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Microfluidic Technologies Using Oral
Factors: Saliva-Based Studies
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Annamarie Ciancio, and Lobat Tayebi

1 Introduction

Medical devices are essential for a proper diagnosis by healthcare providers.
Advances in medical devices and diagnoses in recent years have increased life
expectancy by up to 5 years and reduced many common diseases [1]. However,
people in developing countries do not have access to many new and expensive medi-
cal diagnostic technologies. For people who live far from medical laboratories, in
developed countries as well as developing countries, it is difficult to go to a well-
equipped lab for continuous (periodic) checkups. Microfluidic systems are designed
to process the measurements of small volumes of liquids without the need for an
expert, with relatively high sensitivity and speed. These unique features require cre-
ation of portable point-of-care (POC) medical diagnostic tools [2]. The advance-
ment of microfluidic devices, in conjunction with lower price for POC applications,
may provide instruments that can better serve the general population.

Microfluidic technologies, which are used in lab-on-a-chip (LOC) or
miniaturized-total-analysis systems, allow for many different laboratory operations
to be carried out on a small-scale portable chip [3]. Some microfluidic studies pro-
vide methods for shifting traditional macroscale assays to microscale portable
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assays [4]. Microfluidics has revolutionized POC diagnostic tools in the realms of
medical products, biology, bioengineering, microbiology, and chemistry. Revolution
in these fields can be considered similar to the revolution of integrated circuits in the
electronics industry, a keystone of modern electronics [5]. Microfluidics is currently
attempting to be implemented for use in monitoring devices for patients, detection
of bacteria, disease diagnostics, drug delivery systems, and microbial studies.

There are many advantages of implementing microfluidics. Some major advan-
tages include, but are not limited to, reducing sample volume, reducing consump-
tion of reagent, reducing consumption of dangerous materials and infectious sample,
decreasing risk of contamination, possibility of performing experiments in parallel,
controlling the flow rate and providing a dynamic environment, being timesaving,
and having low cost. Ultimately, microfluidic devices bring the capabilities of
advanced analytical techniques to deprived areas of the developing world where
common analytical labs do not exist [5, 6]. Microfluidic systems bring the labora-
tory to the patient and enable in situ monitoring of analytes.

Microfluidics has advantages over more traditional methods, such as enzyme-
linked immunosorbent assay (ELISA) and polymerase chain reaction (PCR); these
are used for the detection of proteins and small molecules and deoxyribonucleic
acid (DNA), respectively. These methods are costly, laborious, and time-consuming.
The ELISA requires multiple steps of washing and incubation, while PCR requires
thermal cycling. Both techniques should be performed by trained personnel and
require a large sample size [7].

This chapter aims to provide a review of microfluidics that has been developed
using oral factors. Most studies that have benefited from microfluidics in this field
have used saliva as a diagnostic fluid. Using saliva as a diagnostic fluid is advanta-
geous because it does not require highly trained personnel and its collection is non-
invasive. Saliva samples can be easily stored, and salivary biomarkers can be used
to evaluate some diseases and physiological conditions and/or progression of dis-
eases [8]. The primary focus of this paper is saliva-based studies, and this has been
subdivided according to the microfluidic technique: on microfluidic chip, paper-
based microfluidic devices, and smartphone-based microfluidic devices. The last
part of this study explores the application of microfluidics in early diagnosis of
cancer and biofilm studies.

2 Saliva as a Diagnostic Tool

The technology of using saliva instead of blood for the diagnosis of diseases is
rapidly developing. Interestingly, most studies that use saliva as a diagnostic fluid
are typically associated with systemic diseases, rather than localized oral diseases
[9, 10]. If the relationship between systemic diseases and the oral cavity is better
understood, it will strengthen the collaboration between medicine and dentistry.
Since the oral cavity is readily accessible, saliva and mucosal biopsy (transudate)
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are used for oral diagnostics [11, 12]. Most of the analytes found in the blood are
also secreted into the salivary fluid, specifically inorganic and organic materials
(carbohydrates, glycoproteins, lipids, etc.), drugs, and their metabolites. Moreover,
the collection method of saliva is easy, inexpensive, noninvasive, and safe for
patients and healthcare professionals [10]. In addition to its other advantages, this
approach requires small amount of saliva. It is rapid, portable, and appropriate for
POC testing [8, 13].

2.1 Detection of Disease on Microfluidic Chips

Herr et al. [13] demonstrated a microfluidic device to detect biomarkers that are
responsible for the progression of periodontal disease. In this study, they first bound
special antigens that exist primarily in saliva samples with antibodies labeled by
fluorescent receptors. Then, they separated antibody-bound antigens using electro-
phoretic assays. Detection was made using diode lasers.

Malamud [11] offered the feasibility of employing microfluidic devices with
saliva samples for detection of diseases like tuberculosis (TB), HIV, and malaria.

Chen et al. [14] made a platform for nucleic acid extraction from bacteria and
miniaturized the PCR process into a microfluidic device. In the final step, DNA was
labeled with upconverting phosphor to detect on the lateral flow strip.

Chen et al. [12], in an additional study, utilized a similar platform for the diagno-
sis of HIV infection as a model to investigate the simultaneous detection of both
viral RNA and human antibodies against HI'V. Highly sensitive reporter upconvert-
ing phosphor and high salt lateral flow (HSLF) assays were employed for antibody
detection. Three years later, Chen et al. designed a microfluidic device for early
detection of HIV disease in the “seroconversion window.” During the seroconver-
sion period, the viral load of HIV is highest, meaning the antibody is present but not
detectable [15].

Since thiocyanate is considered an important biomarker in human health evalua-
tion, finding a fast and reproducible way to analyze thiocyanate in bodily fluids is of
interest. Wu et al. [16] developed a droplet microfluidic device for thiocyanate
detection in real human saliva or serum using the surface-enhanced Raman scatter-
ing (SERS) technique. However, Pinto et al. [17] combined the immunoassay on a
polydimethylsiloxane (PDMS) microfluidic chip and employed the complementary
metal-oxide-semiconductor (CMOS) optical absorption system to detect the amount
of cortisol in human saliva (Fig. 16.1).

Table 16.1 summarizes the studies of saliva on chip-based microfluidics for
detection of infectious diseases. Other studies in this area have been done using
filter paper or smartphone technology, which is explained in Sects. 2.2 and 2.3 in
greater detail.
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Fig. 16.1 (a) Schematic image of the microfluidic immunosensor to detect salivary cortisol. (b)
PDMS microfluidic device [17]. (¢) Schematic image of a droplet microfluidic device for detection

of salivary thiocyanate [16]

Table 16.1 Summary of detection of infectious diseases based on saliva on microfluidic chips

Analyte of interest in Method of processing
saliva (comment) Method of detection Reference
Biomarkers of periodontal | Electrophoretic Laser-induced fluorescence | [13]
disease (TNF-p and IL-6) | immunoassays detector
B. cereus Microfluidic chip for Laser scanner on the lateral | [14]
PCR-based testing flow strip
Human antibodies against | Mixed/diluted with HSLF | Lateral flow assay (LFA) [12]
HIV and viral RNA assay buffer
Silica-based nucleic acid
purification
RT-PCR amplification
Human antibodies against | Mixed/diluted with HSLF | Lateral flow assay [15]
HIV and viral RNA assay buffer
A magnetic bead-based
process
Loop-mediated isothermal
amplification (LAMP)
Thiocyanate Mixed with gold-silver Surface-enhanced Raman | [16]
core-shell nanorods scattering (SERS)
Droplet microfluidics technique
Salivary cortisol PDMS microfluidic Colorimetric detection [17]

immunosensor

with CMOS
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2.2 Microfluidic Paper-Based Analytical Devices (uPADs)

Paper-based systems are considered an alternative rather than the main analytical
tools, which are practical for POC testing. These devices have gained popularity due
to their ease of use, ease of fabrication, and low cost.

pPPADs are built on a filter paper, which explains how they got the name lab-on-
a-paper devices, whereas lab-on-a-chip (LOC) devices are usually made of
polydimethylsiloxane (PDMS). Furthermore, pPADs do not require any external
forces because of capillary phenomenon, while LOC devices require external forces
for the movement of fluids. This system has been of interest due to the hydrophilic
nature of filter paper, passive fluid movement, biocompatibility, and disposability.
Various methods have been introduced for the fabrication of paper-based devices,
such as lithography, three-dimensional (3D) printing, wax jetting, wax smearing,
PDMS screen printing, permanent marker pen, wax printing, ink-jet printing, eye-
liner pencil, cutter printer, hydrophobic sol-gel fabrication, and scholar glue spray
method [18]. pPADs employ different detection methods, such as colorimetric,
luminescence, and electrochemical detection. The most common way of detection
in these microfluidic systems is colorimetric readouts.

Colorimetric detection is based on visual comparison and determines the con-
centration of analytes by means of color reagents. There are various types of lumi-
nescence. Both fluorescence and chemiluminescence (CL) are common types of
luminescence that have been successful in paper-based devices. Unlike fluores-
cence, CL relies on producing photons as a by-product of a chemical reaction with-
out requiring a light source [19, 20].

Electrochemical detection is based on the measurement of electrical parameters
in the sample [21]. In this method, electrochemical analytical devices should be
connected to a smartphone to measure changes from one of the input/output ports,
such as the micro-USB.

Bhakta et al. [22] developed a pPAD with the wax printing method to identify
and quantify levels of nitrite in saliva. It has been proven that nitrite concentration
in saliva is associated with clinical symptoms of periodontitis (bleeding, swelling,
and redness) [23]. In this approach, the main channel of the pPAD is placed verti-
cally in contact with the saliva sample. The sample is taken up by capillary action
and driven into the four branched channels and testing zones (Fig. 16.2). The nitrite
in the saliva is combined with the Griess reagent, and this leads to magenta azo
compound formation. The Griess reagent is made by mixing sulfanilamide in 5%
(v/v) phosphoric acid solution and 0.1% (w/v) naphthylethylenediamine dihydro-
chloride in water. Color intensity is associated with the concentration of nitrite in
the sample and can be representative of the progression of periodontitis [22].

Nitrite is also known as a helpful biomarker for patients with end-stage renal
disease to detect progression of hemodialysis. It has been reported that the concen-
tration of nitrite in the patient’s saliva reflects the amount of nitrite in the blood and
is suitable for POC application [24]. Salivary nitrite concentrations were measured
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Fig. 16.2 pPAD designed
for nitrite detection in
human saliva [22]
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in a study by Blicharz et al. with test strips. They showed nitrite concentrations
decreased after dialysis and found this method to be a noninvasive and beneficial
way of monitoring renal disease status [25].

Formaldehyde and acetaldehyde are well known as carcinogenic agents. Smoking
is one of the most important sources of aldehyde contamination in the indoor air.
Additionally, it has been shown that consuming alcoholic beverages has the same
carcinogenic effect due to the transformation of ethanol into acetaldehyde [26].
Ramdzan et al. [27] employed a two-layer configuration paper-based microfluidic
device for determining salivary aldehydes. This study revealed that this paper-based
technique could be a successful alternative to the costly and large-scale analytical
tools [e.g., high-performance liquid chromatography (HPLC) or gas chromatogra-
phy (GC)] that determine aldehydes in biological fluids, such as salivary fluid. In
addition, the sensitivity of this technique is comparable to that of the aforemen-
tioned methods [27].

One of the more basic of the “paper-based devices” is lateral flow immunoassay
(LFI). LFI has been employed with smartphones as a new developing field in recent
literature. This situation is discussed in the next section.

2.3 Smartphone-Based Microfluidic Devices

Integration between microfluidic devices and smartphones introduces a new world
and has the potential to revolutionize the smartphone industry. Smartphone-based
diagnostics provides a user-friendly, easily accessible, miniaturized, and portable
technology [28].

In this approach, the phone is the main device that performs the entire analytical
process, including data acquisition, analysis, and result readout. Smartphone, like a



16  Microfluidic Technologies Using Oral Factors: Saliva-Based Studies 345

computer, has a processor (CPU) and hardware for receiving, sending, and process-
ing a variety of signals. Therefore, it has the ability to receive data from sensors and
control various actuators or send data to and receive data from other devices, by
wire or wirelessly. This allows a variety of applications on the smartphone to run in
order to analyze data and check the biological samples.

Many studies in this area utilize smartphone cameras to receive information from
samples. Different principles for the development of biosensors have been used.
Biosensors in these systems work based on color, luminescence, or electrochemical
detection. Smartphone microfluidic systems that employ saliva as a diagnostic fluid
often use colorimetric and luminescence techniques.

It is almost impossible for the human eye to quantize the color variation or the
light emitted from the luminescence samples [29]. Therefore, an accessory is needed
to standardize the effective factors to eliminate quantization errors. In these meth-
ods, a dark chamber is required to avoid ambient light interfering with measure-
ments. Different techniques are considered to standardize the camera flashlight. A
holder is needed for connecting the dark chamber to the smartphone [20]. Another
detection method that has been mentioned in the articles using smartphones is elec-
trochemical sensors (amperometric, impedimetric, and potentiometric sensors).
This method uses different sample mediums, such as saliva, blood, water, food, and
urine [19].

Monitoring pH in saliva is important for investigating the person’s diet and its
relationship with enamel decalcification. Monitoring pH in sweat helps explain the
risk of dehydration during physical activities. Oncescu et al. [30] designed a soft-
ware and a hardware accessory installed on a smartphone. After collecting a saliva
or sweat sample, the test strip was inserted into the device, and the pH analysis was
carried out using a mobile platform. The flash on the smartphone’s camera was used
to illuminate the back of the test strip, exposing the pH indicator. Colorimetry was
used to understand the pH of either saliva or sweat sample.

Other studies reported using a smartphone for detection of bile acid in serum and
oral fluid [31], salivary cortisol [32-35], L-lactate [20, 36, 37], glucose [38, 39],
Zika virus (ZIKV) [40, 41], drugs related to driving under influence (DUI) cases
[42-46], ovulation time [47], and others [48, 49] in human saliva (Table 16.2).
However, there are some published papers that utilize blood as the diagnostic fluid
with smartphone technology.

Nowadays, stress is one of the major causes of psychiatric disease. Stressful
daily routines can lead to additional mental health problems, such as depression,
anxiety, low self-esteem, and more. Thus, many efforts have been made to design
stress monitoring tools [17, 32]. Cortisol is one of the most well-known biomarkers
of stress. The main advantages of using saliva as a diagnostic fluid to measure cor-
tisol levels are its easy, noninvasive, and rapid collection method. This itself reduces
a potential stress response and allows continuous monitoring of stress level. Cortisol
has two active states: free active state and protein-bonded state. Cortisol in the saliva
is in the free active state, meaning that it is detectable, unlike what exists in the
blood—where about 90% of it is protein-bonded [17, 50]. This is a major advantage
of using saliva over blood for detection of cortisol.
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Table 16.2 Summary of detection of analytes in saliva by smartphone-based microfluidic devices

Method of sample
processing/

Target/Analyte detection Data acquisition methods Reference

pH in sweat and saliva | Test strip Colorimetry with smartphone camera | [30]
Includes an
indicator strip, a
reference strip,
and a flash
diffuser

Bile acid in serum and | Minicartridge Biochemiluminescence (BL-CL) with | [31]

oral fluid smartphone camera

Total cholesterol in

serum

Salivary cortisol Lateral flow Colorimetry with smartphone camera | [32]
immunoassay

Lactate levels in oral | Analytical Chemiluminescence with smartphone | [20]

fluid and sweat cartridge camera or thermoelectrically cooled

CCD camera

Salivary cortisol Lateral flow Chemiluminescence with smartphone | [33]
immunoassay camera
(CL-LFI)

Microbial pathogens | LAMP technique | Using Gene-Z device with a [52]
with a smartphone camera or a digital camera,
microfluidic which only requires a green LED for
network named excitation and orange filter lenses for
“airlock” emissions

Alcohol Alco-Screen test | Colorimetry, with smartphone camera | [42]
strips were
provided by
Chematics, Inc.

a-Amylase Sensing chip Potentiometric measurement connected | [48]
including to the smartphone via a USB port
electrodes and a
capillary channel

Drug-of-abuse Lateral flow Image processing with neural network | [43]

detection immunoassay machine learning using smartphone

(six drugs + alcohol in camera

saliva)

Marijuana or cannabis | Giant A measurement reader connected to [44]

containing main magnetoresistive | smartphone via Bluetooth module

psychoactive biosensors with a

substance, reaction well

tetrahydrocannabinol

(THC)

Cocaine Upconversion Luminescence with smartphone camera | [45]
nanoparticle- using an external diode laser (980 nm)
based paper light source
device

(continued)
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Table 16.2 (continued)
Method of sample
processing/
Target/Analyte detection Data acquisition methods Reference
Salivary L-lactate The Colorimetry with smartphone camera | [36]
functionalized
paper-based assay
Zika virus Reverse Colorimetry with smartphone camera | [40]
transcription- using an external RGB excitation
loop-mediated source
isothermal
amplification
(RT-LAMP)
Salivary glucose Test strip Colorimetry with smartphone camera | [38]
Lactate in saliva Cloth-based Electrochemiluminescence, imaging by | [37]
devices the smartphone camera, transfering to
PC by Wi-Fi network
Alcohol Test strips Colorimetry with smartphone camera | [46]
using different machine learning
algorithms (linear discriminant
analysis, support vector machine, and
artificial neural network)
Salivary cortisol A paper-based Colorimetry with smartphone camera | [34]
lateral flow assay
(LFA) strip
Salivary glucose Graphene oxide | Colorimetry with smartphone camera | [39]
modified pPADs
(reservoir
array-based and
lateral flow
designs)
Zika virus (ZIKV) in | Bioluminescent Bioluminescence with the smartphone | [41]
saliva and urine and assay in real time | camera
HIV in blood and loop-
mediated
isothermal
amplification
(BART-LAMP)
Salivary cortisol Lateral flow assay | A portable imaging device with a [35]
CMOS camera which enables sending
image via Wi-Fi to a smartphone,
tablet, or laptop computer
Urea A filter paper- Color change detection based on RGB | [49]
based strip profiling with smartphone camera
Nitrite A paper-based Colorimetry with a smartphone fixing | [53]
device using on stereomicroscope or macro lens
electrokinetic using ImageJ
stacking (ES)
mechanism

(continued)
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Table 16.2 (continued)

Method of sample
processing/
Target/Analyte detection Data acquisition methods Reference
Valproic acid (VPA) Vertical flow Thermochemiluminescence [54]
immunoassay (TCL), imaging by the smartphone
(VFIA) camera
Ovulation-specific A microfluidic Detection of salivary ferning patterns [47]
hormones channel to make | using Al with smartphone camera
LH + estrogen saliva smear block

Choi et al. [32] and Zangheri et al. [33] have demonstrated a smartphone-based
system with lateral flow immunoassay for quantitative measurement of salivary cor-
tisol. Choi et al. [32] compared the changes in the hue (color) and brightness (light-
ness or darkness) values with cortisol concentration. Zangheri et al. [33] immobilized
anti-cortisol antibodies in rabbits (T-line) and anti-peroxidase antibodies in rabbits
(C-line). These antibodies were placed on nitrocellulose membranes to make LFI
test strips for their experiment. They measured the intensity of the chemilumines-
cence signal of the T-line for quantification of the amount of cortisol. It was found
that the intensity of the chemiluminescence and cortisol in the sample were inversely
correlated. Chemiluminescence signal of the C-line was also used to evaluate the
validity of the test (Fig. 16.3).

At first, Zika virus appeared to only cause mild disease, but the outbreak in Brazil
in 2015 showed the relationship between the virus and severe fetal abnormalities,
called congenital Zika syndrome. In search of diagnostic technologies, Priye et al.
[40] designed a study to detect the virus using similar cases. Unlike most papers, in
this research, a microcontroller was used to monitor and control the temperature of
a dark plastic enclosure containing the samples. This microcontroller, an Arduino,
was wirelessly connected to the smartphone and was able to control the RGB LED
light source placed in this box. The smartphone application with a simple graphical
user interface (GUI) was created to actuate the LED excitation source and the iso-
thermal heater through the microcontroller and display a live camera feed. It also
provided other features and facilities for the user. Finally, the test results were dis-
played on the final screen after processing.

Internet of Medical Things (IoMT)—a new technology to connect the medical
devices to the healthcare providers—is revolutionizing the medical world. This
technology offers new paradigms of diagnosis, treatment, and healthcare services in
a timely and cost-effective manner. In addition, it may be helpful in epidemiology
studies [51]. However, current IoMT devices are limited to monitor physiological
information, such as heart rate and blood pressure. Song et al. [41] demonstrated a
IoMT POC device based on a smartphone for molecular diagnostics, providing
quantitative detection for Zika virus (ZIKV) and HIV, transferring test results to the
doctor’s office, and allowing communication of data.

Calabria et al. [36] demonstrated “wafer-like” structures as a functionalized
paper of cellulose that contained reagents and enzymes to measure accurate L-lactate
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a b c
Mobile LFIA device

Fig. 16.3 (a) 3D printed smartphone accessory. (b) 3D printed cartridge hosting the LFI strip with
control (C-line) and test lines (T-line). (¢) Smartphone-based microfluidic device for measuring
salivary cortisol [33]

levels in saliva. It was shown that smartphones could also detect L-lactate based on
the hue saturation value (HSV) for rapid colorimetric measurement.

In another study by Roda et al. [20], a chemiluminescence biosensor was intro-
duced, which is comprised of a disposable minicartridge with two reaction cham-
bers. Inside these chambers are nitrocellulose disks that contain the enzymes needed
for reaction. Each of chambers were connected to two reservoirs containing
reagents using channel.

In 2019, Potluri et al. [47] introduced a low-cost smartphone-based device ben-
eficial for couples interested in planning pregnancy. Studies have shown that during
the follicular phase of the menstrual cycle, increased level of estradiol in the blood
results in an increase in the salivary electrolytes, which can cause a crystallized pat-
tern like fern leaves in air-dried saliva. This pattern may be used for ovulation detec-
tion. They utilized a neural network which is trained with salivary ferning images.
Artificial intelligence (AI) was employed for detection of ovulation period from
air-dried saliva samples.

3 Detection of Oral Cancer

Cancers of the oral cavity comprise approximately 40% of head and neck cancers
and affect several areas, such as the tongue, gums, lips, palate, floor of the mouth,
and buccal mucosa [55]. Despite recent advances in diagnostics, therapeutics, and
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surgical procedures, the success rate of treating oral squamous cell carcinoma
(OSCQO) still remains very poor [56].

Dentists and oral hygienists play a key role in early detection of oral cancers.
They ought to be screening for suspicious malignant lesions and determine whether
a tissue biopsy is necessary. However, while they do not want delay in any necessary
procedure, they tend to diminish the unwarranted biopsy and patients’ inconve-
nience [57]. Moreover, considering aggressive treatment of OSCC can lead to a
severe deformity or death, its treatment is controversial. Most patients with this
cancer are either undertreated or overtreated. Often, OSCC is diagnosed at an
advanced stage. This limits treatment options and is a big reason why the survival
rate of patients is so low [5].

Early diagnosis of cancerous or premalignant lesions significantly increases the
likelihood of patient survival. Early detection does not automatically mean success.
However, it can lead to frequent visits by the patient, change in diet, stopping smok-
ing and alcohol consumption, removing lesions, and taking the required medica-
tions. Due to the fact that OSCC has a high mortality rate, better screening methods
need to be implemented to detect this cancer early [5, 58].

Some studies demonstrated cell-based microfluidic sensors to detect cancer bio-
markers. Cytology, which is the easiest way to screen premalignant and cancerous
lesions, was employed to capture cells from the targeted tissues. Expression of
cancer-specific biomarkers could be used to discriminate cancer cells from normal
cells [56, 59, 60]. This review focuses on saliva-based microfluidic devices for
screening of cancers.

In a study conducted by De et al. [61], a LOC microfluidic system was employed
for hypermethylated DNA extraction and enrichment, which was suitable for pro-
cessing small biological samples such as saliva and urine. This device was demon-
strated to identify the patterns of hypermethylation parts in tumor-suppressor genes
with the potential for the early detection and diagnosis of cancers.

Zilberman et al. [62, 63] introduced a new platform to assist stomach cancer
diagnosis. The underlying cause of the stomach cancer is the infection by a gram-
negative bacterium Helicobacter pylori. This bacterium converts urea into ammonia
(NH;) and carbon dioxide (CO,) by secreting the urease enzyme, resulting in high
levels of these substances in the body fluids and breath. They demonstrated a micro-
fluidic optoelectronic sensor to detect the amount of salivary NH; and CO,. Using
saliva for screening cancers is a convenient and noninvasive approach compared to
traditional endoscopy method. Using the proposed method of Zilberman et al. can
eliminate the need for trained personnel and high costs of endoscopy.

Biomarkers, which represent normal biological and pathological procedures,
may provide helpful information for detection, diagnosis, and prognosis of the dis-
eases. More than 100 biomarkers (DNA, RNA, mRNA, protein markers) have
already been recognized in oral fluid, including cytokines (IL-8, IL-1b, TNF-a),
p53, Cyfra 21-1, defensin-1, and tissue polypeptide-specific antigen [64].

Lin et al. [65] developed an automated microfluidic chip using magnetic bead-
based immunoassays, well suited for anti-p53 quantification in saliva. The proposed
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Fig. 16.4 Schematic representation of a microfluidic device including inlets and outlets, which
embeds microwells occupied with organic dye-doped ion-exchange polymer microbeads. The
response of this optoelectronic sensor is monitored by a USB spectrometer [63]

device can considerably reduce the time for conventional immunoassay, which
takes about 3 hours, to approximately 60 minutes.

In a study by Dong et al. [66], an optical microfluidic biosensor has demon-
strated good analytical performance for salivary protein biomarkers (IL-8, IL-1p,
and MMP-8) to differentiate patients with oral cancer from healthy people.

A microfluidic paper-based electrochemical DNA biosensor was fabricated by
Tian et al. [67] to detect epidermal growth factor receptor (EGFR) mutations in
DNA extracted from non-small cell lung cancer patients’ saliva samples (Fig. 16.4).

4 Biofilm Formation

Most of the bacteria tend to switch from a free-floating planktonic state to a sticky
organized biofilm state. Forming the biofilm protects the bacteria from harmful con-
ditions (e.g., nutrient deficiency, pH alterations, antibacterial agents, and shear
stress) in the host, and the bacteria benefit from cooperating with each other.

The microfluidic systems provide a closed system where bacteria can exist in
biofilms and interact with hydrodynamic environments. Microfluidic systems can
be beneficial for studying biofilm formation mechanisms and solving problems
associated with biofilm. Importantly, they allow for the flow of fluids to be con-
trolled. The small scale of these devices makes it easy to cultivate bacteria and form
biofilms because it is easy to set up a variety of conditions. In addition, their trans-
parency makes it possible to observe the development of biofilms [68].
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It has been reported that most bacteria utilize a form of cell-to-cell communi-
cation named quorum sensing (QS) for their initial colonization and development
of biofilm communities. This allows each bacterial species to adjust the expres-
sion of target genes depending on the environment and physiological needs.
Therefore, it is important to understand the role of various QS signals in biofilm
formation. Kim et al. developed a microfluidic device to investigate QS in oral
biofilm formation [69].

Streptococcus mutans is the main cause of dental caries [70]. Environmental fac-
tors (e.g., shear rate, nutrients, and pH) greatly affect the biofilm formation of S.
mutans on the tooth surface, and monitoring of these factors and investigation of
their effects are of interest to researchers [71]. S. mutans plays an important role in
the development of the exopolysaccharide (EPS) matrix in biofilm formation on the
tooth surface of the tooth [70].

Quantitative analysis of EPS can be investigated using microliter plate-based
assay, which is recognized as a reliable technique. However, this assay is performed
in static conditions. Microfluidic devices have the advantage of providing a dynamic
flow system that mimics the environment of the oral cavity [72].

In a study conducted by Shumi et al., the effect of the environmental factors on
biofilm formation of S. mutans was examined in a microfluidic device with glass
beads. In this study, glass beads mimicked the interproximal space between teeth.
They found production of EPS and attachment of S. mutans to the surface of the
glass beads happened in the presence of sucrose [71]. In another study, Shumi et al.
designed a microfluidic platform with a funnel that provided various ranges of shear
stresses.

Sucrose-dependent and sucrose-independent aggregates of S. mutans were eval-
uated under different flow rates and times. The findings showed S. mutans colonies
that were sucrose-dependent strongly adhered to the funnel wall. Detachment of
sucrose-dependent colonies from the funnel wall was possible only with high shear
stress, while in the case of sucrose-independent colonies, they were easily separated
from the funnel by a slight shear stress [73].

The dental plaque on the tooth’s surface is a multispecies biofilm, containing
over 500 species of bacteria. The bacteria in biofilms are less susceptible to antibac-
terial agents than planktonic cells [74, 75]. To evaluate the effects of antibacterial
agents on bacteria, it is important to create biofilms that contain the species present
in the oral cavity. Nance et al. and Samarian et al. simulated the condition of the oral
cavity with a commercially available BioFlux microfluidic system (Fluxion
Biosciences, Inc., Alameda, CA 94502, USA) [6, 75]. This system is useful for
overcoming limitations, such as using less materials and not requiring artificial lab
media, especially since it can be costly and time-consuming to run culture-based
studies. A lot of media are required in tests that are conducted in flow cell studies.
Using this high-throughput system allows multiple experiments to be done in paral-
lel. Finally, this system is able to combine imaging systems to allow precise inves-
tigation of biofilm testing [6, 76, 77].

Nance et al. investigated the effect of different concentrations of antimicrobial
agent (cetylpyridinium chloride) using confocal laser scanning microscope (CLSM)
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and 3D imaging software. Some studies have utilized a germane environmental situ-
ation to resemble the real-world environment. The use of human saliva in this
method has become popular for investigating biofilms. Cell-free saliva (CFS) plays
the role of growth medium, and the untreated bacterial cell-containing saliva (CCS)
plays the role of inoculum that contains bacterial species in the oral cavity. The
formed multispecies biofilm is washed and stained for in situ confocal laser scan-
ning microscopy [6, 75, 77].

Most studies examine biofilms in a static state. In the oral cavity, designing con-
tinuous fluid flow is preferred to mimic formed biofilm in the body. In the case of
peri-radicular lesions (non-ideal root canal therapy or pulpal necrosis), there is a
fluid exchange inside and outside the root canal space that provides feeding and
flow for the growth of bacteria. Cheng et al. compared the bactericidal effect of
several root canal irrigants against Enterococcus faecalis biofilm, recognized as the
most important persistent endodontic infection. They evaluated E. faecalis biofilm
in flow state as well as static state [78].

In the study conducted by Lam et al., a high-throughput microfluidic system with
the name of “artificial teeth” was introduced. This device had different layers of
channels (e.g., water jackets, gas control, upper and lower flow control), which
could provide complex and dynamic environmental situations and acquire quantita-
tive characteristics about thickness and cell viability of dental bacteria [79]. The
summary of microbial studies using a microfluidic device is provided in Table 16.3
(Fig. 16.5).

5 Summary

Microfluidics is an attractive, rapidly developing, and promising technology that
may enable detection of certain diseases, such as diabetes and periodontal disease.
Microfluidics can also be exploited as a diagnostic tool for early detection of com-
plex diseases, such as cancers and viral infections, like HIV. Among the microflu-
idic systems used in the biomedical field, pPADs have become the most commercially
available system due to their low manufacturing cost, as well as not requiring com-
plex accessories during tests. This developing approach faces many challenges
requiring standardization to verify its reproducibility and reliability.

For future development, it is expected to involve other technological devices—
such as smartphones or tablets with microfluidics—to analyze the physiological
state of humans using a drop of saliva or other biological fluids. Considering how
advanced smartphones have become and how rapidly they are developing, the com-
bination of these technologies will allow continuous and easy health monitoring of
individuals or target groups. The results can then be sent directly to the patient’s
physician or healthcare provider. The ramifications of this technology are powerful;
it has the potential to make major improvements in the quality of life of people in
modern and developing societies.
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Table 16.3 Summary of microbial studies based on saliva using microfluidic devices

H. Salehipour Masooleh et al.

Equipment of
Source of bacteria Microfluidic device/aim investigation Reference
S. mutans strains Fabrication of microfluidic device | CLSM, Imaris [69]
evaluating the effect of signaling | software
molecule autoinducer 2 (AI-2) on
S. mutans strains
Pre-culture of S. Microfluidic device with glass Staining of live [71]
mutans + fresh TSB beads evaluating the effect of the | cells,
(trypticase soy environmental factors (metal ions | CLSM imaging,
broth) + with or without | and sucrose) on biofilm formation | AFM imaging
sucrose washed with TSB | of S. mutans
Washed with Designing a simple microfluidic | CLSM and ImageJ | [73]
TSB + conditioned with funnel device software
saliva + culture of S. S. mutans aggregates (sucrose-
mutans dependent and sucrose-
independent) were evaluated
under different flow rates and
times
Pooled human saliva: Developing a high-throughput Live/dead stain, [6]
inoculum/nutrient dental biofilm system using a CLSM and 3D
commercially available imaging software
microfluidic system
Different concentrations of
antimicrobial agent
(cetylpyridinium chloride)
Pooled human saliva: Using a commercially available CLSM, Imaris, and | [75]
inoculum/nutrient microfluidic system Imagel software
Human saliva Fabrication of microfluidic device | Inverted [79]
composed of multiple incubation | fluorescence
chambers (128) capable of microscope
controlling different fluid flows of | equipped with a
each chamber separately motorized XYZ
Evaluating the growth of dental stage, SCMOS
bacteria camera
in the biofilm under different
concentrations of sucrose and
different dissolved oxygen and
nitrogen gas conditions
Enterococcus faecalis Using a commercially available CLSM and Image] | [78]
suspension microfluidic system software, SEM

Evaluating the bactericidal effect
of sodium hypochlorite (NaOClI,
5.25%), strong acid electrolyzed
water (SAEW), and normal saline
(0.9%) against Enterococcus
faecalis biofilm as a root canal
irrigant




16

Microfluidic Technologies Using Oral Factors: Saliva-Based Studies 355

Qutput well

Pneumatic pressure

f Y

Input well

—_—

Observation zone \ \

Microfuidic channel ~ Biofilm Bottlenecks
Coverglass bottom ,E_
to decrease workflow
Microscopic
examination
—

Fig. 16.5 Cross section of the BioFlux microfluidic device showing the formed biofilm. The con-
cept of this image is provided by references [6, 76]
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