanisms of HGT variation among
different strains, such as the transcriptional levels of transformation genes (220). Besides, there
was no intra-species barrier between C. jejuni F38011 and NCTC 11168 for genetic exchange in
biofilms (Figure 5.7). Co-cultivation of F38011 KanR and NCTC 11168 CmR strains induced
significantly higher HGT frequencies (P < 0.05) than biofilms consisting of isogenic strains at 72
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h (i.e., a mixture of F38011 KanR and CmR, or a co-culture of NCTC 11168 KanR and CmR)
(Figure 5.7). This enhanced HGT scenario agreed with the previous observations that C. jejuni
could uptake chromosomal DNA released from other C. jejuni strains more efficiently than their
self-DNA (176), although the mechanisms for this remain unclear. Our data suggest that cocultivation of different C. jejuni strains in the same niches could have a synergistic effect on the
genetic exchange, fostering the transmission of AMR traits.
C. jejuni has been recovered from mixed-culture biofilms in food-related environments,
such as broiler chicken carcasses (180, 222), tap water system (181, 223), and chicken houses
(179). As a common bacterium in the meat industry, C. jejuni was previously cultured in the
mixed-culture biofilms containing E. coli or S. enterica (50, 188, 195). In the current study, C.
jejuni F38011 AMR strains developed mixed-culture biofilms with either E. coli or S. enterica.
The survival of C. jejuni in dual-species biofilms depended on the type of companion strains.
When co-cultivating with E. coli, comparable cell counts (~108 CFU/mL) of C. jejuni and E. coli
were identified in biofilms at 24 h, but E. coli started dominating the biofilms after 48 h and the
number of C. jejuni cells declined (Figure 5.9B, Figure 5.10A). In S. enterica-C. jejuni biofilms,
C. jejuni population was about 10 to 1000-fold less than S. enterica during the entire course of
incubation (Figure 5.9D, Figure 5.10B). C. jejuni cells were identified to enter a viable-but-nonculturable state in the mixed-culture biofilms as incubation time increased (179), possibly
explaining the reduction of culturable C. jejuni in the current study.
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Figure 5.10 Total cell counts of non-Campylobacter pathogens when co-cultivating with C.
jejuni in dual-species biofilms. One-way ANOVA was performed to determine the statistical
difference (P < 0.05) between incubation times at certain growth modes (i.e., biofilm sessile cells
or supernatant cells). Mean and standard deviation (i.e., error bars) were calculated from four
independent replicates.

Although less culturable C. jejuni were recovered from dual-species biofilms than
monoculture biofilms (Figure 5.6A, Figure 5.9), we observed gene transfer between C. jejuni
F38011 KanR and CmR strains in E. coli-C. jejuni biofilms with HGT frequency of ~ 10-8 (Figure
5.9A). In comparison, no detectable transformants were obtained in S. enterica-C. jejuni
biofilms, whereas random HGT was identified in biofilm supernatant culture at 24 h (Figure
5.9C). It is worth noting that the relatively low but significant HGT frequencies in dual-species
biofilms still pose concerns to food safety and public health since C. jejuni transformants may
undergo cell division and establish themselves in favorable new niches (224). Furthermore, the
lack of detectable HGT in S. enterica-C. jejuni biofilms might be due to the inactivation of C.
jejuni, but we cannot exclude the possibility of HGT as the traditional plating assay cannot
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cultivate the transformants if they enter the viable-but-non-culturable state. In a study conducted
by Hausner and coauthors, classical plating techniques revealed a 1000-fold fewer transfer rate
than confocal laser scanning microscopy when monitoring the dissemination of green fluorescent
protein-encoded plasmids from E. coli to soil bacterium Ralstonia eutropha (225). The plating
assay is easy-to-operate and cost-effective, but sacrifices with the relatively low detection limit
and the inability of detecting non-culturable cells. To avoid the technical barrier of the plating
assay, in-situ, real-time studies could be performed in the future by using fluorescence genes as
genetic markers and monitoring natural transformation in C. jejuni biofilms through fluorescence
imaging coupled with microfluidic “lab-on-a-chip” technique (226).
Antimicrobial selective pressure is not a mandatory driving force for the dissemination of
AMR in C. jejuni. Our current study identified prominent transmission of KanR and CmR genes
in C. jejuni mono-species and dual-species biofilms in the absence of antibiotics (Figure 5.2,
Figure 5.7, Figure 5.9). Qin and coauthors were able to transfer an aminoglycoside-resistance
genomic island (~10.6 kb) from C. coli to C. jejuni via natural transformation without the
presence of antibiotics, conferring high-level resistance to aminoglycoside antibiotics such as
kanamycin and streptomycin (227). The aminoglycoside-resistance genomic island remained
stable and functional in C. jejuni transformants after 14 passages in antibiotic-free media (227).
The spread of neutral and weakly deleterious AMR genes outside antibiotic-selected settings was
believed to introduce genetic variation and potentiate adaptation to future antimicrobial
challenges in Helicobacter pylori, which belongs to the Campylobacterales order (228).
Altogether, the strong ability of C. jejuni to spread and maintain AMR determinants without any
selective pressure partially explained the broad and rapid evolution of multi-drug resistance
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among C. jejuni isolates in livestock, sewage, and human community (165). Once AMR is
established, it is highly challenging to completely remove AMR from C. jejuni population.

5.4

Conclusion
Our study systematically investigated the HGT in C. jejuni biofilms. Compared to the

planktonic state, C. jejuni biofilms demonstrated significantly higher (P < 0.05) HGT
frequencies. The factors that impacted HGT frequencies in biofilms included incubation time, C.
jejuni strains, and species composition of mixed-culture biofilms. Extracellular DNA played a
major role in the natural transformation of C. jejuni biofilms, whereas biofilm cell density,
biofilm biomass, and cell metabolic activity showed no correlation with the altered HGT
frequencies. Moreover, C. jejuni biofilms carried out HGT in the lack of antibiotic selective
pressure, indicating that it is able to create a diverse gene pool for genomic recombination,
adaptation, and evolution. Our results emphasize that biofilms should be the controlling target
for the elimination of C. jejuni AMR in the agri-food continuum and clinical settings. On the
other hand, the current study was conducted by incubating the engineering AMR strains under
optimal growth conditions. Future studies can further explore the extent of HGT between
naturally occurred AMR strains or under different environmental factors (e.g., temperature,
oxygen content), mimicking the real-world conditions that C. jejuni biofilms reside.
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Chapter 6: Conclusion and future directions
Campylobacter has been recognized as a major foodborne pathogen worldwide. An
increasing frequency of antimicrobial-resistant Campylobacter is identified to transmit from food
products to humans and causes severe threats to public health. To better mitigate antimicrobial
resistance (AMR) crisis, this dissertation focused on (i) developing rapid and cost-effective
detection methods for Campylobacter AMR isolates, including microfluidic lab-on-a-chip
devices (Chapter 2) and Raman-chemometrics approach (Chapter 4); (ii) establishing an
integrated AMR surveillance program (Chapter 3); (iii) revealing phenotypic AMR mechanisms
using Raman-chemometrics approach (Chapter 4); and (iv) understanding the transmission of
AMR genes in Campylobacter biofilms (Chapter 5).

6.1

Main findings
In Chapter 2, a polymer-based microfluidic device was developed for the identification

and antimicrobial susceptibility testing (AST) of Campylobacter. An array of bacterial
incubation chambers was created in the microfluidic device, where chromogenic medium and
antibiotics were loaded. The growth of Campylobacter was visualized by the color change due to
chromogenic reactions. This platform achieved 100% specificity of Campylobacter
identification. Sensitive detection of multiple Campylobacter species (i.e., C. jejuni, C. coli, and
C. lari) was obtained in artificially contaminated milk and poultry meat with a detection limit
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). High coincidences (91-100%) of on-chip AST
and the conventional agar dilution method were achieved against several clinically important
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antibiotics. For a presumptive colony, the on-chip identification and AST were completed in
parallel within 24 h, whereas standard methods take several days for multiple sequential steps
including biochemical assays and traditional culture-based AST. This lab-on-a-chip device can
achieve rapid and reliable detection of antibiotic-resistant Campylobacter.
In Chapter 3, the limitations of traditional AMR surveillance systems, such as laborintensive testing and incompetent data integration from multiple laboratories, were addressed by
establishing real-time AMR trend reporting through the internet of things (IoT). Colorimetricbased microfluidic chips (developed in Chapter 2) were fabricated to determine the AMR
profiles of Campylobacter. A portable colorimetric sensing system was built to incubate and
monitor on-chip antimicrobial susceptibility testing, followed by automated data analysis via
machine learning. The convolutional neural network CNN-ResNet50 model achieved a 99.5% of
accuracy in classifying bacterial growth and inhibition patterns. This IoT approach was
performed in a small-scale survey study, identifying 8 Campylobacter isolates out of 35 chicken
samples. A 96% of agreement on Campylobacter AMR profiles was achieved between the IoT
approach and the conventional broth microdilution method. Data collected from the intelligent
sensors were transmitted from local computers to a cloud server, facilitating real-time data
collection and integration. A web browser was developed to demonstrate the spatial and temporal
AMR trends to end-users. This rapid, cost-effective, and portable approach can monitor, assess,
and mitigate the burden of bacterial AMR in the agri-food chain.
Chapter 4 demonstrates a Raman spectroscopy-based metabolomic approach to rapidly
determine the AMR profile of Campylobacter jejuni. C. jejuni isolates with susceptible and
resistant traits to ampicillin and tetracycline were subjected to different antibiotic concentrations
for 5 h, followed by Raman spectral collection and chemometric analysis [i.e., second-derivative
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transformation analysis, hierarchical clustering analysis (HCA), and principal component
analysis (PCA)]. The MICs obtained by a 2nd derivative transformation agreed with the reference
agar dilution method for all isolates. AMR profile of C. jejuni was accurately classified by the
Raman-HCA after treating bacteria with antibiotics at clinical susceptible and resistant
breakpoints. According to PCA loading plots, the susceptible and resistant strains showed
different Raman metabolomic patterns to antibiotics. Ampicillin-resistant isolates had distinctive
Raman signatures of peptidoglycan that are related to cell wall synthesis. The ratio of saturated
to unsaturated fatty acids in the lipid membrane layer of ampicillin-resistant isolates was higher
than the susceptible ones, indicating a more rigid envelope structure under ampicillin treatment.
In comparison, tetracycline-resistant isolates exhibited prominent Raman spectral features
associated with proteins and nucleic acids, demonstrating more active protein synthesis than
susceptible strains with the presence of tetracycline. Taken together, Raman spectroscopy is a
powerful technique for revealing AMR profiles and mechanisms of foodborne pathogens.
Chapter 5 filled the knowledge gap about the horizontal gene transfer (HGT) in C. jejuni
biofilms, which serves as the main survival strategy of this microbe in the farm-to-table
continuum. A co-cultivation model was developed to investigate the HGT of chromosomallyencoded AMR genes between two C. jejuni F38011 AMR mutants in biofilms. Compared to
planktonic cells, C. jejuni biofilms significantly promoted HGT (P < 0.05), resulting in an
increase of the HGT frequency by up to 17.5 folds. Dynamic studies revealed that the HGT in
biofilms increased at the early stage (i.e., from 24 h to 48 h) and remained stable in 48-72 h. The
biofilms continuously released the HGT mutants into their supernatant cultures, indicating
spontaneous dissemination of AMR mutants to broader niches. DNase I treatment confirmed the
role of natural transformation in genetic exchange. HGT was not associated with biofilm
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biomass, cell density, or bacterial metabolic activity, whereas the presence of extracellular DNA
was negatively correlated to the altered HGT frequencies. Besides, HGT in biofilms had a strainto-strain variation. A synergistic HGT effect was observed between C. jejuni with different
genomic backgrounds (i.e., C. jejuni NCTC 11168 chloramphenicol-resistant strain and F38011
kanamycin-resistant strain). C. jejuni performed HGT at a frequency of 10-7 in Escherichia coliC. jejuni biofilms, while HGT was not detectable in Salmonella enterica-C. jejuni biofilms.
These findings indicated that the risk and extent of AMR transmission among C. jejuni had been
underestimated, as previous HGT studies mainly focused on the planktonic state.

6.2

Future directions
In future work, several approaches can be performed to improve the performance of

detection and surveillance, as well as to understand the spread of AMR genes in food-related
environments.
Firstly, a high-throughput microfluidic sensor can be designed to simultaneously test
more clinically important antibiotics. The device developed in Chapter 2 determined the
susceptibilities of Campylobacter against three representative antibiotics, while nine antibiotics
from seven different classes are routinely included in Canadian AMR surveillance programs
(33). This goal can be easily achieved by customizing more bacterial incubation chambers in the
microfluidic chips.
Secondly, the IoT-based AMR surveillance system was only validated in one laboratory
in the current study (Chapter 3). A large-scale pan-Canadian surveillance study can be
conducted in different regions with the same setup. It will not only assess the feasibility of the
IoT-based method on remote data collection and integration but also provide a more up-to-date
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AMR trend in the nation. As a result, evidence-based AMR management strategies can be
proposed.
Thirdly, surface-enhanced Raman spectroscopy can be applied to improve the sensitivity
of bacterial AMR studies. Although the conventional Raman spectroscopy used in Chapter 4
revealed the phenotypic responses of whole cells upon antibiotic treatments, this method had
relatively weak signals and required a relatively long time for bacterial cultivation until reaching
sufficient bacterial concentrations (144). In contrast, surface-enhanced Raman spectroscopy
enhances the signals by the order of 105-106 (229). Single-cell detection can be achieved to
reduce the analysis time and provide heterogeneous AMR information in the Campylobacter
population.
Last but not least, further studies can be performed to understand the extent of HGT in
Campylobacter biofilms in food-related environments. An optimal laboratory cultivation
condition was carried out in Chapter 5 to assess the role of biofilm in Campylobacter HGT.
Previous studies reported that extrinsic factors (e.g., temperature, atmosphere) could influence
the HGT efficiencies of Campylobacter planktonic cells (22, 176, 201). Besides, these
environmental factors also changed the abilities of bacterial attachment and biofilm formation
(222). Discovering the transmission of AMR genes in food-related environments will produce
more practical knowledge on the evolution of Campylobacter AMR, providing insights into the
intervention of Campylobacter-associated food safety issues.
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