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Abstract
Paper-based microfluidic analytical devices (μPADs) have shown great potential in the field of analysis due to their advan-
tages of rapid analysis, environmental friendliness and the ability to realize the flow of fluid without external power. Saliva 
is an emerging biofluid which is used in diseases diagnostic and screening for the easy collection and the reflection of the 
physiological state. This review focuses on the fabrication methods for two-dimensional (2D) and three-dimensional (3D) 
μPADs and their applications on the saliva analysis. In the first part, the flow mechanism in μPADs is discussed. The second 
part mainly introduces the fabrication methods for the μPADs and compares the different methods. The third part presents the 
application of μPADs in the detection of biomarkers such as nitrite, glucose, and thiocyanate in saliva. Finally, the research 
directions of saliva analysis are discussed in the conclusion. There have been a lot of researches on μPADs, but the fabrica-
tion methods and applications need to be further studied to meet the commercial needs.

Keywords  Microfluidic paper-based analytical devices · Capillary flow · 2D μPADs · 3D μPADs · Fabrication method · 
Saliva analysis

1  Introduction

Miniaturized total analysis systems (μTAS), also known as 
lab-on-a-chip, were firstly proposed by Manz and Winder 
(1990). Their significance lies in the control of the fluid on 
a micron scale, so as to realize the laboratory operations 
involved in the field of biology and chemistry on a chip 
of several square centimeters. Compared with traditional 
laboratory technology, μTAS have the advantages of minia-
turization and integration, portability, and are widely used 
in chemical analysis, clinical detection and food analysis 
(Bhakta et al. 2014; Sackmann et al. 2014). At present, the 
main materials of microfluidic chip include monocrystal-
line silicon, polymethyl methacrylate (PMMA) and polydi-
methylsiloxane (PDMS) (Duffy et al. 1998; Norouzi et al. 
2018). Among them, PDMS occupies a considerable posi-
tion in the current microfluidic chip manufacture. In 2007, 
Martinez et al. (2007) achieved the manipulation of liquid 
flow by building hydrophobic patterns on paper. Since then, 

paper has developed rapidly as a cheap alternative material 
for microfluidic chips. Microfluidic chips based on paper are 
called paper-based microfluidic analytic devices (μPADs).

Compared with other materials, paper possesses the capil-
lary forces which can pump liquids without external pump-
ing systems. The size of μPADs is relatively compact and, by 
processing specific channel structure on the paper surface, it 
can meet many requirements such as quick sample analysis. 
Now, the combination of microfluidic paper chip and analy-
sis technology is the hotspot of current analysis equipment 
research. Recently, μPADs have shown great potential in 
clinical diagnosis by detecting body fluids such as blood 
(Vella et al. 2012), plasma (Yang et al. 2012), urine (Rossini 
et al. 2018) and saliva (de Castro et al. 2019). Among these 
biological fluids, saliva has received more attention because 
of its convenience of collection and analysis.

Saliva, as a reliable biofluid, is a slightly acidic 
(pH = 6–7) biological fluid that exists in large quantities in 
the oral cavity (Humphrey and Williamson 2001; Lee and 
Wong 2009). It is secreted mainly (90%) by the three major 
salivary glands including the parotid gland, submandibular 
gland and sublingual gland, while a small amount (10%) is 
secreted by the small salivary glands distributed in the oral 
mucosa (Ilea et al. 2019; Kaczor-Urbanowicz et al. 2017). 
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Saliva is mainly composed of water (94–99%), in addition 
to many organic (protein, glucose, antibody, cytokines) and 
inorganic biomarkers (nitrogenous products, carbonate, 
etc.) (Humphrey and Williamson 2001; Zheng et al. 2021). 
These biomarkers can be used to reflect the oral local and 
the global health of the body. In addition, the oral cavity 
contains microbial communities, including bacteria, fungi 
and viruses. Oral local lesions and general diseases can lead 
to changes in the oral microbiome (Ilea et al. 2019; Kilian 
et al. 2016). Therefore, the detection of microorganisms in 
saliva also has medical value.

Based on the above characteristics, saliva, like blood and 
urine, can be used as a typical sample for screening and 
diagnosis of a variety of pathologies. Generally, the col-
lection of blood samples is invasive, which makes patients 
uncomfortable, and the collection of urine samples is consid-
ered an invasion of privacy (Ilea et al. 2019). Compared with 
other samples, the saliva analysis has the following advan-
tages: saliva collection is easy, does not require specialized 
medical training and can be performed by ordinary people; 
thus, it facilitates a simple analysis at home. At the same 

time, the simple and convenient collection is non-invasive 
and friendly for patients, which greatly reduces the anxiety 
level of patients during sample collection. Healthy adults 
produce about 0.3–0.4 ml of saliva per minute, so saliva col-
lection overcomes the limited production of samples (urine 
and tears). Non-invasive collection methods also reduce the 
risk of cross-contamination to a certain extent (Fernandes 
et al. 2020; Kaczor-Urbanowicz et al. 2017; Tiwari 2011).

This review aims to depict the fabrication method for two 
types of structures of μPADs, two dimensions (2D) and three 
dimensions (3D), and highlights the key advances in saliva 
analysis (see Fig. 1).

2 � Flow mechanism in μPADs

The main driving force of liquid flow in μPADs is cap-
illary force. The hydrophilic surface of paper fiber is 
conducive to the diffusion of liquid. At present, there 
are two kinds of flow models for liquid in the paper: 

Fig.1   Categories of fabrication of paper-based microfluidic devices 
and their application in saliva detection; the fabrication methods 
involved in the saliva analysis application part are numbered. These 

methods are used to make paper-based microfluidic analytical devices 
to detect different biomarkers in saliva
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Lucas–Washburn equation based on the flow of Poiseuille 
in capillary tube and Darcy’s law which was developed 
from the phenomena.

When fluids flow in paper, the micrometric pore size 
of cellulose paper results in Reynolds numbers (Re) lower 
than 1—the laminar flow, where the viscous forces are 
dominant. As a result, the flow velocity mostly depends on 
the equilibrium between the surface tension and viscous 
resistance.

Generally, we are concerned with the distance traveled 
by the liquid. Based on Re < 1, the distance moved by the 
liquid front (Lf) in the paper strip can be estimated using 
the Lucas–Washburn Equation during the wicking process 
(Washburn 1921):

where Lf is the distance traveled by the liquid front within 
the porous material (paper), D is the pore diameter, t is the 
permeating time, γ and μ are, respectively, the surface ten-
sion and viscosity of the liquid and θ is the contact angle. 
According to this equation, the distance traveled by the liq-
uid can be increased by improving the surface tension of the 
liquid. It also shows that the liquid front velocity decreases 
with time due to viscous resistance. The wicking behavior 
is often defined as h ∼ t1∕2.

As for Darcy’s law, it can be used to calculate the flow 
rate, which is the part we care about. It is important to note 
that Darcy’s law applies only to incompressible Newtonian 
liquids. Darcy’s law is derived from momentum equation, 
and it is given as follows (Whitaker 1986):

For one-dimensional lateral flow on paper strips, where 
the elevation is constant and Rep < 1 (gravity and inertial 
effects are neglected), Darcy’s law reduces to a simple 
linear relation between the volumetric flow rate Q and 
gradient of pressure ΔP occurring over the length L of the 
paper strip (Osborn et al. 2010):

where κ is the permeability of the paper (in m2), A is the 
hydrophilic paper cross-sectional area perpendicular to flow, 
μ is the dynamic viscosity (Pa s) and ΔP is the pressure drop 
across the length L, which is the combination of the atmos-
pheric, hydrostatic and capillary pressures.

These two models are helpful in the design of paper 
chip. By adjusting the paper surface contact angle, the 
microchannel can achieve effective control of the fluid. In 
addition, compared with Lucas–Washburn equation which 

(1)L2
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is only for one-dimensional flow, Darcy’s law can also be 
used for two-dimensional or three-dimensional flow mod-
eling (Ahmed et al. 2016).

3 � Fabrication methods for μPADs

The surface processing of paper chip is mainly through the 
partial hydrophilization or hydrophobization of the paper to 
form a hydrophilic channel. Recently, different fabrication 
methods and the selection of hydrophobic materials have 
been developed. In general, these methods can be divided 
into three categories: (1) mask methods, which require addi-
tional masks to assist in manufacturing, such as photolithog-
raphy, dipping, plasma treatment, vapor phase deposition, 
wet etching and handheld corona treatment; (2) designed-
pattern methods, which do not require additional masks, 
but require equipment with designed patterns to transfer 
the patterns to the paper, such as screen printing, stamping 
and flexographic printing; (3) printing methods, which can 
directly form the desired pattern on the paper by printing 
without making masks or corresponding equipment before-
hand, such as plotting, wax printing, inkjet printing, laser 
treatment and 3D printing.

3.1 � Mask methods

3.1.1 � Photolithography

Photolithography for the fabrication of paper-based chips 
was originally proposed by Martinez’ group (2007). The 
process of this simple method for patterning paper is shown 
in Fig. 2. The chromatography paper was soaked in the SU-8 
2010 photoresist and baked at 95 ℃ to remove the cyclopen-
tanone in solution. The pre-treated paper was then exposed 
to ultraviolet light through a mask and followed by a post-
bake at the same temperature with the pre-bake to cross-link 
the exposed part of photoresist. The uncross-linked photore-
sist was removed by soaking the treated paper in propylene 
glycol monomethyl ether acetate (PGMEA), and the paper 
was patterned after washing it with propan-2-ol. For a more 
rapid and cheaper fabrication, Martinez’ group proposed a 
new method which was called FLASH in 2008 (Martinez 
et al. 2008a, b). In this method, there was no need for a clean 
room or special equipment, except a UV lamp and a hot 
plate. What is more, the fabrication was more convenient. 
In Kamali’s (Kamali et al. 2018) study, they adjusted the 
process parameters so that PGMEA was no longer used. For 
the eco-friendly fabrication, SU-8 photoresist was replaced 
by water-based polyurethane acrylate, which was more 
environmental friendly and of low cost (Lin et al. 2020). A 
laser-based method was proposed by Sones (2014). In this 
study, the UV lamp was replaced by UV laser scanning, so 
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the higher-resolution μPADs were obtained without photo 
masks. The methods mentioned above created physical bar-
riers, which tend to break when the paper was bent. To over-
come this problem, some researchers proposed a method, in 
which the hydrophobic barriers were built by silanization. In 

the method, the paper was hydrophobized by impregnation 
with octadecyltrichlorosilane (OTS) n-hexane solution, and 
hydrophilized by exposure to UV light through the photo 
mask. (Asano and Shiraishi 2015; Nargang et al. 2018) 
Based on the photocatalytic property of titanium dioxide, 
a new method was proposed in 2014 (Songok et al. 2014). 
The surface of the paper was made hydrophobic by coating 
the TiO2 particles on the surface. Then the treated paper was 
exposed to ultraviolet through a photo mask, after which the 
hydrophilic channels on the surface were built. The μPADs 
fabricated by photolithography have relatively high resolu-
tion, while the fabrication equipment is more expensive than 
that of other methods.

3.1.2 � Dipping

Wax dipping is an easy method for fabrication (Songjaroen 
et al. 2011, 2012), with the advantages of simplified steps 
and low cost. In this method, paper and the iron mold which 
was designed to the desired pattern were held together by 
a glass slide and a magnet. Then this assembly was dipped 
into the melted wax for 1 s to transfer the wax into the paper. 
The paper was patterned after the solidification of wax. High 
temperature is required in this process to melt wax. Guo 
et al. (2019a, b) proposed a method which was similar to, 
but cheaper than wax dipping. The fabrication procedure is 
depicted in Fig. 3. In this study, the iron mould was replaced 
by single-sided adhesive tape. The hydrophobic reagent was 
polystyrene in chloroform instead of wax, so there was no 

Fig. 2   The method for patterning paper into millimeter-sized chan-
nels proposed by Martinez’ group (Martinez et al. 2007). a Photoli-
thography was used to pattern SU-8 photoresist embedded into paper; 
b the patterned paper was modified for bioassays

Fig. 3   Schematic diagram of the dipping fabrication procedure in Guo’s study (2019a, b)



Microfluidics and Nanofluidics (2021) 25:80	

1 3

Page 5 of 24  80

need for a hot plate to melt wax. Generally, the dipping 
methods can fabricate μPADs in several minutes and are 
of  low cost.

3.1.3 � Plasma treatment

Plasma is the matter that exists in the form of ions and 
electrons. Basically, it is a gas that has been electrified and 
charged with freely moving electrons in both the nega-
tive and positive state. It carries a good amount of internal 
energy. When all these molecules, ions and atoms come 
together and interact with a particular surface, plasma treat-
ment is initiated. Hence, the effects of plasma treatment 
upon any surface can also be specified or precisely tuned 
by selecting a gas mixture, pressure, power, etc. Li et al. 
(2008) used plasma treatment to make microfluidic pattern 
on the paper surface. The filter paper was hydrophobized by 
dipping the paper in an alkyl ketene dimer AKD–heptane 
solution (0.6 g/L) and placing it in a fume cupboard to allow 
evaporation of heptane. After that, the paper was baked at 
100 ℃ for 45 min to cure the AKD. Then, the hydrophobi-
zed paper was sandwiched by metal masks with the desired 
patterns and then placed into a vacuum plasma reactor for 
15 s. After these steps, hydrophilic patterns were formed on 
the paper. The paper can also be hydrophobic patterned by 
plasma polymerization. In Kao’s (2014a, b) study, the paper 
which was sandwiched by two metal masks was exposed 
to the plasma to deposit fluorocarbon films. However, 
the plasma treatment needed more expensive equipment. 
To overcome this shortcoming, Kao et al. (2014a, b) also 
developed a portable and flexible air microplasma genera-
tion device for fabrication of μPADs. In this method, the 
materials such as AKD and fluorocarbon are cheap, while 
the price of equipment falls.

3.1.4 � Other methods

Other methods such as vapor phase deposition (Demirel and 
Babur 2014; Haller et al. 2011; Kwong et al. 2013), wet etch-
ing (Cai et al. 2014) and handheld corona treatment (Jiang 
et al. 2016) were also used for fabrication of μPADs by some 
researchers. The vapor phase deposition used evacuated sub-
limation chamber for fabrication. The wet etching which 
was similar to inkjet etching used the designed mask, not 
inkjet printer to pattern. These methods are not used widely 
because of the expensive equipment or multistep processes.

For mask methods, the paper is patterned with a mask 
made of metals or polymers. The shortcoming of these meth-
ods is that different masks need to be processed for different 
patterns. Thus, mask methods are difficult to apply in mass 
production of paper chips.

3.2 � Designed‑pattern methods

3.2.1 � Screen printing

Screen printing is a method in which the paper is patterned 
through a screen. The hydrophobic material penetrated 
through the mesh in the screen to the paper, thereby forming 
a hydrophobic patterning in the paper. Therefore, different 
patterns correspond to different screens. The first hydropho-
bic material used in screenprinting was wax, so, the method 
is also called wax screen printing (Dungchai et al. 2011; Ma 
et al. 2018; Shang et al. 2019; Wang et al. 2012). Figure 4 
depicts the fabrication steps for wax screen printing. The 
solid wax was rubbed through a screen onto the paper to 
form the patterns on the surface and melted into the paper 
to form the hydrophobic barriers with a hot plate.

Wax can only be penetrated into the paper when melted, 
so it is not very convenient on some occasions. Without wax, 
other hydrophobic materials can also be applied in screen 
printing. In some studies, the wax was replaced by hydro-
phobic ink, which could penetrate into the paper without 
a hot plate (Jarujamrus et al. 2019; Sameenoi et al. 2014; 
Sitanurak et al. 2019; Teepoo et al. 2019). Jorayu Sitanurak 
(Sitanurak et al. 2019) used ink as hydrophobic material 
to fabricate μPADs. The process is shown in Fig. 5. The 
ink applied through the screen penetrates through the paper, 
and the patterned paper was ready to use after drying. Cur-
rently, these hydrophobic materials included polystyrene, 
polylactic acid, polyvinyl chloride and cis-1,4-polyisoprene. 
Another method was the combination of screen printing and 
photolithography (Lamas-Ardisana et al. 2017, 2018). The 
ultraviolet curable inks penetrated the paper through screen-
printing and were then cured in an ultraviolet oven. Jaruwan 
Mettakoonpitak (Mettakoonpitak et al. 2021) reported the 
use of simple polycarprolactone (PCL) screen printing for 

Fig. 4   Schematic diagram of the fabrication step for wax screen-
printing method which is mentioned in Wijitar Dungchai’s study 
(Dungchai et al. 2011)
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μPADs fabrication. The PLC showed low dispersion into 
paper compared to wax printing, resulting in relatively high 
resolution. The PCL solution was squeegeed through the 
screen and penetrated the paper to create 3D hydrophobic 
barrier. Screenprinting has the advantages of convenience 
and low cost, but the channel resolution is lower.

3.2.2 � Stamping

Like screenprinting, stamping requires different stamps to 
meet different pattern requirements. Contact stamping has 
been widely used for simple and fast fabrication (Akyazi 
et al. 2016; Curto et al. 2013; Duangdeewong et al. 2020; 
Mathaweesansurn et al. 2020). Arjnarong Mathaweesan-
surn (2020) proposed a method in which the μPADs for 
simultaneous multiple-point standard addition assay were 
fabricated by rubber stamping. The fabrication details are 

shown in Fig. 6. With a PDMS-based or rubber stamp and 
an indelible ink, the paper could be patterned in several 
seconds by placing the stamp on the paper. The stamp was 
designed to the desired pattern and the ink was hydropho-
bic material. The stamping methods are simple and rapid, 
while the fabrication of stamps is complex in that the dif-
ferent patterned papers need different stamps. Flash foam 
stamp lithography (He et al. 2014; Yao et al. 2016) and 
atom stamp (Guan and Sun 2020) were similar methods 
to get the patterned paper, while the fabrication of stamps 
was simpler. Another method was the combination of the 
wax printing and the hot embossing stamp (de Tarso Gar-
cia et al. 2014; Postulka et al. 2019). In this method, the 
surface of the paper was uniformly covered with a layer 
of wax. A metallic stamp which was designed with the 
desired pattern was preheated and then brought in contact 
with the wax-printed paper to the melted wax. Tansu Gol-
cez (Golcez et al. 2021) used 3D CAD design software to 
design various stamps and prints with high precision using 
a 3D printer. The 3D-printed stamp was then mounted onto 
the base of a self-inking stamp using double-sided tape. 
The designed stamp was used to cast the resin on a paper 
towel and filter paper to form hydrophobic channels.

3.2.3 � Flexographic printing

Flexographic printing is a method of mass production used 
in industries. Juuso Olkkonen used flexographic printing to 
make fluidic structures in paper, and the illustration of this 
process is shown in Fig. 7 (Olkkonen et al. 2010). In this 
method, the solution of polystyrene in toluene or in xylene 
was used as hydrophobic printing ink, and the ink was trans-
ferred onto the paper by flexographic printing. PDMS could 
also be used as printing ink (Hiltunen et al. 2018; Määt-
tänen et al. 2011). Liu et al. (2019) proposed a method in 
which flexographic printing was used to transfer wax onto 
paper, and a hot plate was used to melt wax for hydrophobic 
barriers. These methods have a great advantage than oth-
ers, in that μPADs can be produced in large quantities by 
flexographic printing. However, the equipment is relatively 
expensive, and the preparation for printing is complex. In 
this method, the paper is patterned by the relief patterns in 
the printing plate, so different printing patterns require dif-
ferent printing plates.

Similar to the mask methods, the designed-pattern meth-
ods also need to pre-manufacture the corresponding equip-
ment to manufacture the different μPADs. However, these 
methods do not require the mask and paper to be assem-
bled together and can achieve continuous production. Both 
screenprinting and flexographic printing can realize mass 
production of μPADs, which have great advantages in fac-
tory production of μPADs in the future.

Fig. 5   Schematic diagram of the fabrication step for the screen-
printing method proposed by Jirayu Sitanurak’s group (Sitanurak 
et  al. 2019). In step 1, the substrate (15  cm × 20  cm) is fixed onto 
the screenprinting table. A mixture of PVC fabric ink and its sol-
vent (total volume ~ 5  mL) is poured onto the screen mesh. In step 
2, a squeegee with a rubber blade is dragged across the mesh to fill 
all mesh opening. In step 3, the screen mesh now filled with ink is 
pressed onto the substrate and the squeegee is again dragged from 
one end to the other end (at a rate of about 2 s/stroke). Steps 2 and 
3 are repeated three times. In step 4, the screen is released and the 
printed substrate is taken out and hung to dry at ambient temperature 
in a good ventilation environment



Microfluidics and Nanofluidics (2021) 25:80	

1 3

Page 7 of 24  80

3.3 � Printing methods

3.3.1 � Plotting

Bruzewicz’ group proposed a method using the modified 
x,y-plotter for the fabrication of μPADs (Bruzewicz et al. 
2008). In the method, the modified plotter printed the solu-
tion of PDMS which was hydrophobic onto paper to get 
patterned paper. The width of the hydrophobic barriers in 
the patterned paper was similar to 1 mm, but for which 
the resolution was lower than that of photolithography. 
However, because PDMS was an elastomer, the printed 
paper could be bent or folded without destroying the pat-
tern, which was more advanced than photolithography. In 
some studies, the solution of PDMS was replaced by per-
manent marker inks, which contained a hydrophobic resin 
(Amin et al. 2017; Ghaderinezhad et al. 2017). Nie et al. 
(2012) proposed a one-step method, in which the plot-
ter was replaced by metal templates with specific patterns 
and the hydrophobic barriers were created by permanent 
marker inks. Different from other plotting methods, this 
one-step method belongs to the mask methods. In addition, 
plotting could be used for the printing electrode arrays on 
paper for a digital microfluidic chip (Soum et al. 2019). In 
these plotting methods, the equipment is of low cost and 
the μPADs are physically flexible devices, while resolution 
of μPADs is low.

Fig. 6   The fabrication steps of 
the μPAD by contact stamping 
are mentioned in Mathaweesan-
surn’s study (Mathaweesansurn 
et al. 2020). a Photograph of 
the custom-designed stamping 
device, b ink filling, c stamping 
of pattern of the hydrophobic 
barrier on paper and d the final 
design of the μPAD for the 
multiple-point standard addition 
assay

Fig. 7   Schematic illustration of the flexography unit used in Juuso 
Olkkonen’s study (Olkkonen et al. 2010)
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3.3.2 � Wax printing

Wax printing is a simple and commercial method which 
is extensively used (Carrilho et al. 2009; Lei et al. 2015; 
Preechakasedkit et al. 2018; Rattanarat et al. 2013; Rossini 
et al. 2021; Trofimchuk et al. 2020; Yehia et al. 2020). It 
uses a commercially available printer to print patterns of 
wax on the hydrophilic paper surface, and then the wax is 
melted into the paper to form complete hydrophobic barriers 
with thermal treatment. In 2009, Carrilho’s group (2009) 
described a detailed study on wax printing; the operating 
procedure is depicted in Fig. 8. Ricardo Brito-Pereira (2021) 
used a printer to print hydrophobic wax on fluorinated poly-
mer membranes. After printing, the samples were placed 
on a hot plate at 100 °C for 10 min for the wax to penetrate 
the substrates all the way through to the opposing surface 
to fabricate the barriers that are able to properly contain the 
fluids. The wax printing process was rapid, and the material 
was cheap. However, the utilization of the lower resolution 
along with the relative high price of wax printer are the main 
drawbacks of this method.

Wax printing technology has a wide range of applica-
tions, not only for making 2D chips, but also involving 
steps for 3D model fabrication. The method of making 
two-dimensional patterns with wax printing and then 
assembling them into a three-dimensional model is called 

stacking. The use of stacking to fabricate μPADs was first 
proposed by Martinez’ group (Martinez et al. 2008a, b). 
The fabrication was realized by alternately layering pat-
terned paper and double-sided adhesive tape (Cao et al. 
2020; Chun et al. 2014; Im et al. 2016; Li et al. 2019, 
2020; Martinez et al. 2008a, b). To realize the vertical 
flow of the fluid, the hydrophobic double-sided adhesive 
tape was predrilled and the holes were filled with cellulose 
powder. However, this method required accurate alignment 
between the layers; otherwise, the fluid would be blocked 
in the vertical direction, which was a problem for mass 
production. Subsequently, Lewis’ group (2012) proposed 
a new method for high-throughput assembly of devices 
in which the double-sided adhesive tape was replaced by 
spray adhesive. In this method, only the edges of each 
layer of paper were aligned, and a large number of devices 
could be aligned at the same time. Individual devices were 
obtained by cutting the assembled sheets. However, the 
spray adhesive had an adverse effect on the wettability of 
paper. To solve this problem, some researchers showed 
that the 3D microchannel structures could be built in a 
single layer of paper (Jeong et al. 2015; Li and Liu 2014). 
To achieve it, the paper was double-side printed with wax 
pattern, and the depth of wax penetration was adjusted by 
controlling the heating condition and the density of printed 
wax. The number of microchannels could be up to four 
layers in a single sheet of paper (Li and Liu 2014).

Apart from stacking, some researchers used origami to 
fabricate 3D μPADs (Ding et al. 2016; Jiang et al. 2019; 
Jiao et al. 2020; Sechi et al. 2013; Sun et al. 2021). In this 
method, the paper was patterned by the way of wax print-
ing method and then folded in a pre-designed way with-
out positioning alignment to produce 3D μPADs (Chen 
et al. 2021). Figure 9 shows a structure of 3D vertical-
flow paper-based device proposed by Jiao (2020). Pesaran 
(2021) described an origami 3D design of a paper-based 
potentiometric sensor, in which the designed patterns 
were printed on one side of the filter paper and then the 
paper layers folded on each other for the integration of 
different electrodes, in contact with a hydrophilic chan-
nel. To prevent the liquid from flowing through the cracks 
of the paper layers, the folded paper needed to be fixed 
with clamps (Ding et al. 2016) or pinched by fingers (Choi 
et al. 2015) for using. On the basis of this method, Chen 
et al. (Chen et al. 2019) developed a new 3D-μPAD that 
combined a sliding strip and antibody storage functions on 
a single sheet of paper to improve the reproducibility and 
user friendliness of the test, and lower sample consump-
tion. By adopting the sliding strip design, the operation 
processes could be effectively reduced. However, most of 
the folding methods needed clamps to maintain the layers 
close to each other. Moreover, the complex folding rela-
tionships were prone to errors.

Fig. 8   Patterning hydrophobic barriers in paper by wax printing 
mentioned in Whiteside’s group. (Carrilho et al. 2009). a Schematic 
representation of the basic steps (1–3) required for wax printing. b 
Digital image of a test design. The central area of the design was 
magnified to show the smaller features. c Images of the test design 
printed on Whatman no. 1 chromatography paper using a solid ink 
printer. The front and back faces of the paper were imaged using a 
desktop scanner. d. Images of the test design after heating the paper. 
The dashed white lines indicate the original edge of the ink. The 
white bars in the insets highlight the width of the pattern at the posi-
tion indicated by the arrows (color figure online)
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3.3.3 � Inkjet printing

Inkjet printing is a method which uses a modified inkjet 
printer. In this approach, the ink in the cartridge was 
replaced by other hydrophobic materials. By printing the 
solution into paper, the paper was patterned. In some stud-
ies (Chakma et al. 2016; Li et al. 2010), the hydrophobic 
material was AKD–heptane solution, and the printed paper 
was heated at 100 ℃ to cure AKD onto the cellulose fib-
ers. Another method (Henares et al. 2017; Maejima et al. 
2013) used the UV-curable ink as the hydrophobic material, 
and the printed paper was cured by UV lamp. Jagirdar et al. 
(2015) proposed that the ink may be replaced by olive oil 
suspended in isopropanol (IPA) and the paper cured in a hot 
air oven at 140 ℃. In Le’s (2021) study, diethylene glycol 
monobutyl ether (DEGBE) was used as solvent-based ink for 
the inkjet printing step. Inkjet printing could be also used 
to print reagents on the paper (Guo et al., 2019a, b; Ruecha 
et al. 2017).

Another method, also called “inkjet etching”, is printing 
solution onto the hydrophobic paper, to form hydrophilic 
channels on the surface of the paper. In Cai’s study (2015), 
the paper was hydrophobic by soaking in a trimethoxyoc-
tadecylsilane (TMOS)–heptane solution, and the patterned 
paper was achieved by printing the NaOH aqueous solu-
tion onto it. In other methods (Abe et al. 2008, 2010), the 
paper was soaked in a solution of poly(styrene) in toluene for 
hydrophobization, and then the toluene was printed onto the 
poly(styrene)-modified paper to dissolve the polymer mate-
rial for patterning. Th whole process is shown in Fig. 10.

The μPADs fabricated by inkjet printing have relatively 
high resolution, and it is simple to print with a modified 
inkjet printer.

3.3.4 � Laser treatment

Chitnis et  al. (2011) proposed a fabrication method by 
laser treatment. This method was based on paper with a 

Fig. 9   The structure of 3D 
vertical-flow paper-based 
device proposed by Jiao (2020). 
a Design and b photo of the 
paper-based device showing 
the size and shape. c Photo 
of folded paper-based device. 
Photos showing the d front 
and e back surface of the 3D 
vertical-flow paper-based device 
(color figure online)

Fig. 10   Schematic representa-
tion of the fabrication process of 
the inkjet-printed microfluidic 
multianalyte chemical sensing 
paper featuring microfluidic 
channels connecting a central 
sample inlet area with three 
different sensing areas and a 
reference area (Abe et al. 2008)
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hydrophobic surface coating. It was able to selectively 
modify the surface structure and property of paper by using 
a CO2 laser to create hydrophilic patterns which have higher 
resolution (62 ± 1 μm) on papers. Ghosh et al. (2019) used 
a laser printer to print the patterns onto the paper, and the 
toner ink was melted into the paper by heating the printed 
paper. μPADs fabricated by laser treatment had high reso-
lution, while the laser was expensive. Zhang et al. (2019) 
proposed a method which combined laser and wax printing. 
In this method, the front of the paper was evenly coated with 
wax in advance, and then a diode laser was used to heat the 
back side of the paper to melt the wax into the paper, result-
ing in a patterned paper. Some researchers used CO2 laser 
cutting machine to cut the untreated paper, and the hollow 
microstructures were used as ‘hydrophobic barriers’ (Modha 
et al. 2021; Nie et al. 2013). This was a physical method 
without any chemical process similar to knife plotting (Fen-
ton et al. 2009). The pattern after laser cutting could be used 
to compose a three-dimensional model. In Xiao’s (2019) 
study, the paper was patterned by laser cutting, and the non-
functional zones in the paper were further made hydropho-
bic with wax. Then these papers which already had patterns 
were combined together.

3.3.5 � 3D printing

3D printer which is based on fused deposition modeling 
(FDM) technology was used for the μPADs fabrication 
(Puneeth et al. 2019). PCL filament with low melting point-
ing was used as the printing material for patterning the 
hydrophobic barriers on paper. In some studies, researchers 
have used 3D printer to fabricate 2D-μPADs. Chiang et al. 
(2019) combined the FDM-3D printer with wax printing. 
In this method, the printing material was wax. The printer 
can melt wax, so there was no need for external heating. 
He et al. (2016) used a stereolithography 3D printer for the 
μPADs fabrication, which was similar to photolithography, 
as the hydrophobic material is UV resin. Using 3D printer 
was fast to fabricate μPADs, while the printer was of high 
cost and the resolution depended on the 3D printers. This 
method was also a good choice for making 3D-μPADs. Park 
et al. (2018) reported a fabrication method for 3D-μPADs 
made of plastics without the need for additional assembly. 
The production process is shown in Fig. 11. Both sides of 

the paper were printed via liquid resin photopolymerization 
using a digital light processing (DLP) printer. The sample 
reservoir and detection zones were located on the top of 
the 3D-μPADs, and three microchannels were located on 
the bottom. The design could be used to analyze three bio-
markers at the same time. The microchannels at the bottom 
reduced the impact of evaporation on the analysis effect, 
and the design improved the signal uniformity compared 
with 2D paper chips. Using DLP-3D printing technology, 
Fu et al. (2019) realized automatic adhesion and alignment 
between different layers of paper. It was more advanced than 
the traditional stacking method.

In this section, we discuss the main fabrication methods 
of μPADs and analyze their advantages and disadvantages. 
On the whole, these fabrication methods can be divided into 
three categories, among which the mask methods and the 
designed-pattern methods require the corresponding equip-
ment to be manufactured in advance to meet the fabrica-
tion requirements of μPADs with different patterns, while 
the printing methods do not require additional equipment 
to realize the patterning of paper. Most of the mask meth-
ods are cheap and convenient, in that the masks are easy 
to fabricate. Photolithography also uses masks in making 
μPADs, but the method is more complex and expensive than 
others. The μPADs fabricated by photolithography have a 
high resolution, but the materials involved in the fabricated 
process are not environmentally friendly, so it is necessary 
to explore new photoresistors to realize the green production 
of μ-PADs. Designed-pattern methods have great potential 
in mass production of μPADs, because of the advantages of 
fabricating μPADs easily and quickly. However, the resolu-
tion of μPADs produced by these methods is low, so improv-
ing the resolution is very important. The printing methods 
can realize paper patterning directly, so it is simpler in 
operation. Wax printing, which is a mature manufacturing 
method ,is relatively more used at present. The commercial 
wax printer can realize a relatively fast production of μPADs, 
and the resolution of the μ-PADs fabricated by wax printing 
can generally meet the application needs. 3D printing has 
the advantage of digital production and can realize rapid 
production. However, the resolution of μPADs obtained by 
this method is also low, so new printing materials need to 
be developed to improve the resolution. The paper fiber is 
modified by AKD solution in inkjet printing method, and 
the μPADs are flexible. Also, the modified inkjet printer 
has poor compatibility with the material, so a special inkjet 
printer has to be developed for the production of μPADs. 
There are some shortcomings in the current methods, so it 
is necessary to develop a method that can meet the require-
ments of rapid fabrication and high resolution, for exam-
ple the combination of photolithography and flexographic 
printing. The summary of fabrication methods is shown in 
Table 1.

Fig. 11   Printing of the 3D-μPAD for enzymatic detection of multi-
ple analytes proposed in Sungsu Park’s study (Park et al. 2018). a A 
schematic describing 3D printing processes for double-sided pattern-
ing on the filter paper. b A schematic of the 3D-μPAD for simulta-
neous detection of glucose, cholesterol, and TG. c Top view of the 
3D-μPAD. d Isometric view of the 3D-μPAD. e Side view of the 
3D-μPAD. f A schematic showing the transport of the sample solu-
tion from the sample reservoir through the embedded microchannel to 
the detection zone on the 3D-μPAD

◂
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Those methods discussed above can be used in mak-
ing both 2D and 3D models. The 2D μPADs realize the 
flow of fluid in the plane range, thus achieving relatively 
simple detection. However, they cannot realize multistep 
detection. 3D μPADs mainly have multilayer structure, 
which can realize the lateral and vertical flow of liquid. On 
this basis, more complex channel structures and reaction 
zones can be designed on the same footprint, so as to real-
ize multistep reaction detection and reduce sample volume. 
At present, there are more related studies to improve the 
detection of μPADs. 3D-μPADs produced by 3D printing 
need to further explore the diversity of structural design 
to meet more functional requirements. All in all, 2D and 
3D-μPADs have great potential for analysis and detection, 
but it is necessary to develop cheap, simple and relatively 
high-resolution production methods to meet the needs of 
commercial production.

4 � The application of μPADs for analysis 
of saliva

μPADs is low cost, compact and convenient to operate, so 
the fabrication of these models opened up the possibility 
to develop miniaturized lab-on-a-chip platforms capable of 
detecting biomarkers. In this section, μPADs used in detect-
ing different types of biomarkers (nitrite, thiocyanate, glu-
cose, total aldehydes, PH value and reductase) in saliva are 
discussed. The current limitations of saliva analysis are also 
proposed.

4.1 � Nitrite

Nitrite in saliva is a potential biomarker for oral cancer 
and periodontal disease. In general, the detection of nitrite 
is based on the colorimetric reaction of Griess reaction 
which promotes the formation of a magenta azo com-
pound. At present, some groups used different fabrication 
methods to manufacture μPADs for quantitative detection 
of nitrite in saliva. Bhakta et al. (2014) used wax print-
ing to create a hydrophobic barrier in the paper, so as 
to realize the directional flow of liquid. Fig. 12a shows 
the design of this μPAD. The μPADs consisted of a main 
channel, four identical arms, four uptake zones and four 
test zones to separate components in the Griess reagent 
and reduce the degradation of the reagent during storage. 
After fabrication of the μPADs, Griess reagent was spotted 
on the testing zones. For the analysis procedure, sample or 
standard solution was dispensed onto a hydrophobic mate-
rial. The main channel of the μPAD was then brought into 
vertical contact with the droplet to allow sample uptake 
by capillarity and drive the solution into the branched 
channels and testing zones. In addition, the acetic acid in 

the reagent was replaced with 5% H3PO4 to maximize the 
color development. On the basis of these modifications, 
the accuracy of nitrite detection is improved. The device 
was used to detect nitrite with a limit of detection (LOD) 
10 μmol L−1 and a detection range of 10–1000 μmol L−1. 
de Castro et al. (2019) manufactured μPADs by craft cutter 
printing and this chip could quantitatively detect nitrite 
and glucose. The device depicted in Fig. 12b was designed 
to contain two detection zones and one sampling zone for 
colorimetric assays, and it could be assembled into the sili-
cone mouth guard using a 3D-printed holder toward wear-
able paper-based devices. The holder to assemble μPADs 
was fabricated using a 3D printer with FDM technology 
and ABS polymeric filament. Two pieces were manu-
factured to be used as base and cover, allowing to keep 
μPADs enclosed. The paper tip was kept outside the holder 
to allow saliva absorption on the paper surface and, conse-
quently, it was transport under lateral flow along the chan-
nels toward detection zones. Nitrite colorimetric assay was 
performed through the modified Griess reaction in which 
the LOD value was 7 μmol L−1, and the limit of quantifica-
tion (LOQ) value was 25 μmol L−1. Cardoso et al. (2015) 
used a stamping-based method to form paraffin barrier in 
paper to develop μPADs. In this method, the paraffin was 
transferred from a paraffined paper to the native paper by 
a preheated metal stamp. The flower-shaped μPADs were 
designed in a geometry containing eight circular detection 
zones for bioassays interconnected by microfluidic chan-
nels and one central zone to the sample inlet. The Griess 
reaction was modified by replacing the sulfanilic acid by 
sulfanilamide and hydrochloric acid. Hence, the reaction 
was faster and the color was more stable than the original 
Griess reaction. Jiang et al. (2016) produced hydrophilic 
channels in hydrophobic paper treated with octadecyl 
trichlorosilane (OTS) by corona treatment, thus produc-
ing μPADs for nitrite detection. A flower-shaped channel 
network with eight detection zones shown in Fig. 12c was 
chosen as the device designed to perform multisample 
assays simultaneously and under the same condition. Chi-
ang et al. (2019) used a mask-free 3D wax printing method 
to build paper chips for nitrite detection. The device had 
a central reservoir, six uniformly distributed hydrophilic 
channels and six circular detection zone, in which the 
standard nitrite solutions with different concentrations to 
be tested can be added at the same time. Sitanurak et al. 
(2019) used screen printing to fabricate μPADs for nitrite 
detection. T-shirt screen ink as a novel material for rapid 
fabrication of hydrophobic was used in this study. The 
production of the μPADs was reasonably high with up 
to 77 devices per screening (for single layer μPADs). An 
example of a fabric ink-printed paper substrate is shown 
in Fig. 12d. This device was applied for the simultaneous 
quantitation of thiocyanate and nitrite in synthetic saliva.
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4.2 � Thiocyanate

Thiocyanate is an important biomarker for tobacco smoke 
exposure and the levels of thiocyanate in saliva can be used 
to identify smokers and non-smokers. It can be found at 
different concentration levels in body fluids, and is signifi-
cantly more concentrated in human saliva. Thiocyanates can 
react with ferric ions under acidic conditions to form an 
iron(III)–thiocyanate colored complex. Based on this reac-
tion, thiocyanates can be quantified by analyzing the chro-
mogenic degree of the complex.

For the quantification of thiocyanate, Pena-Pereira et al. 
(2016) used a one-step plotting method to fabricate μPADs. 
A stencil containing repeated units of specific dimen-
sions(6 × 6 mm each) was placed under a piece of What-
man filter paper, and the detection areas were easily plotted 
by using a commercially available permanent marker. The 
credit card-sized device contained 40 separated test zones. 

In the research, the detection method relied on the imple-
mentation of a complexation reaction between thiocyanate 
and iron(III) under acidic conditions. The LOD was 0.06 
mmol L−1, the LOQ was 0.21 mmol L−1 and the average 
thiocyanate levels for non-smokers and smokers were in the 
ranges of 0.28–0.87 mmol L−1 and 0.78–4.28 mmol L−1, 
respectively. Pungjunun (2021) proposed a microcapillary 
grooved paper-based analytical device being capable of dual-
mode sensing (colorimetric and electrochemical detection) 
for analysis of SCNˉ in thiocyanate. A hollow capillary 
channel was constructed via laser engraved micropattern-
ing functions as a micropump to facilitate viscous fluidic 
transport. The μpumpPAD which had colorimetric detec-
tion zone and electrochemical detection zone is shown in 
Fig. 13a. For high levels of SCNˉ, after applying a working 
solution or a real sample onto the sample zone, the solution 
was rapidly wicked along the straight channel through the 
hollow capillary and then reached the colorimetric detection 

Fig. 12   a The redesigned μPADs for nitrite detection in saliva show-
ing the hydrophilic main channel, branched channels, uptake zones, 
and testing zones surrounded by the hydrophobic wax barrier (Bhakta 
et al. 2014). b The design of μPADs and the assembling of the μPAD 
into the mouth guard using a 3D-printed holder toward wearable 

paper-based devices (de Castro et  al. 2019). c Scanned image of a 
color-developed μPAD (Jiang et al. 2016). d Example of fabric ink-
printed paper substrate showing 77 dumbbell-shaped devices per pro-
duction, and operating procedures for simultaneous determination of 
thiocyanate and nitrite in synthetic saliva (Sitanurak et al. 2019).
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zone. Rapid visible color change could be seen in the color 
testing zone. However, a low amount of SCNˉ could not suf-
ficiently produce observable signals in colorimetric. For low 
level of SCNˉ, μpumpPAD could easily detect the trace level 
via an electrochemical mode (square wave voltammetry). 
For the colorimetric detection, in addition to iron (III) and 
nitric acid, hexadecyltrimethylammonium bromide (CATB) 
was added to the detection zone to reduce the viscosity of the 
saliva sample, and polyacrylic acid (PA) was also added to 
stabilize the colorimetric product. For the electrochemical 
detection, CATB was added as an additive to enhance the 
current signal. Yu et al. (2020) used spraying technique to 
fabricate the three-dimensional single-layered paper-based 
microfluidic analytical devices (3D sl-µPADs) for the col-
orimetric detection of nitrite and thiocyanate at the same 
time. The spraying prototyping process for fabricating the 
3D sl-µPADs is illustrated and shown in Fig. 13b. The detec-
tion reservoirs on the left were used for nitrite assay and the 
detection reservoirs on the right were used for thiocyanate 
detection. At first, the µPAD was prepared by first adding 
PA to all the assay reservoirs, waiting for 10 min for drying 
at RT. After that, Griess reagent solution was pipetted to the 
left detection reservoirs, Fe(III) reagent solution was pipet-
ted to the right detection reservoirs, and then the simultane-
ous detection of both NO2

− and SCN− was performed. A 
total of the standard containing two anions was pipetted into 
the central reservoirs for introducing the sample.

4.3 � Glucose

Glucose in saliva is a biomarker for diabetes mellitus. 
Rapid detection of glucose in saliva using μPADs is of 

great significance for the treatment of diabetes melli-
tus. In general, the detection of glucose is achieved by a 
bienzymatic assay containing glucose oxidase (GOx) and 
horseradish peroxidase (HRP). The H2O2 produced in the 
reaction reacts with I−1 or 3, 3’, 5, 5’-tetramethylbenzi-
dine (TMB) and thus causes a color change. The color 
depth is proportional to the glucose concentration. Chiang 
et al. (2019) reported an improved method for patterning 
filter paper by wax printing in a single step in which the 
hydrophobic wax barrier could be developed without the 
use of either mask or external heating device. To detect 
multiple analytes simultaneously under the same condi-
tions, the μPADs were fabricated with a central fluid res-
ervoir and six circular detection zones interconnected each 
other through the hydrophilic microchannels. Glucose was 
detected by a bienzymatic assay, and the chromogenic 
agent was NaI. Jia et al. (2018) used a photolithography 
method to fabricate the μPADs, and the graphene oxide 
(GO) was deposited on the surface of the paper to enhance 
the colorimetric assay performance. There were two types 
of paper-based microfluidic designs in general, the res-
ervoir array-based design and the lateral-flow design. In 
this paper, both design strategies were incorporated to this 
portable system to verify the effectiveness of this device. 
Figure 14a shows the design and fabrication method of 
the μPADs. The dispersed GO solution was first pipetted 
to the μPADs detection zones and allowed to dry, then 
chromogenic substrate (15 mmol L−1 TMB) and the mix-
ture of enzymatic solutions (GOx and HRP) were added to 
the detection zones in two independent steps. After that, 
glucose solution with predetermined concentrations was 
applied to the μPADs. A back camera of a smartphone 

Fig. 13   a Schematic illustration of the hollow capillary channel of 
the μpumpPAD for dual-mode sensing via colorimetric detection 
on cPAD and electrochemical detection on ePAD (Pungjunun et  al. 

2021). b The spraying prototyping process for fabricating the 3D 
sl-µPADs (Yu et al. 2020)
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with a fixed focus distance and the ‘always on’ flash mode 
was used to take assay images for 60 s after the chip load-
ing. Some researchers have attempted to improve the 
colorimetric readout by modifying μpads PADs with chi-
tosan (de Castro et al. 2019; Santana-Jimenez et al. 2018).  
Santana-Jimenez et al. (2018) presented a bienzymatic 
paper-based sensor suitable for the naked eye detection 
of glucose in saliva samples. The sensor was obtained 
by a stamping procedure and modified with chitosan to 
improve the colorimetric readout. Figure 14b shows the 
fabrication of the paper-based sensor. During the detec-
tion, glucose solution was directly applied to the detection 
zone, the visual readout was perceived by the naked eye 
and registered with an office scanner to evaluate the ana-
lytical performance. de Castro et al. (2019) fabricated the 
μPADs by craft cutter printing and combined the μPADs 
with a mouth guard, so as to realize the real-time detec-
tion of glucose in saliva. They also impregnated chitosan 
solution on the μPADs’ surface to enhance the glucose 
colorimetric assay performance. Mercan (2021) developed 
a portable platform in cooperating a μPAD with a machine 
learning to quantify glucose concentration in saliva. The 
μPADs which had three detection zones were made by 
wax printing. The detection zones of the μPAD were 
modified with three different detection mixtures; after the 

color change, the images of μPADs were taken with differ-
ent smartphones under different illumination conditions. 
Then machine learning was used to classify these images 
to result in a more adaptive platform against illumination 
variation and camera optics. The determination strategy 
is shown in Fig. 14c.

Some researchers tried to detect the glucose with an 
electrochemical method. Wei (2021) proposed a cobalt 
metal–organic framework modified carbon cloth/paper (Co-
MOF/CC/paper) hybrid button-sensor which was developed 
as a portable and user-friendly electrochemical analytical 
chip for nonenzymatic quantitative detection of glucose. 
Cobalt-MOF moderately crystalized on the CC at ambient 
state and assembled with the patterned paper electrode to 
form a hybrid button sensor. The design of the device is 
shown in Fig. 14d. The fabrication process combined wax 
printing with origami, while Co-MOF/CC was glued on 
chip for constructing a three-electrode system, and the final 
3D devices could meet the needs of mutistep reaction. The 
electrochemical performance of Co-MOF/CC/paper hybrid 
button sensor was investigated by electrochemical imped-
ance spectroscopy (EIS), cyclic voltammetry (CV). For the 
quantitative detection of glucose, amperometric response 
was measured in 0.1 mol NaOH (20 μL) at the constant 
potential of 0.45 V over 50 s for a saturation current.

Fig. 14   a Schematic representation of the paper-based sensor fabrica-
tion (Jia et al. 2018). b Schematic representation of the paper-based 
sensor fabrication (Santana-Jimenez et al. 2018). c Schematic illustra-
tion of the glucose determination strategy (Mercan et al. 2021). The 

change in color in the detection zones of the μPAD is imaged using 
a smartphone camera under various combinations of fluorescent, 
halogen and sunlight sources. d Photographs of button sensor and 3D 
schematic of the assay procedure (Wei et al. 2021).
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4.4 � Total aldehydes

Total aldehydes in saliva can be used to assess oral cancer 
risk in that the formaldehyde and acetaldehyde have been 
linked to cancer risk. Ramdzan’s group (Ramdzan et al. 
2016) proposed the development of the μPADs for the deter-
mination of salivary aldehydes using a colorimetric method 
involving the reaction between 3-methyl-2- benzothia-
zolinone hydrazone (MBTH), iron (III) and aldehydes. In 
their approach, the μPADs were fabricated by the wax print-
ing method and designed to be 3D μPADs with two overlap-
ping paper layers (Fig. 15), so that the reaction sequence 
could be met. The first layer comprised 15 circular detection 
zones impregnated with 8 μL of MBTH. The second layer 
contained 15 reagent zones, and 2 μL of iron(III) chloride 
were added to each of the second layer zones after the addi-
tion of sample to the detection zones in the first layer. Due 
to the two-step nature of the analytical reaction, the two 
paper layers were separated by a cellulose acetate interleav-
ing sheet to allow the reaction between the aldehydes in 
the saliva sample with MBTH to form azine, followed by 
a blue colored reaction between the azine and the MBTH 
oxidized by iron(III) after the removal of the interleaving 
sheet. The detection range of the μPADs for aldehydes was 
20.4–114.0 μmol L−1, and the LOD was 6.1 μmol L−1.

4.5 � Saliva PH value and reductase

Saliva PH value and reductase are important biomarkers 
to determine whether dental caries occurs. Dental caries is 
more likely to occur in a locally acidic environment, and the 
reductase is not the original ingredient in saliva, but is pro-
duced by microbes in the mouth that cause caries. Jagirdar 
et al. (2015) developed a detection method based on col-
orimetric analysis for simultaneous measurement of saliva 
PH value and reductase. The designed device which had a 
sample zone, a pH detection zone and a reductase detection 
zone is shown in Fig. 16. In this study, the PH was meas-
ured by using a mixture of bromothymol blue and bromo-
cresol green, and the reductase was measured by diazores-
orcinol which changed from blue to pink in the presence of 

reductase. The μPADs were fabricated by an inkjet printing 
method, in which the ink was replaced by olive oil. The two 
tests were combined to give users a more specific under-
standing of oral health.

4.6 � Other biomarkers

In addition to μPADs for small molecule detection, there 
were some sophisticated paper-based analysis devices for the 
detection of dengue-specific immunoglobulins (IgG) (Zhang 
et al. 2015) and the extraction of DNA (Gan et al. 2014; 
Tang et al. 2017) in saliva. The researchers used the con-
ventional ELISA to validate the dengue IgG-positivity and 
-negativity in saliva. The result indicated that the test was 
valid. However, the quantitative analysis of immunoglobulin 
in saliva still needs further research. The researchers made a 
simple attempt for the extraction of DNA from saliva, but a 
more effective analysis method was still needed.

This section summarizes the recent advances in the appli-
cation of saliva analysis and provides a brief assessment 
of the commercial potential of the applications, as shown 
in Table2. Although these studies demonstrate the poten-
tial of μPADs, the characteristics of saliva limit its further 
development. First, the complex oral environment leads to 
changes in the composition of collected saliva, which affects 
the results of biomarkers’ detection. In the current studies, 
most researchers use artificial saliva instead of real saliva 
to ensure the accuracy of experimental results. Also, some 
researchers use real saliva for research (Cardoso et al. 2015; 
Ramdzan et al. 2016). To make sure the results are accu-
rate, the volunteers were asked to rinse their mouth with 
deionized water before saliva collection. Second, the current 
detection is still limited to small molecules in saliva, and 
most biomarkers are detected by colorimetric analysis, so it 
is still necessary to develop macromolecule detection meth-
ods based on the μPADs platform. The most important point 
is that the concentrations of biomarkers in saliva are several 
orders of magnitude lower than in serum, which limits the 
accuracy of biomarker detection, and this limitation puts 
higher requirements on detection methods.

Fig. 15   3D μPADs design with 
two layers (Ramdzan et al. 
2016)



Microfluidics and Nanofluidics (2021) 25:80	

1 3

Page 19 of 24  80

Fig. 16   Process flow for patterning hydrophobic regions on paper and 
printing dental assay reagents. After printing and curing the hydro-
phobic barrier, diazoresorcinol (blue square) and pH indicator (yel-
low hexagon) solutions were printed in specific reaction zones. When 

saliva was added to the device, it reacted with the assay reagents 
and resulted in a color change in the designated areas (Jagirdar et al. 
2015) (color figure online)

Table 2   Summary of biomarker detection

Biomarkers Detection mechanism Reaction or reagents LOD/LQD Competitivity References

Nitrite Colorimetric 1.Modified Griess reac-
tion (the acetic acid is 
replaced by 5% H3PO4)

10 μmol L−1/ Medium (Bhakta et al. 2014)

2. Modified Griess reac-
tion (the acetic acid is 
replaced by citric acid)

7 μmol L−1/25 μmol L−1 Relatively high (de Castro et al. 2019)

Thiocyanate Colorimetric Iron (III), HNO3 0.06 mmol 
L−1/0.21 mmol L−1

Medium (Pena-Pereira et al. 2016)

Iron (III), HNO3/3D 
μPADs

0.074 mmol 
L−1/0.25 mmol L−1

Relatively high (Yu et al. 2020)

Colorimetric and electro-
chemical

Iron (III), HNO3, CATB, 
PA;

CATB

0.2 mmol L−1/0.6 mmol 
L−1

0.006 mmol 
L−1/0.02 mmol L−1

High (Pungjunun et al. 2021)

Glucose Colorimetric 1. Traditional bienzymatic 
assay

0.3 mmol L−1/ Low (Chiang et al. 2019)

2.Modified bienzymatic 
assay (GO enhance-
ment)

0.02 mmol L−1/ Relatively high (Jia et al. 2018)

3. Modified bienzymatic 
assay (chitosan enhance-
ment)

0.027 mmol 
L−1/0.09 mmol L−1

Relatively high (de Castro et al. 2019)

Electrochemical Co-MOF/CC/paper sensor 0.15 mmol L−1/ Relatively high (Wei et al. 2021)
Total aldehydes Colorimetric MBTH, iron (III) and 

aldehydes
6.1 μmol L−1/20.4 μmol 

L−1
Medium (Ramdzan et al. 2016)

PH value Colorimetric Bromothymol blue and 
bromocresol green

Low (Jagirdar et al. 2015)

Reductase Colorimetric Diazoresorcinol Low (Jagirdar et al. 2015)
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5 � Conclusion and outlook

Compared with other microfluidic chips, μPADs have the 
advantages of low cost and simple operation steps. The fluid 
flows in the device do not need external equipment, like 
pump. Passive fluid flow can be achieved in μPADs because 
of the capillary phenomenon. In this review, we summarize 
the flow mechanism in the paper, the fabrication methods of 
2D and 3D μPADs and the applications of μPADs for analy-
sis of saliva. The fabrication methods for μPADs are divided 
into three categories, and each of them has their own advan-
tages and disadvantages. Wax is more widely used for the 
hydrophobic barriers in that there is already a wax printer 
available for commercial use. However, patterns printed on 
wax do not have high resolution. These methods mentioned 
above can not only make 2D chips, but also be used in 3D 
chips fabrication. 3D μPADs can realize the vertical flow of 
liquid, which have great potential in realizing the complex 
flow of liquid. For 3D μPADs, new structures can be devel-
oped to meet the requirements of more complex and mul-
tistep analysis. Saliva testing plays an important role in the 
field of POCT, because saliva contains many biomarkers and 
can be collected non-invasively. This review summarizes the 
application of saliva analysis based on paper-based micro-
fluidic platform such as the detection of nitrite, thiocyanate 
and glucose, and points out the prospect of real-time saliva 
detection. However, as pointed out in Sect. 4, there are still 
many deficiencies in the current research. Further research 
is needed on how to realize the application of paper-based 
microfluidic in limited medical areas and family situations.

Although a variety of manufacturing methods have been 
proposed, the device produced is not robust enough; hence, 
the structure is easy to be destroyed during the testing pro-
cess. In future research, the robustness of the device can 
be improved by improving the manufacturing method or 
improving the material properties.

To increase the commercial value of the device, it is nec-
essary to develop manufacturing methods that can achieve 
mass production, such as combining flexographic printing 
with wax printing. It is also necessary to improve the detec-
tion sensitivity of current detectable biomarkers. In addi-
tion, to reduce the influence of complex oral environment on 
the analysis results, the saliva sample collection procedure 
should be standardized, such as requiring the sampled per-
son to gargle before sampling.

For the detection of biological macromolecules such as 
proteins, more effective detection methods are needed, and 
higher requirements are also put forward for the structure 
of the devices. The 3D μPADs can realize the complex flow 
of liquid in the device, which provides a structural basis 
for multistep reactions. Therefore, relevant structures can 
be further designed to meet the requirements of different 

detection methods. At the same time, the electrochemical 
analysis method and other methods can be combined with 
the devices to improve the sensitivity of the device analysis.
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