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Recent Innovations in Cost-Effective Polymer and Paper Hybrid 
Microfluidic Devices 
Wan Zhou,a,† Maowei Dou,a,† Sharma T. Sanjay,a,† Feng Xu,b* and XiuJun Li a,c,d *

Hybrid microfluidic systems that are composed of multiple different types of substrates have been recognized as a versatile 
and superior platform, which can draw benefits from different substrates while avoiding their limitations. This review article 
introduces the recent innovations of different types of low-cost hybrid microfluidic devices, particularly focusing on cost-
effective polymer- and paper-based hybrid microfluidic devices. In this article, the fabrication of these hybrid microfluidic 
devices is briefly described and summarized. We then highlight various hybrid microfluidic systems, including 
polydimethylsiloxane (PDMS)-based, thermoplastic-based, paper/polymer hybrid systems, as well as other emerging hybrid 
systems (such as thread-based). The special benefits of using these hybrid systems have been summarized accordingly. A 
broad range of biological and biomedical applications using these hybrid microfluidic devices are discussed in detail, 
including nucleic acid analysis, protein analysis, cellular analysis, 3D cell culture, organ-on-a-chip, and tissue engineering. 
The perspective trends of hybrid microfluidic systems involving the improvement of fabrication techniques and broader 
applications are also discussed at the end of the review. 

1. Introduction
Microfluidic systems have been developed rapidly in the last 
two decades, exhibiting numerous applications in chemical, 
biomedical, biological, and environmental fields.1-4 The 
microfluidic technology was initially applied to manipulate 
small-volume fluid samples within micro-scale structures, which 
promoted the development of lab-on-chip (LOC) devices.5-7 
Microfluidic LOC devices are capable of performing sample 
preparation, separation, detection, and analysis by integrating 
multiple components and functional units into a single 
miniaturized device.8, 9 In addition, microfluidic devices can 
manipulate liquid at microliter or nanoliter levels precisely and 
efficiently, and allow for high throughput and automation.10-12 
Associated with a variety of benefits such as small reagent 
consumption, cost-efficiency, integration, portability, and no 
need of experienced personnel for operation, such devices have 
provided a valuable platform in many fields such as human 
health diagnostics, biomedical applications, controlled drug 
delivery, and environmental analysis. 4, 13-17 Particularly, the 
low-cost microfluidic devices have attracted increasing interest 
in both scientific research and practical applications by 
providing affordable platforms for point-of-care (POC) 

applications. The development of low-cost microfluidic 
platforms is still challenging and demanding, especially in low-
resource settings. 

Microfluidic LOC devices can be fabricated from a diverse range 
of materials, such as silicon, glass, polymeric substrates, 
cellulosic substrates, and some emerging biomaterials.18-22 
Based on the number of substrates used in microfabrication, 
microfluidic LOC devices can be categorized as single-substrate 
and hybrid (hybrid-substrates) microfluidic devices. Among all 
hybrid microfluidic devices, polymer and paper hybrid 
microfluidic devices have been perceived as versatile platforms 
and applied in many fields, mainly including nucleic acid 
analysis, protein detection, cellular analysis, 3D cell culture, 
organ-on-a-chip, and tissue engineering. Although the hybrid 
microfluidic systems have drawn more and more attention in 
microfluidic and bioanalytical fields, to the best of our 
knowledge, there have been no comprehensive reviews on 
hybrid microfluidic systems. Therefore, this article reviews the 
recent innovations in the development of hybrid microfluidic 
devices (e.g., the cost-effective polymer and/or paper-based 
hybrid microfluidic devices). It mainly focuses on two major 
types of hybrid devices –  polymer/polymer and paper/polymer 
hybrid microfluidic devices. Readers can refer to different 
sections directly according to interest.

1.1 Different substrates for the fabrication of microfluidic 
devices

Microfluidic devices were previously fabricated mostly using 
silicon and glass, whereas polymer and paper substrates have 
been subsequently adopted in microfabrication. The 
applications and limitations of these devices have 
predominantly relied on the diverse properties of respective 

a.Department of Chemistry and Biochemistry, University of Texas at El Paso, 500 W 
University Ave., El Paso, TX 79968, USA. Email: xli4@utep.edu 

b.Bioinspired Engineering and Biomechanics Center (BEBC), The Key Laboratory of 
Biomedical Information Engineering of Ministry of Education, School of Life Science 
and Technology, Xi’an Jiaotong University, Xi’an 710049, PR China.

c. Border Biomedical Research Center, Biomedical Engineering, University of Texas at 
El Paso, 500 West University Ave., El Paso, TX 79968, USA.

d.Environmental Science and Engineering, University of Texas at El Paso, 500 West 
University Ave., El Paso, TX 79968, USA.

† These authors contributed equally to this work. 

Page 1 of 24 Lab on a Chip



REVIEW Lab on a Chip

2 | J. Name., 2020, xx, xx-xx This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

materials. Silicon is the first generation of substrates used in 
microfluidic LOC devices owing to its high thermo-conductivity, 
good chemical resistance, and ease in metal depositing. Silicon-
based microfluidic devices have been fabricated leveraging the 
well-developed semiconductor fabrication strategy.23 Typically, 
the Microelectromechanical Systems (MEMS) technique is 
adopted to make micro-scale structures with a focus on 
biochemical analysis.24 However, due to its intrinsic properties 
(e.g., opacity and hardness) and high manufacturing costs, the 
broadening demands for microfluidic devices, especially those 
using optical sensors, could not be satisfied by the silicon-based 
microfluidic devices.

Afterward, glass was selected to replace silicon in most 
applications, owing to its optical transparency, chemical 
inertness, and biocompatibility.25 Moreover, the fabrication of 
glass microfluidic LOC devices includes photolithography,  
etching, and bonding, which are compatible with MEMS.26 
Despite the above advantages, there are several drawbacks 
associated with glass substrates. Some toxic chemicals are used 
in the fabrication of glass microfluidic LOC devices, such as 
piranha solutions to clean glass surfaces prior to bonding, and 
hydrofluoric acid for glass etching. In addition, glass microfluidic 
LOC devices require high temperature in the fabrication 
process. Functionalization of glass chips is necessary to activate 
the silanol groups via chemical reactions, which also increases 
the complexity and the fabrication cost of glass microfluidic 
devices.27

As such, cost-effective microfluidic devices made by polymeric 
materials have quickly become more popular than glass, due to 
the reduced production costs, flexibility, ease of fabrication, 
rapid prototyping, and no need for hazardous etching reagents. 
There are two major types of polymeric substrates used in 
microfluidic devices: elastomers (e.g., polydimethylsiloxane 
(PDMS)) and thermoplastics (e.g., poly(methyl methacrylate) 
(PMMA), polycarbonate (PC), and polystyrene (PS)). PDMS has 
become presently the most common substrate used in 
microfabrication, and PDMS-based microfluidic chips are 
generally fabricated via soft lithography. The processing of 
PDMS chips can be achieved without the aid of cleanroom 
facilities. The optical transparency also allows PDMS to replace 
glass at a reduced cost in most optical applications. Moreover, 
its gas permeability makes PDMS-based microfluidic chips 
suitable for cellular analysis as well as long-time cell culture. 
Nonetheless, nonspecific adsorption of biomolecules can 
compromise the specificity and sensitivity of on-chip assays. 
Likewise, the degradation of PDMS could occur when exposed 
to reactive chemicals, and the chemical modification of PDMS 
surfaces (e.g., plasma treatment) may not be stable during a 
long period of time.28, 29

Different from PDMS, thermoplastics such as PMMA hold good 
compatibility with the existing mass production 
infrastructure.30 Numerous prototyping techniques have been 
developed to make microfluidic devices using thermoplastics, 
such as laser ablation, injection molding, and micromilling.31, 32 
Thermoplastics microfluidic devices can be fabricated and 
molded at relatively high temperatures – they are able to 

withstand high pressure as the materials are rigid below the 
glass-transition temperature. In addition, compared to other 
substrates, thermoplastics exhibit comparable optical 
properties (e.g., broad visible transmittance and low intrinsic 
fluorescence), good chemical stability and biocompatibility, and 
a broader range of mechanical stiffness. Nevertheless, 
thermoplastics are still not yet the most attractive material used 
in microfabrication, because of the nonspecific surface 
adsorption of sample molecules and its impermeability to gas.

Paper-based microfluidic devices have emerged as a low-cost 
microfluidic platform during the last decade.33 Many 
advantages of paper substrates have been found, including 
extremely low cost, wide availability, disposability, user-
friendliness, ease of fabrication, compatibility with large-scale 
manufacturing, etc.34, 35 Typically, the microfluidic paper-based 
analytical devices (µPADs) can be fabricated using a variety of 
techniques, such as inkjet printing, wax printing, 
photolithography, paper cutting, and paper origami. The µPADs 
are good candidates for developing POC applications by 
integrating various functionalized components. Sample 
handling can be controlled via capillary forces through the 
patterned hydrophobic barriers without the assistance of 
pumps. Despite the broad applications of µPADs in diagnostics, 
environmental monitoring, biomedical and forensic analysis, 
there are still challenges that must be considered, such as the 
weak mechanical property, lack of optical transparency, low 
resolutions of patterned microstructures, ineffective sample 
consumption (e.g., via evaporation), low performance in liquid 
control, and large variations in specificity and sensitivity.36 
Moreover, current colorimetric detection methods have been 
largely applied to microfluidic paper-based devices, whereas 
semi-quantitative measurements are still dominant with flawed 
limits of detection (LODs).

1.2 Polymer and paper hybrid microfluidic devices

These aforementioned limitations of different single-substrate 
microfluidic systems have motivated the development of hybrid 
microfluidic systems, particularly cost-effective polymer and 
paper hybrid microfluidic devices. Hybrid microfluidic systems 
are meant to adopt the merits of different substrates while 
avoiding the drawbacks of individual substrates.

The design and fabrication of polymer and paper hybrid 
microfluidic devices are contingent on assorted requirements 
and applications.3, 37 On one hand, extra benefits and more 
features have been presented in hybrid microfluidic devices, 
while avoiding certain limitations from individual substrates. 
For example, the inclusion of paper in a PDMS/glass/paper 
hybrid device led to the rapid and stable immobilization of 
aptamers for the multiplexed detection of pathogens and 
infectious diseases, without complicated surface modification.2, 

38 Another paper/PC/PDMS hybrid device could combine the 
flexibility of PDMS and the convenience of colorimetric 
readouts on paper.39 The hybrid device solved the issue of the 
time-dependent inconsistency in the conventional test strip, 
providing an effective and user-friendly platform for rapid and 
qualitative POC detections. In addition to rapid immobilization 
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of biomarkers in paper/polymer hybrid devices, the integrated 
device can also increase the efficiency of bioassay via analyte 
enrichment on paper for high-sensitivity multiplex detection of 
disease biomarkers.40, 41 On the other hand, hybrid microfluidic 
systems are competent to integrate many different 
microstructures and elements to accommodate numerous 
application requirements. For instance, a PDMS/SU-8 
photoresist/glass hybrid device was designed and applied to 
integrate four label-free detection methods (i.e., impedance, 
refractive index measurement, optical absorption, and 
fluorescence), offering a multifactorial analysis tool for complex 
samples.42 Another hydrogel/PMMA/PDMS/glass hybrid 
microfluidic system was manufactured as a suitable packaging 
approach for cell culture.43 The system was capable to maintain 
good surface reactivity and tight sealing, precise control of 
molecule release, and continuous perfusion cell culture.

Overall, by taking the advantages of various substrates, while 
eliminating certain limitations of individual chip substrates, 
polymer and paper hybrid microfluidic devices have been 
applied in various biological and biomedical applications. Based 
on the nature of target substances, these applications can be 
classified into: nucleic acid analysis (including nucleic acid 
extraction, amplification, and detection), protein analysis (such 
as the detection of protein-based biomarkers), cellular analysis 
(mostly pathogenic cells), 3D cell culture (allowing cell growth 
in a 3D model), organ-on-a-chip, and tissue engineering 
(allowing cell co-culture and mimicking the microenvironment 
of the natural organs and tissues).

Although numerous successful polymer and paper hybrid 
microfluidic devices and applications have been reported until 
now, very limited resources can be approached to summarize 
their recent advances. In this review, the aim is to: i) review 
current advances in the design and fabrication of polymer and 
paper hybrid microfluidic devices; ii) summarize the versatile 
applications of these hybrid microfluidic devices; iii) highlight 
unique benefits from such hybrid microfluidic devices. We focus 
on recent innovations in cost-effective polymer and paper 
hybrid microfluidic devices. Based on different dominant 
materials, these hybrid microfluidic devices have been 
categorized into four types: PDMS-based hybrid microfluidic 
systems (Section 2), Thermoplastics-based hybrid microfluidic 
systems (Section 3), Paper/polymer hybrid microfluidic systems 
(Section 4), and Other emerging hybrid microfluidic systems 
(Section 5). In subsequent sections, we will first briefly 
introduce each type of hybrid microfluidic devices and their 
relevant fabrication methods, and then review current 
biological and biomedical applications of such hybrid devices, 
including human health diagnostics, cell culture, organ-on-a-
chip, and tissue engineering. At the end of this article, we will 
discuss the current status and future perspectives. 

2. PDMS-based hybrid microfluidic systems
PDMS has been widely selected in the fabrication of microfluidic 
devices with numerous benefits over glass and silicon. First, the 
prepolymers and curing agents to make PDMS are inexpensive 

and commercially available. PDMS can be fabricated easily and 
further processed under ambient conditions without the need 
for cleanroom facilities. Hence, the cost of the fabrication of 
PDMS-based devices has been significantly decreased. Second, 
PDMS, as a flexible material, allows easy and rapid prototyping 
as well as manipulation via polymerization and cross-linking 
reactions. Third, PDMS is impermeable to water while having 
high gas permeability, which allows separations between 
hydrophobic contaminants from water and free exchange of 
oxygen and carbon dioxide, especially in cell culture.44 Fourth, 
PDMS can easily assemble to itself and other flat substrates 
reversibly via van der Waals forces or irreversibly after plasma 
treatment. The hydrophobic surface of PDMS can be easily 
modified to be hydrophilic by exposure to an air plasma. In 
addition, the optical transparency of PDMS makes it compatible 
with many optical detection methods. 

To meet the growing requirements of microfluidic devices for 
biological studies, PDMS-based hybrid devices have been 
promoted to avoid the limitations of PDMS-only devices, such 
as low tolerance for high temperature and pressures, poor cell 
adhesion, nonspecific adsorption of small molecules, and 
swelling or shrinking in the presence of most organic solvents. 
Several materials such as glass, thermoplastics, and cellulose 
(such as filter paper and chromatography paper), have been 
chosen to incorporate with PDMS, forming different PDMS-
based hybrid devices.

2.1 Fabrication 

Several technologies based on soft lithography have been employed 
to manipulate the elastomeric structures on PDMS-based hybrid 
devices,45, 46 such as rapid prototyping, replica molding, capillary 
molding, microcontact printing, and microtransfer molding, although 
there are some other methods including injection molding and laser 
ablation.46 During general procedures of soft lithography, a liquid 
mixture of PDMS prepolymers and curing agents is mixed thoroughly 
and degassed in vacuum to remove air bubbles. The PDMS layers are 
then cast by pouring the above mixture over a patterned master, 
followed by thermal curing (e.g., 70 °C) and simply peeling off the 
PDMS membranes. 

The fabrication of PDMS hybrid devices relies on the assembly and 
sealing of PDMS layers with other hybrid materials. Thanks to its 
unique flexible property, PDMS can be either assembled to itself or 
other flat substrates reversibly or sealed irreversibly after plasma 
treatment of both substrates. PDMS/glass hybrid devices are 
developed, in which glass slides can act as support substrates with 
irreversible sealing based on the covalent bonds of Si-O-Si between 
plasma-treated PDMS and glass.38 In addition, glass slides can also 
work as auxiliary layers to integrate other components like 
microelectrodes. For instance, a glass wafer was used as a handing 
layer to fabricate silver nanoparticles-based microelectrodes on 
PDMS by inject printing.47 Similarly, other substrates like various 
membranes and thermoplastics are also assembled with PDMS to 
form different PDMS hybrid devices.  Given varying fabrication 
methods in PDMS hybrid devices with different materials, more 
details will be explained in the following section when introducing 
individual examples of such devices. 
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2.2 Applications

PDMS-based hybrid microfluidic systems have been widely used 
in a broad range of biological and biomedical applications, as 
summarized in Table 1, including substrates, application 
targets, and LODs.   

2.2.1 Nucleic acid analysis

DNA amplification-based

PCR is the most widely adopted nucleic acid amplification 
method with wide applications in clinical, biological, and 
forensic analysis.48, 49 Typically, independent microfluidic 
compartments for cell lysis and nucleic acid extraction (e.g., by 
magnetic microbeads) are required to achieve PCR 
amplification in a microfluidic system. However, it involves 
complicated and costly microfabrication of micro-pumps and 
micro-valves,50 and inevitable nucleic acid loss and dilution 
during the elution and transfer procedures, which lowers the 
sensitivity of nucleic acid analysis. The emerging hybrid 
microfluidic systems provide a simple and efficient approach for 
integration of DNA extraction and amplification. The simply 
embedded membrane substrate (e.g., aluminium oxide 
membrane or AOM) serves as a capture phase for DNA 
extraction and for the subsequent DNA amplification that can 
be achieved in the same single compartment of a hybrid 
microfluidic system.

Oblath et al.51 reported an AOM/PDMS microfluidic chip 
integrated with DNA extraction, amplification, and detection for 
the identification of bacteria in saliva in 7 parallel wells. Samples 
of lysed target organisms after heating were added in each 
microwell and filtered through AOM (pore diameter 200 nm) by 
using vacuum for DNA extraction, followed by the addition of 
PCR reagents and thermal cycling for real-time PCR. A saliva 
sample spiked with 300 fg (100-125 copies) of both methicillin-
susceptible and methicillin-resistant Staphylococcus aureus (S. 
aureus) was used as a demonstration for identification of 
Streptococcus mutans, exhibiting the capability of the hybrid 
system for simultaneous identification of multiple target 
species and strains of bacteria in the same sample. The system 
could achieve the LOD of as low as 30 fg (8-12 copies) of 
methicillin-susceptible S. aureus genomic DNA in a buffer. 
Compared with conventional DNA amplification methods, this 
AOM/PDMS hybrid microfluidic device demonstrates a simple 
and efficient sample preparation approach by reducing reagent 
consumption, transfer steps, processing time, and space 
requirement.

DNA hybridization-based

To achieve identifications of various bacterial pathogens in a single 
assay, a PDMS/glass hybrid microfluidic device that combined 
continuous-flow PCR and DNA hybridization was reported.52 The 
glass substrate in this hybrid microfluidic device provided an 
immobilization surface for DNA probes. Universal primers targeting 
the conserved regions of bacterial 16S ribosomal DNA (16S rDNA) 
from a wide range of bacterial species were designed for PCR 
amplification, and species-specific probes from a variable region of 
16S rDNA were designed for DNA hybridization. After the on-chip 

continuous-flow PCR in a PDMS amplification unit, amplicons were 
directly introduced into a hybridization unit and hybridized with 
specific DNA probes immobilized on an aldehyde-activated glass 
slide. This hybrid microfluidic device was successfully demonstrated 
for simultaneous identification of five clinically significant bacterial 
species within 2.5 hours. The LOD of 74 CFU per assay was achieved 
for the detection of Escherichia coli (E. coli).  

In order to achieve enhanced reaction kinetics and sensitivity of DNA 
microarray hybridization, Han et al.53 presented a PDMS/glass hybrid 
microfluidic chip-based isotachophoresis (ITP) method to selectively 
focus and transport target molecules over the immobilized probe 
sites of a microarray, which could effectively increase the target 
concentration and the binding reaction rate. The microfluidic chip 
consisted of a PDMS layer containing microchannel substructures 
bonded to a glass slide. The glass surface enabled the immobilization 
of 60 spots of ssDNA probes in a standard microarray. Using 100 fM 
target molecules, the hybrid microfluidic chip exhibited an 8.2-fold 
increase in signal within only 30-min assay time compared to a 
conventional overnight microarray hybridization method.

2.2.2 Protein analysis 

PDMS-based hybrid devices have been extensively used for 
protein analysis, such as the detection of protein-based cancer 
biomarkers and pathogens.54 Jolly et al. performed a dual 
quantification assay for the detection of cancer biomarkers in a 
PDMS/glass hybrid device.55 A PDMS layer consisting of 
microchannels was sealed onto a cleaned glass substrate via a 
UV–ozone treatment. Salinization was performed for the 
immobilization of a DNA aptamer that replaced the primary 
capture antibody. A secondary antibody and a lectin were used 
to quantify the amount of free prostate-specific antigen (fPSA) 
and its glycosylation level by chemiluminescence. The LOD of 
0.5 ng/mL for fPSA and 3 ng/mL for glycosylated fPSA was 
obtained using the hybrid device. Liu et al. also developed an 
aptamer-based sandwich assay in a PDMS/glass hybrid device 
based on multivalent aptasensor (MAA) array and silver 
aggregated amplification (SAA) strategy.56 Both the glass and 
PDMS layers were plasma treated to obtain a hydrophilic 
surface for immediate spotting of aptamer-modified silver 
nanoparticles (AgNPs) in an array, followed by injection of the 
target protein and aptamer-modified AgNPs tag for aggregation 
and amplification of the signal. Platelet-derived growth factor-
BB (PDGF-BB) and vascular endothelial growth factor-165 
(VEGF-165) were simultaneously detected and the device 
showed a linear range from 16 pg/mL to 250 ng/mL and LOD of 
1.4 pg/mL for PDGF-BB. 

Along with glass, PMMA and PC are also commonly used in the 
fabrication of PDMS-based hybrid microfluidic devices for 
protein analysis. Liu et al. developed an epoxy silica sol-gel 
functionalized PC/PDMS hybrid device for detection of 
influenza virus using Europium NPs.57 The hybrid microchip was 
fabricated by bonding the patterned PDMS substrate to a piece 
of pre-cut PC sheet using GPTMS-TEOS sol-gel as a thermal 
adhesive. The influenza assay results showed that hybrid 
microchips were superior to native PDMS microchips and a 
typical commercial laboratory photometric influenza test in 
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terms of assay sensitivity and repeatability (see Fig. 1).  The LOD 
of influenza on the hybrid device was found to be 1.04 × 104-
fold dilution for strain A/Solomon Island/03/2006 (H1N1) and 
72-fold dilution for strain B/Lee/1940. Sharafeldin et al. 
developed an electrochemical PDMS/PMMA hybrid device for 
amperometric detection of cancer biomarkers.58 Anti-prostate 
specific antigen (PSA) and anti-prostate specific membrane 
antigen (PSMA) on Fe3O4 nanoparticles were loaded onto 
graphene oxide nano-sheets-coated working electrodes (an 8-
carbon printed electrode array) as capture antibodies under 
magnetic control. The detection chamber had a PDMS channel 
between two symmetrically placed PMMA plates, while the top 
PMMA layer held a counter Pt electrode and a reference 
Ag/AgCl electrode. They achieved the LOD of 15 fg/mL for PSA 
and 4.8 fg/mL for PSMA in serum with electrochemical 
detection.

Fig. 1 Protein-based viral analysis using the PC/PDMS hybrid microchip device. 
(A) A PC/PDMS hybrid microchip for assay of influenza along with a US quarter 
dollar coin. (B) SEM photos of epoxy sol-gel coating on PC bottom plate (1) 
and morphology change of PDMS channel surface after (2) and before coating 
(3). (C) Photo and schematic diagram of a prototype μENIA microchip 
platform for diagnosis of influenza viruses (i. Silicone blister chamber; ii. 
waste; iii. Handheld pump-to-chip interfacing wand; iv. PC-PDMS hybrid 
microchip; valves 1-3). (D) mENIA of influenza viruses using hybrid and PDMS 
microchips. Inactivated influenza strains A/Solomon Island/03/2006 (H1N1) 
and B/Lee/1940 were used in Flu A and Flu B antigen assays, respectively. 
Reprinted with permission from Ref. 57. Copyright 2016 Elsevier. 
 

More components (e.g., semiconductors and microelectrodes) 
and functions can be incorporated into PDMS-based hybrid 
microfluidic devices to enhance multiplexing and sensitivity of 
protein assays. For example, Nguyen et al. fabricated a plasmon 
length-based surface-enhanced Raman scattering (SERS) 
immunosensor on a PDMS-based hybrid device for panel 
detection of breast cancer biomarkers.59 Glass slides were used 
as a support for the PDMS/glass hybrid device to build inlet and 

outlet connections for the SERS immunosensor. The reaction 
chamber was surface modified through thiol functionalization 
followed by maleimide-crosslinking for conjugation of 
antibodies. Cancer antigen (CA125), human epidermal growth 
factor receptor 2 (HER2), epididymis protein (HE4), and Eotaxin-
1 were detected in the integrated SERS-microfluidic device from 
patient-mimicked serum, with LODs of 15 fM, 17 fM, 21 fM, and 
6.5 fM, respectively. Lin et al. developed a semiconductor 
embedded PDMS-based hybrid microfluidic chip consisting of 
four layers of PDMS and a layer of glass substrate coated with 
300 nm of aluminum to guide the electrochemical impedance 
spectroscopy (EIS) electric signal out for the detection of 
Apolipoprotein A1 using bead-based immunoassays.60 
Magnetic beads-based immunoassay was used to surpass the 
issue of protein’s distance to sensor surface more than the 
Debye length. Microvalves and micromixers were used for 
efficient mixing, reducing the immunoassay time to 1 hr and the 
LOD to 12.5 ng/mL. Regiart et al. reported a PDMS/glass hybrid 
microfluidic immunosensor using photolithography to pattern a 
mold for the casting of the PDMS layer containing the 
microchannels and a glass slide with patterned electrodes (a 20-
nm adhesion layer of silver followed by 100 nm of gold) 
deposited by sputtering. The gold electrodes were coated with 
CMK-3/poly-acrylamide-co-methacrylate of dihydrolipoic acid 
nanocomposites for the detection of epidermal growth factor 
receptor (EGFR) in human serum samples.61 Anti-EGFR antibody 
was covalently immobilized on amino-functionalized 
mesoporous silica (AMS) that was retained in the central 
channel of the hybrid microfluidic device. EGFR in the human 
serum sample was detected with the LOD of 3.03 pg/mL and a 
linear range of 0.01 ng/mL to 50 ng/mL.

2.2.3 Whole-cell detection of microorganisms  

In addition to the above applications targeting nucleic acids and 
proteins, the whole-cell detection, especially for intact 
microorganisms, using microfluidics has also attracted 
increasing attention. The direct detection of pathogenic 
bacterial cells poses advantages in high simplicity by minimizing 
costly and cumbersome macromolecules isolation 
procedures.62, 63 PDMS-based hybrid devices have provided a 
potential platform for detection of bacterial cells by integrating 
with other materials such as glass, PMMA, and porous 
membranes. Typically, glass is used as a sealing layer or support 
base. Chen et al. developed a PDMS/glass hybrid microfluidic 
device incorporated with biosensors for rapid and sensitive 
detection of foodborne pathogens, using Listeria 
monocytogenes as a model.45 The separation and detection 
chips were fabricated based on 3D printing and soft lithography, 
in which the PDMS channels and glass slides were bonded after 
surface plasma treatment. In the fluidic separation chip, glass 
was used as the support, while a glass wafer with an 
interdigitated microelectrode was used in the detection chip for 
impedance measurement. Listeria cells, the anti-
Listeria monoclonal antibodies modified magnetic nanoparticles 
(MNPs), and the anti-Listeria polyclonal antibodies, and urease 
modified gold nanoparticles (AuNPs) were firstly mixed and 
incubated in the fluidic separation chip, producing the MNP-

Page 5 of 24 Lab on a Chip

https://www.sciencedirect.com/topics/chemistry/monoclonals
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/polyclonal-antibodies
https://www.sciencedirect.com/topics/chemistry/gold-nanoparticle


REVIEW Lab on a Chip

6 | J. Name., 2020, xx, xx-xx This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

Listeria-AuNP-urease sandwich complexes. The complexes 
were then captured in the separation chip by applying a 
high gradient magnetic field. Through the catalysis of the urease 
on the complexes, urea used to resuspend the complexes was 
hydrolyzed into ammonium ions and carbonate ions, and 
transported into the microfluidic detection chip.  The amount of 
the Listeria cells was determined with an interdigitated 
microelectrode for impedance measurement. The high capture 
efficiency of cells in the separation chip was achieved up to 93% 
within 30 min and the LOD of the Listeria cells was 
1.6×102 CFU/mL within 1 h. Another PDMS/glass hybrid device 
was developed to detect E. coli cells.64 By modifying PDMS 
microchannels with 7-polyamidoamine dendrimers and 
aptamers, the cell capture efficiency increased, achieving 
sensitive (LOD of 100 cells/mL) and high throughput detection 
of foodborne pathogenic bacteria.

To achieve more functions on one chip, more than two 
substrates have also been selected to fabricate the PDMS-based 
hybrid devices. Delince et al. described a PDMS/cellulose 
membrane/PMMA hybrid microfluidic platform, InfectChip, to 
study the interactions between pathogenic bacteria and motile 
eukaryotic phagocytes via long-term live-cell microscopy. This 
platform (Fig. 2A) consisted of a coverslip, cellulose semi-
permeable membrane, a PDMS layer, and a PMMA holder.46 
The coverslip was patterned by coating SU8 on borosilicate 
wafers using photolithography. The cellulose membrane was 
clamped between two pieces of filter paper, desiccated for 
several days, and rehydrated with culturing medium prior to 
use. Cells were separated from the flow while nutrients could 
diffuse across the membrane. PDMS layers were fabricated 
using soft lithography techniques and could be used multiple 
times. Rapid and reversible medium switches on-chip allowed 
the continuous flow of medium and thus the real-time analysis 
of host-pathogen interactions during the long-time cell culture. 
Motile infected cells were trapped in InfectChip for high-
resolution time-lapse microscopy. The direct visualization of all 
stages of infection was achieved from bacterial uptake to the 
death of the bacterium or the host cell. By co-culturing a host-
cell model, Dictyostelium discoideum, with the extracellular 
pathogen Klebsiella pneumoniae (K. pneumoniae) or the 
intracellular pathogen Mycobacterium marinum (M. 
marinum), the outcome of such infections proved to be 
heterogeneous, ranging from abortive infection to death of the 
bacterium or the host cell. For instance, as shown in Fig. 2B, a 
fluorescence image of Dictyostelium discoideum preying on 
Klebsiella aerogenes (green fluorescence), a non-pathogenic 
strain of the K. pneumonia was obtained, exhibiting that 
Dictyostelium discoideum contacted and internalized the 
bacteria at 3 min within the InfectChip. By integrating multiple 
substrates, this InfectChip offered multiple functions including 
cell separation, culture media refreshing, long-term cell culture, 
and real-time cellular analysis. Different from the conventional 
population-based methods, this InfectChip provided a simple 
and easy method to analyze the time-course of host-microbe 
interactions at the single-cell level.

Another PDMS/Parylene/glass hybrid microfluidic chip was 
developed by Yin et al. and used for rapid, multiplexed 
detection of foodborne bacteria.65 As shown in Fig. 2C, the 
integrated chip consisted of 6 layers: 3 PDMS layers as a blank 
layer, a microstructure layer (a microarray layer), and a 
supporting layer, respectively; a Parylene layer to maintain 
negative pressure; a glass supporting layer; and a tape layer for 
chip assembly. When applying nucleic acid extraction and 
integrated multiplex digital recombinase polymerase 
amplification procedures, the DNA and elution reagents were 
transported into the microwells due to the negative pressure. 
Quantitative performance was investigated via fluorescence 
imaging, showing consistent results between the number of 
positive chambers and the expected copy number from 10 to 
2000 copies. The multiplexed detection of three types of 
foodborne bacteria, E. coli, Listeria monocytogenes (L. 
monocytogenes), and Salmonella enterica (S. enterica), was 
achieved in spiked milk samples. The results are shown in Fig. 
2D, with obvious fluorescence signals when testing samples 
spiked with 3.1×103 cells as compared to control samples, 
achieving high specificity and the LOD of 10 bacterial cells. The 
device contained up to 12,800 chambers with only 2.7 nL of 
reagents in each chamber, and the whole process was 
completed within 45 min, providing several benefits of high 
throughput, low sample consumption, rapid detection process, 
and high sensitivity and specificity.

Fig. 2 PDMS-based hybrid microfluidic devices for the celluar detection of 
microorganisms. (A) Overview of a PDMS/cellulose membrane/PMMA hybrid 
microfluidic platform, InfectChip. (B) Fluorescence image of Dictyostelium 
discoideum preying on Klebsiella aerogenes (green fluorescence), a non-
pathogenic strain of the K. pneumonia at 3 min within the InfectChip. 
Reprinted with permission from Ref. 46. Copyright 2016 The Royal Society 
of Chemistry. (C) Overview of another 6-layer PDMS-based hybrid 
microfluidic device for multiplexed detection of pathogens. (D) Photographs 
of foodborne bacteria detected in milk samples with the spiked concentration 
of 3.1×103 cells. Reprinted with permission from Ref. 65. Copyright 2020 
The Royal Society of Chemistry.

2.2.4 3D Cell culture  

Among various reported hybrid devices, PDMS-based hybrid 
devices have been well developed in 3D cell culture, in which 
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different materials were exploited, such as glass,66 PMMA,67-69 
collagen gel,70, 71 and PS,72 leveraging oxygen permeability of 
PDMS for cell culture.

Typically, glass has been used as a support base or a cover layer 
in the PDMS/glass hybrid microfluidic device for 3D cell culture. 
For example, Zhu et al. developed a PDMS/glass hybrid device 
via 3D printing and soft lithography, which was used as a µ-
electrotransfection device for 3D cell culture.66 PDMS blocks 
were fabricated to construct the cell culture chamber by using 
a 3D-printed reusable mold and then assembled with a glass 
slide as support. Hela cells and Kek-193 cells were seeded on 
the chip as model cell lines, followed by the 3D electroporation 
and electrotansfection of cells with the assist of mounted 
electrodes. This device achieved 3-fold increase of transfection 
efficiency while maintaining over 85% cell viability compared to 
conventional 3D cell transfection.

PMMA is one of the most popular materials used in PDMS-
based hybrid devices for cell culture. In these devices, PDMS is 
used to form cell culture chambers, while PMMA is served as a 
support layer or an oxygen-impermeable material. For example, 
Mao et al. introduced a leaf-templated, microwell-integrated 
microfluidic chip for high-throughput cell culture.67 As shown in 
Fig. 3A, the chip was fabricated via the mold-based 
microreplication method and 3D printing technology using 
PDMS and PMMA and assembled, obtaining the leaf-templated 
microfluidic channels for culture medium. Briefly, two PDMS 
layers were sandwiched by two layers of PMMA slides to avoid 
leakage, forming closed spaces acting as a vascular system and 
cell culture chambers. Water, nutrition, and oxygen were 
transported to cells in each microwell through the microfluidic 
channels. High-throughput cell culture was performed on-chip, 
resulting in uniform and accurate cell seeding for microwell 
arrays and cell culturing. After two days of perfusion culture, the 
cells were in high viability and easily formed cellular aggregates, 
as shown in Fig. 3A. This chip has mimicked the complex 
microenvironment in vivo (e.g., hierarchical structures of blood 
vessels) and provided a novel platform for high throughput cell 
experiments in vitro. Another PDMS/PMMA/glass hybrid device 
was reported for 3D tumor cell culture.73 In this device, PDMS 
was used to fabricate the cell culture chamber bound to a glass 
cover slide, while a PMMA sheet was integrated to reduce the 
oxygen diffusion in the chamber due to its oxygen 
impermeability. With different hypoxic conditions, the human 
glioblastoma astrocytoma U-251 MG cells were cultured using 
this device to study cell growth variations and metabolic 
changes under different microenvironments.

In addition, Yajima et al. developed a perfusable 3D liver cell 
cultivation system on a PDMS/microfibers/PMMA hybrid 
device.68 The microfluidic system consisted of cell-laden 
hydrogel microfibers, PDMS, and PMMA. Two types of PDMS 
devices were fabricated using soft lithography and replica 
molding to produce cell-laden microfibers and for perfusion 
cultivation, respectively. The microfibers were recovered using 
a roller and tied up to form a fiber bundle. An open-air perfusion 
chamber packed with the bundle was then sealed with PDMS, 
followed by being fixed using PMMA plates and stainless-steel 

jigs. With the Hepatic lobule-like construct, the high-density cell 
cultivation was approached to evaluate cell viability and 
functions. This microfluidic system could mimic the hepatic 
lobule structures in vivo and provide a useful platform for 
biomedical applications.

In some cases, PMMA and PDMS could be pre-mixed to 
fabricate polymer membranes to be integrated into microfluidic 
devices. Moghadas et al. recently reported a PDMS/PMMA 
hybrid microfluidic device for on-chip cell culture integrating an 
electrospun membrane.69 The membrane was fabricated with a 
high ratio of PDMS to PMMA (i.e., 6:1 w/w), which increased 
the flexibility of the membrane and avoided the leakage. 
Human lung epithelial cells (A549) were immobilized on the 
membrane within the hydrophobic micropores with no aid of 
extracellular matrixes for cell adhesion and cell growth. The 
continuous flow of the culture medium through microchannels 
provided a shear-free and in vivo-like cell culture condition, with 
a flow rate of up to 50 µL/min. Different configurations 
including single cells, monolayer cells, and 3D cell clusters were 
observed due to the 3D topography of the membrane. By using 
this pre-mixed PDMS/PMMA strategy, the membrane surface 
conditions between hydrophobic and hydrophilic can be 
adjusted easily, and the device could be used to culture 
anchorage-independent and anchorage-dependent cells, 
respectively, for other applications such as pharmacodynamics 
research.

Collagen has been commonly used as an important extracellular 
matrix (ECM) component in the PDMS-based hybrid systems for 
3D cell culture.74-76 For instance, Ge and co-workers reported 
several PDMS/collagen gel/glass microfluidic devices to mimic 
the in vivo microenvironment and studied the effect of VEGF in 
vascular development, maturation, and angiogenesis.70, 71 
These devices were fabricated from PDMS using soft 
lithography and mostly assembled with glass slides as support 
layers through plasma treatment. Collagen gel was introduced 
through microchannels, followed by cell seeding and culturing, 
which mimicked the blood vessel wall. The hydrostatic pressure 
in the inputs was controlled to allow the directional flow of cells 
through microchannels, which enabled the binding of cells to 
the gel region and formed the basis for the monolayer of cells. 
By varying the composition of cellular growth media, different 
growth factor gradients could be established to stimulate 
cellular responses and generate agent-based stochastic 
responses. Lee et al. reported a multi-microchannel plate-based 
PDMS/collagen gel/glass device for 3D culture of pancreatic 
tumor cells.77 The device consisted of PDMS replicas as cell 
culture chambers, type I collagen to facilitate the cell loading 
onto the PDMS microchannel surface, and a glass slide as a 
coverslip. The pancreatic stellate cells (PSCs) and human 
pancreatic cancer cells (PANC-1) were co-cultured on this 
device to mimic the epithelial-mesenchymal transition and 
chemoresistance. Their results showed that the number of 
PANC-1 cells increased when co-cultured with PSCs, forming 3D 
tumor spheroids, and the expression of alpha-smooth muscle 
actin (α-SMA) in PSCs also increased. When exposed to 
gemcitabine and paclitaxel, the growth of tumor spheroids was 
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inhibited with significant cytotoxicity of PSCs. This work 
provided a promising platform to study cell-cell, cell-ECM, and 
cancer cell-PSC interactions, as well as drug responses.

PS has also been applied to design PDMS-based hybrid devices 
for cell culture due to its ease of integration with electrodes and 
biological compatibility.72, 78 Johnson et al. fabricated a 
PDMS/PS hybrid device to monitor the neurotransmitter 
release from PC 12 cells.72 This hybrid device combined the 
advantages of PDMS to incorporate pumps and valves, with the 
ability of PS to easily embed electrodes for cellular analysis and 
tubing to provide a low dead-volume interface for off-chip 
sampling. The surface was treated using chlorotrimethylsilane 
to obtain the robust and reversible sealing between PS and 
PDMS substrates. Cell releasate was first withdrawn 
continuously from the cell culture dish through the embedded 
capillary and onto the microchip. The analytes, dopamine (DA) 
and norepinephrine (NE) were then electrophoretically 
separated and detected amperometrically using PS-embedded 
electrodes. The concentrations of DA and NE were detected to 
be 29 ± 2 µM and 31 ± 2 µM, respectively, when cells were 
stimulated with K+. Incorporation of multiple processes was 
achieved on the hybrid device involving continuous sampling 
from off-chip cell culture, on-chip electrophoresis, and 
electrochemical detection. However, an improvement can be 
expected to integrate on-chip cell culture on hybrid chips.

More recently, an automated digital manufacturing process to 
fabricate PDMS-based hybrid devices for cell culture can be 
achieved by integrating 3D printing technology, such as 
stereolithography. Bhattacharjee et al. developed a 3D-
printable microdevice for mammalian cell culture, which 
utilized commercially available PDMS-methacrylate macromers 
(a high-efficiency photoinitiator and a high absorbance 
photosensitizer) based on stereolithography.79 The 3D-
printable PDMS resin (3DP-PDMS) was formulated to have high 
efficiency of photopolymerization with 385 nm UV light. 
Properties remained similar to that of the conventional 
thermally cured PDMS (Sylgard-184), such as optically 
transparent, gas-permeable, highly elastic, and biocompatible, 
whereas the automation of manufacturing processes was 
improved due to the 3D printing technology. Prior to the on-
chip cell culture, the toxic photopolymerization byproducts and 
unreacted compounds were extracted from the devices to make 
them cytocompatible. In their comparative studies of cell 
culture on the control molded-PDMS, extracted, and 
unextracted devices, the results proved that the extracted 
device using hybrid materials could support long-term growth, 
proliferation, and viability of mammalian cells.

Another 3D printed PDMS/PC/glass microfluidic device was 
reported by Ong et al. for multicellular spheroid perfusion 
cultures.80 Fabricated by the stereolithography technology, the 
device contained a 3D printed top layer using a PC layer and a 
bottom mounting base. As shown in Fig. 3B, the top layer 
included a cell culture chamber, perfusion and seeding 
channels, and connecting Luer interfaces, while the bottom 
base integrated with PDMS as a gasket due to its intrinsic 
elastomer and proper sealing property, and a glass slide as an 

optical window due to its optical transparency. All parts were 
assembled with steel screws and the device implemented 
pump-free perfusion based on gravity-driven flow, reducing 
complexity. The perfusion cultures of patient-derived parental 
and metastatic oral squamous cell carcinoma tumor and liver 
cell (HepG2) spheroids was performed on the device, showing 
good cell viability and functionality for up to 72 h.

Fig. 3 PDMS-based hybrid devices for 3D cell culture. (A) A PDMS/PMMA 
hybrid leaf-templated microfluidic chip for high-throughput cell culture. (a) 
Schematic illustration of the leaf chip, consisting of two PMMA layers (1) and 
(4), a PDMS layer with leaf-templated microfluidic channels (2), a PDMS layer 
with microwell arrays (3); (b) Phase microscopic image and (c) fluorescent 
microscopic image of cell stained with live/dead assay growth after two days 
dynamic culture, respectively. Reprinted with permission from Ref. 67. 
Copyright 2018 IOP Publishing. (B) A 3D printed PDMS/PC hybrid 
microfluidic spheroid culture system. (a) Exploded view of the device 
setup. Scale bar = 1 cm; (b) Transmission image and (c) fluorescent 
microscopic image of HepG2 spheroids cells stained with live/dead assay 
after 72 h of perfusion culture. Scale bar = 100 μm. Reprinted with 
permission from Ref. 80. Copyright 2017 IOP publishing. 

 

2.2.5 Organ-on-a-chip and tissue engineering  

Microfluidic technologies provide more physiologically relevant 
environments (such as extracellular microenvironments) than 
those in conventional cell culture experiments, which can 
recapitulate the tissue architecture and functional complexity 
of living organs by preciously controlling cell localization and 
cultivation.81, 82 PDMS is among the most widely used microchip 
materials in the applications of organ-on-a-chip and tissue 
engineering. Hybrid microfluidic devices are well-suited for the 
application in organ-on-a-chip since different compartments 
with specific target organ functions can be integrated into one 
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chip using various materials.83 PDMS-based hybrid microfluidic 
devices are dominant in this field.

Sung’s lab presented several PDMS-based hybrid devices for 
gut-liver-on-a-chip applications. For example, a microfluidic 
gut-liver chip was fabricated based on soft lithography using 
PDMS, a polyester membrane, and a glass slide.84 The porous 
polyester membrane as a cell layer was assembled on PDMS and 
then bonded with glass slides as a support base, fabricating a 
PDMS/polyester membrane chip/glass hybrid device to 
reproduce the dynamics of the first pass metabolism. The chip 
contained two separate layers for gut epithelial cells (Caco-2) 
and the liver cells (HepG2). These two different cell lines could 
be co-cultured on-chip to record the physiological function of 
both cells. Apigenin, as a model drug, could go through a 
sequential absorption in the gut chamber and a metabolic 
reaction in the liver chamber. The metabolic profile was proved 
to be closer than that with a monoculture of gut cells. This 
microfluidic gut-liver chip provides a potential platform to 
evaluate the first pass metabolism of drugs in vitro. A more 
complicated microfluidic gut-liver culture chip was fabricated 
containing five PDMS layers, a glass slide, a porous membrane, 
and two PMMA layers.85 The top and bottom PMMA layers and 
PDMS layers were assembled using screws, while the glass slide 
and PDMS layers were bonded with the treatment of air plasma. 
All compartments and fluidic channels were fabricated on 
PDMS layers with transwell inserts containing a porous 
membrane, which allowed cells seeding and culturing. Both 2D 
and 3D cell co-culture of gut and liver cells could be achieved on 
the microfluidic system. By using this device, it was possible to 
reproduce the first pass metabolism of oral drugs based on 
pharmacokinetic (PK) profiles. Besides drugs, the gut-liver chip 
was also employed to mimick the absorption and accumulation 
of fatty acids.86 Two separate flows were introduced to 
represent the food ingestion and the blood flow. Perfusion flow 
was achieved by using gravity-driven flow on the chip. The 
absorption of fatty acids in the gut and accumulation in the liver 
was accomplished on the single hybrid chip, working as an in 
vitro model of hepatic steatosis.

Several PDMS/PC hybrid systems have been developed for 
organ-on-a-chip. For instance, Helm et al. established an organ-
on-chip system to directly quantify transendothelial electrical 
resistance (TEER), as well as monitoring cellular barrier 
tightness.87 The chip was prepared from PDMS, PC membrane, 
and glass slides. Four electrodes were inserted into 
microchannels with a sufficiently large surface area to the 
culture medium. By mimicking the blood-brain using this device, 
the TEER of a monolayer of human hCMEC/D3 cerebral 
endothelial cells was quantified directly. The measurements 
provide accurate and stable readouts, which is benefited from 
the independence changes in nonbiological factors.

3. Thermoplastic-based hybrid microfluidic 
systems
Thermoplastics have attracted increasing attention in the 
fabrication of microfluidic devices, due to the low cost, excellent 

bio-inertness, simple fabrication, low intrinsic fluorescence, and 
good compatibility with mass production infrastructures. There 
are several commercially available thermoplastics including 
PMMA,88 PS,89, 90 PC,90 cyclic olefin copolymer (COC),91 etc. 
Among these materials, PMMA has been widely used in hybrid 
microfluidic systems, whereas it is mostly incorporated with 
PDMS, as described in Section 2. Hence, this section will focus 
on other thermoplastic materials-based hybrid devices for 
biological applications, like PS, PC, and COC.

3.1 Fabrication 

A variety of methods to fabricate thermoplastic-based hybrid 
devices have been summarized previously, including direct 
techniques, such as laser ablation and soft lithography, and 
replication techniques, such as injection molding, compression 
molding, and hot embossing.92 For instance, during laser 
ablation, a beam of the high-energy laser is applied to break 
bonds between polymer molecules and cause photoablation, 
thus directly engraving thermoplastics based on designed 
patterns. By precisely controlling the laser position, laser power, 
and scanning speed, different shape and size can be attained in 
engraved thermoplastics.93

3.2 Applications

Thermoplastic-based hybrid microfluidic devices have been 
employed in numerous biological applications, such as protein 
analysis, pathogenic cellul analysis, and 3D cell culture. Recent 
applications based on thermoplastic-based hybrid devices are 
presented as follows and also summarized in Table 1, including 
the fabrication substrates, targets, LODs, etc. 

3.2.1 Protein analysis

Detection of various protein biomarkers for cancer and viral 
detection has been the major application of the thermoplastic-
based hybrid devices in protein analysis. A few thermoplastics-
based hybrid devices were reported involving PMMA and 
polyester, which are low-cost and can be fabricated easily.  
Kadimisetty et al. fabricated an automated, microprocessor-
controlled multiplexed immunoassay device with a 30-
microwell detection array and a six-channel system driven by 
integrated micropumps.88 The pyrolytic graphite (PG)/PMMA 
hybrid detection chip housed with a steel metal shim counter 
electrode and a Ag/AgCl reference electrode was used for the 
electrochemiluminescent measurement of four biomarkers, 
PSA, PSMA, platelet factor-4 (PF-4), and interleukin-6 (IL-6) 
within 36 min, with the LODs from10 to 100 fg/mL. Uliana et al. 
developed a polyester/polystyrene microfluidic 
electrochemical device where electrodes were modified with 
DNA sequences known as estrogen response elements for the 
detection of breast cancer biomarker, estrogen receptor alpha 
(ERα), with the LOD of 10 fg/mL.94 Electrodes were constructed 
on polyester sheets using a simple procedure based on the use 
of a cutter printer for rapid prototyping and vinyl sheets as a 
negative mask. Polyester sheets with screen-printed electrodes 
were sandwiched using a double-sided adhesive polystyrene 
card to develop a fully disposable microfluidic device. Similarly, 
Shafiee et al. also used a plastic/double-sided adhesive hybrid 
device with printed electrodes for the electrical sensing of 
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viruses.95 The hybrid chip was simple and mass-producible as 
microelectrodes were printed on flexible plastic substrates 
using conductive inks. The device was applied to evaluate 
Human Immunodeficiency Virus (HIV), Epstein-Barr Virus (EBV), 
and Kaposi’s Sarcoma-associated Herpes Virus (KSHV) at 
clinically relevant virus concentrations. In addition, Kim et al. 
developed PMMA/PC hybrid microfluidic immunoassay using 
simple fluid vent control.96 A PMMA plate with channels was 
bonded with a polycarbonate substrate through acetone 
injection bonding using a customized press machine. The 
components of this fluorescence-based immunoassay were 
successfully pre-loaded in the microfluidic device (Fig. 4). The 
analyte H1N1 Influenza A reacted with the detection antibody 
conjugated on fluorescence beads, and bound to the capture 
antibody immobilized zone during channel flow. The pausing of 
the fluid provided sufficient time for the immune reaction; 
however, the detection sensitivity was slightly worse than the 
conventional sandwich fluorescence immunoassay (SFIA) 
method.  

Fig. 4 PMMA hybrid microfluidic devices for immunoassays of viral proteins. 
Schematic illustration of (A) the microfluidic device comprising immunoassay 
elements and (B) interaction between antibodies and analytes along the 
sample flow. (C) Structure of solvent access for the assembled device. (D) 
Cross-sectional view of the Nanointerstice (NI) channel generated by solvent 
bonding PMMA/PC. The upper plate was made of PMMA while the lower 
plate was PC. (E) The air-liquid interface (ALI) in channel filling flow. Scale bar, 
3 mm. Reprinted with permission from Ref. 96. Copyright 2020 Elsevier.

In addition to diagnosis, thermoplastic based hybrid devices 
have also been used to monitor the treatment of patients. A 
PMMA/glass hybrid microfluidic device that consisted of four 
layers for screening the response to leukemia treatment was 
developed by Icoz and co-workers.97 The bottom glass cover 
was a standard microscope slide; the micro-size gold pads were 
fabricated on glass wafer using standard lithography and then 
functionalized with antibodies to capture target cells,  while the 
middle channel layer and top cover were PMMA. The platform 
was optimized with cultured B type lymphoblast cells and tested 
with samples of leukemia patients. It exhibited 99 % statistical 
agreement with flow cytometry. 

3.2.2 Whole-cell detection of microorganisms

In addition to PMMA, PS-based hybrid microfluidic devices have 
also been reported for pathogenic cell analysis. Ortega-Prieto et 
al. used a microfluidic primary human hepatocyte (PHH) system 
to study HBV (Hepatitis B) infection.89 This system integrated 
collagen-coated PS scaffolds seeded with PHH for cell 
adherence and a perfused bioreactor for cell culture media 
recirculation, which could maintain for at least 40 days. In this 
method, the recapitulation of all steps of the HBV life cycle 
could be achieved, involving the replication of patient-derived 
HBV and the maintenance of HBV covalently closed circular 
DNA. The results showed that innate immune and cytokine 
responses following infection with HBV mimic those observed 
in HBV-infected patients, which was important to study the 
pathways for immune evasion and validation of biomarkers. In 
addition, by co-culturing PHH with other non-parenchymal cells, 
the identification of the cellular origin of immune effectors 
could be obtained and provided a valuable preclinical platform 
for HBV research. 

PS was also hybridized with PC to fabricate hybrid microfluidic 
devices. For instance, a PS/PC hybrid microfluidic device was 
presented by Mortensen et al. to culture Caco-2 cells and study 
the biochemical responses to the bacterial pathogen 
Campylobacter jejuni based on metabolomics analysis.90 A 100 
mm PC membrane with 0.4 µm pores was sandwiched between 
apical and basolateral PS microchannels and the resulting 
microfluidic device was connected to silicon tubing, a peristaltic 
pump, and glass vials containing growth media. The membrane 
was pre-coated with matrix proteins and collagen to increase 
cell attachment. By culturing Caco-2 cells on-chip, uniform and 
defined brush borders, tight junctions, and mucin layers were 
obtained, allowing for the study of host-pathogen interactions. 
Metabolomics analysis proved that the microfluidic cell culture 
had a more homogenous metabolism, and the aminoacyl-tRNA 
biosynthesis in both mitochondria and cytoplasm of the cells 
was influenced by the fluid dynamics. It brought out the 
potential application of combing microfluidic and metabolomics 
analysis in the studies of infectious diseases.

Cyclic olefin polymer (COP) as a relatively new class of 
thermoplastic material has been exploited in recent hybrid 
microfluidic devices because of excellent optical and 
mechanical properties, great biocompatibility, and high heat 
resistance. For example, a COP/TPE (cyclic olefin 
polymer/thermoplastic elastomer) hybrid microfluidic device 
was reported by Malic et al., which was used for 
immunomagnetic capture and release of L. monocytogenes.91 A 
3D magnetic capture region was made from cylindrical pillars 
embossed in thermoplastic polymer TPE and soft ferromagnetic 
nickel coating, thus generating strong and switchable magnetic 
capture regions and promoting efficient capture of bacteria 
cells. The efficient localized capture and rapid release of 
magnetic nanoparticles and immunomagnetic nanoparticles 
(IMNPs) conjugated to L. monocytogenes were achieved within 
the capture regions. The recovery rate for MNPs and the 
capture efficiency for live bacteria were up to 91% and 30%, 
respectively, with the LOD of 10 CFU/mL.
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3.2.3 3D cell culture

Several PS-based hybrid devices have been explored for 3D cell 
culture, usually containing fibers and coated films. For instance, 
Chen et al. presented a scalable and reusable microfluidic 
device for 3D cell culture, which integrated removable fibrous-
immobilized PS inserts with a 3D-printed fluidic device.98 The 
silk fibroin fibers as the ECM analog were extracted from crude 
silk and collected on the PS sheet via electrospinning to culture 
macrophages, while PS was applied as the fibrous scaffold for 
cell immobilization. The obtained fibrous sheet was cut using a 
laser cutter to form inserts. The fluidic device was fabricated 
using a 3D printer and had customized-designed locking slots 
along the channels for inserts. The coated inserts were used to 
culture macrophages, which was found to be polarized to the 
M1 state (pro-inflammatory state) by lipopolysaccharide (LPS) 
in a more in vivo like manner, compared to those cultured on 
flat surfaces. Different stimulus immune responses of 
macrophages were observed, and cytokines quantitation were 
obtained in the activated M1 state by using this device. In a 
similar manner, the electrospun PS fibers were integrated with 
the ABS (acrylonitrile butadiene styrene, as the 3D printing 

material)-based microfluidic device, acting as a scaffold for 
endothelial cell culture in the nature-mimicking 3D in vivo 
environment.99 The obtained system contained different 
modules including cell culture, sample injection, and 
electrochemical detection of nitric oxide released from 
endothelial cells, which provided a customized and modifiable 
microfluidic system for biological studies.  

Similarly, Jeong et al. developed an agarose film coated-PS 
microfluidic chips for capture, recovery, and culture of cancer 
cells, namely, A549 and NIH 3T6.7 cells.100 The PS chip was 
prepared by an injection molding process and then treated with 
oxygen plasma. The agarose film was coated on the PS chip to 
protect the cell attachment and allow 3D growth of cancer cells, 
and further modified to covalently or non-permanently bind the 
photoactivatable Fc-specific antibody-binding proteins. Target 
cells were then captured on the antibody-modified chips 
avoiding nonspecific binding and could be readily recovered by 
the treatment of trypsin-ethylenediaminetetraacetic acid 
(EDTA) solution. Moreover, it was proven that the captured cells 
were captured on the micropost walls of chips instead of on the 
bottom.

Table 1 Summary of PDMS-based and thermoplastic-based hybrid microfluidic systems and their applications

Polymer Hybrid 
Microfluidic Systems Applications Platforms Application Targets LODs References

PDMS/AOM S. aureus 30 fg (8-12 
DNA copies)

51

PDMS/glass E. coli 74 CFU/assay 52
Nucleic acid 
analysis

PDMS/glass Synthetic DNA \ 53

PDMS/glass fPSA 0.5 ng/mL 55

PDMS/glass PDGF-BB 1.4 pg/mL 56

PDMS/glass CA125, HER2, HE4, 
Eotaxin-1

15, 17, 21, 6.5 
fM

59

PDMS/glass Apolipoprotein A1 12.5 ng/mL 60

PDMS/glass EGFR 3.03 pg/mL 61

PDMS/PC Influenza ~104 TCID50 
titer/mL

57

Protein analysis

PDMS/PMMA PSA, PSMA 15, 4.8 fg/mL 58

PDMS/glass Listeria cell 1.6x102 

CFU/mL
45

PDMS/glass E. coli 100 cells/mL 64

PDMS/PMMA K. pneumoniae, M. 
marinum \ 46Cellular analysis

PDMS/Parylene/glass
E. coli, L. 
monocytogenes, S. 
enterica

10 cells 65

PDMS/glass Human microvascular 
endothelial (HMVEC) cell \ 70

PDMS/glass
Human umbilical 
vascular endothelial 
(HUVEC) cell

\ 71

PDMS/PMMA HepG2 cell \ 67

PDMS/PMMA HepG2 cell \ 68

PDMS-based

3D cell culture

PDMS/PMMA Human lung epithelial 
A549 cell \ 69
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PDMS/PMMA/glass U-251 MG cell \ 73

PDMS/PC PC 12 cell \ 72

PDMS/PC/glass HepG2 cell \ 80

PDMS/collagen gel/glass PSC cell, PANC-1 cell \ 77

PDMS/methacrylate 
macromers

Chinese hamster ovary 
(CHO-K1) cell \ 79

PDMS/glass Gut (Caco-2 cell), liver 
(HepG2 cell) \ 84

PDMS/glass Gut (Caco-2 cell), liver 
(HepG2 cell) \ 86

PDMS/PMMA/glass Gut (Caco-2 cell), liver 
(HepG2 cell) \ 85

Organ-on-a-chip, 
Tissue engineering

PDMS/PC/glass Brain (hCMEC/D3 cell) \ 87

PMMA/PG PSA, PSMA, PF-4, IL-6 50, 100, 10, 
100 fg/mL

88

Polyester/PS Erα 10 fg/mL 94

Plastic/double-sided 
adhesive HIV, EBV, KSHV 102 

copies/mL
95

PMMA/PC Influenza A 0.1 ng/mL 96

Protein analysis

PMMA/glass B type lymphoblast cell \ 97, 101

PS/collagen HBV \ 89

PS/PC Campylobacter jejuni \ 90
Pathogenic cell 
analysis

COP/TPE Listeria monicytogene 10 CFU/mL 91

PS/acrylic-based polymer 
(FullCure 720) macrophage \ 98

PS/ABS Endothelial cell \ 99

Thermoplastic-based

3D cell culture

PS/agarose film A549 cell, NIH 3T6.7 cell \ 100

Note: “\” means LODs not mentioned or applicable from the reference.

4. Paper/polymer hybrid microfluidic systems
In addition to polymer/polymer hybrid microfluidic devices, 
paper/polymer hybrid devices have also been extensively 
studied in recent years for low-cost biological and biomedical 
applications. The paper substrate as an emerging material has 
attracted increasing attention in the fabrication of microfluidic 
devices due to many advantages.102 First of all, the paper is 
ubiquitously available at low cost and with good recyclability 
and competency as an ideal substrate for many biomedical 
applications such as POC testing in low-resource settings. Paper 
is lightweight but it possesses a 3D porous structure, allowing 
its ease to use for reagent storage and compatibility with the 3D 
design. Paper can drive the fluid flow owing to the capillary 
effect, without the need for external pumps. In addition, paper 
is composed of cellulose or the cellulose-polymer blend, which 
is compatible with numerous biological samples. Besides, paper 
can be easily modified to obtain a wide variety of functional 
groups for binding with biological molecules like protein and 
DNA. Moreover, the white color of the native paper provides a 
strong contrast to other colored substrates, making it a good 
candidate for colorimetric assays. 102-104 

Despite numerous advantages of paper-based microfluidic 
devices as a low-cost platform, there are still many issues that 

paper-based microfluidic devices are faced with. For instance, 
sample nonspecific adsorption and sample evaporation happen 
in µPADs. The patterned hydrophobic barriers in µPADs may not 
stay long enough during the long-time sample handling. There 
is lack of high performance of paper when manipulating liquid 
fluids. Paper is not well-suited for optical, absorbance, or 
fluorescence measurement due to its intrinsic opacity, 
significant light-scattering, and autofluorescence. These 
limitations have motivated the exploration of paper/polymer 
hybrid microfluidic devices, which have been developed as 
advanced platforms for biological applications.38, 104 The Li 
group has pioneered this concept of paper/polymer hybrid 
devices since 2013.2, 3, 9, 14, 15, 38, 41, 93, 105-110 

4.1 Fabrication 

Similar to µPADs, the fabrication of paper/polymer hybrid 
microfluidic devices can be initiated by the formation of 
hydrophobic barriers on paper substrates. Different 
technologies have been summarized previously include 
photolithography, wax printing, etching, and cutting.92, 111-115 For 
example, in wax printing technology, the wax is printed on the 
surface of the paper and subsequently melted by baking the 
paper on a hot plate (e.g., 120 °C). The melted wax will 
permeate through the paper layer and become solidified in the 
paper, resulting in the hydrophobic barrier. 
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Paper is often inserted or embedded into polymeric regions, enabling 
a simple way for the formation of paper/polymer hybrid devices. 
Furthermore, some additional processes must be considered, 
when incorporating with other materials in paper/polymer hybrid 
microfluidic devices, such as patterning, bonding, embedding, and 
sealing. Recently, Xu’s group presented a new method to 
fabricate paper/polymer microfluidic devices. A benchtop 
technique was reported to fabricate 3D reconfigurable hybrid 
microfluidic devices made from soft paper and polymer 
composites.116 By simply bending and stretching without the 
requirement of specialized equipment involved in lithography, 
this fabrication approach could be completed within 2 hours 
and produce microchannels with a width of 100 μm. The 
fabricated paper/polymer hybrid microfluidic devices were 
demonstrated using a droplet generator and a reconfigurable 
electronic circuit.

4.2 Applications

Numerous paper/polymer hybrid microfluidic devices have 
been developed for a broad range of applications from nucleic 
acid analysis to 3D cell culture, as summarized in Table 2 
including microfabrication materials, application targets, LODs, 
etc.

4.2.1 Nucleic acid analysis

Integration of nucleic acid extraction and PCR 

Filter paper has been used as an optimal substrate in hybrid 
microfluidic chips for nucleic acid extraction since it is low cost, easy 
to fabricate, and capable of providing an inhibitor-free nucleic acid 
template from a variety of raw samples with high extraction 
efficiency. For instance, Tang et al.117 developed a 
paper/photopolymer resin hybrid microfluidic device for one-step 
DNA extraction from diverse biological samples. The device was 
printed with a 3D printer. This device incorporated a sponge-based 
reservoir module for buffer storage and a paper-based valve and 
channels for the introduction and fluid path of samples and reagents 
and a Fusion 5 filter paper disk for DNA capturing. By using only 30 
μL starting samples of whole blood, serum, breast cancer cell, saliva, 
sputum, and bacterial suspension, DNA could be rapidly extracted 
within 2 min. The extracted HBV nucleic acids from clinical blood 
samples were applied to conventional real-time PCR assays and the 
LOD of 104 copies/mL was achieved. The DNA extraction 
performance achieved by this paper hybrid microfluidic device was 
comparable to that of the commercial QIAGEN DNA extraction kit. 
However, on-chip PCR amplification was not integrated into this 
system. 

Liu’s group developed a filter paper/PDMS/PMMA hybrid 
microfluidic chip with a Fusion 5 filter paper fabricated in the DNA 
extraction chamber for DNA extraction from various raw samples 
and the subsequent on-chip or off-chip PCR amplification.118 The 
DNA extraction efficiency of the hybrid chip was investigated using 
human whole blood samples. It was found that 5.6-21.8 ng of DNA 
was yielded from 0.25-1 μL of human whole blood samples within 7 
min by sequentially aspirating NaOH, HCl, and water through the 
filter paper (particle retention size of 2.3 μm), which was higher than 
those obtained using commercially available QIAamp DNA Micro kits 
(3.6-13.0 ng). In addition, real-world samples including dried blood 

stains, buccal swabs, saliva, and cigarette butts were successfully 
processed for DNA extraction in this hybrid chip as well. This filter 
paper-based hybrid microfluidic chip was versatile for both off-chip 
and on-chip amplifications after nucleic acid extraction. By using the 
filter paper-based extracted DNA from whole blood samples, off-chip 
PCR amplification of 15-plex short tandem repeat loci and Sanger-
based DNA sequencing of the 520 bp GJB2 gene were accomplished. 
Additionally, on-chip PCR amplification following DNA purification 
from blood and bloodstains without elution was performed in the 
DNA extraction chamber, which exhibited the capability of 
integrating DNA extraction process with downstream PCR 
amplification in the hybrid chip for nucleic acid analysis. 

Liu et al.119 developed another filter paper/polymer hybrid 
microfluidic chip that consists of DNA extraction and PCR and 
demonstrated the application of the hybrid microfluidic biochip for 
genetic testing of hereditary hearing loss from human whole blood. 
In this microfluidic chip, a piece of Fusion 5 filter paper was 
embedded in a 15-μL chamber for genomic DNA extraction, followed 
by on-chip PCR amplification without elution in the same single 
reaction chamber. Genomic DNA extractions from as low as 0.3-μL 
human whole blood was performed, following by PCR amplification 
for 59-bp β-actin fragments without observing any contamination or 
carryover problems. The detection of c.176_191del16, c.235delC, 
and c.299_300delAT mutations in GJB2 gene that related to the 
hereditary hearing loss was completed within 2 hours by performing 
the DNA extraction and a two-color multiplex allele-specific PCR 
assay with the assistance of electrophoretic analysis. All the generic 
mutations from blood samples donated by a healthy person and five 
persons with genetic mutations were accurately analyzed. 

The Fusion 5 filter paper can be modified by chitosan to improve the 
DNA extraction efficiency of the hybrid microfluidic chip.120 In this 
way, the mechanism of the chitosan-modified filter paper for DNA 
capture combined both the physical entanglement of DNA molecules 
with the fiber matrix of the filter paper and the electrostatic 
adsorption of DNA molecules to the chitosan polymer. The high 
capture efficiencies of 98% and 95% for K562 human genomic DNA 
and bacteriophage λ-DNA were reported respectively.120 In addition, 
the λ-DNA from a diluted sample with a concentration of 0.05 ng/μL 
could be enriched by a concentration factor of above 30 folds.120 The 
on-chip DNA extraction coupled with on-chip PCR amplification of 
15-plex short tandem repeat loci from blood samples was 
successfully demonstrated.

Integration of nucleic acid extraction and LAMP 

Despite the development of simplified and integrated nucleic acid 
extraction processes in various hybrid microfluidic devices, the 
essential thermal cycles increase the complexity and cost for the 
microfabrication of the heater and the temperature sensor on a 
microfluidic system to perform on-chip PCR. In addition, additional 
off-chip detection approaches such as gel electrophoresis are usually 
needed to assist the detection. As a promising isothermal nucleic 
acid amplification method, loop-mediated isothermal amplification 
(LAMP) has been developed to amplify the target DNA at a constant 
temperature in a range of 60-65 °C. The high strand displacement 
activity from a DNA polymerase (e.g., Bacillus stearothermophilus, 
Bst) and identification of 6 distinct regions from 4 different primers 
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in LAMP result in high specificity. It has been reported that LAMP has 
higher specificity and sensitivity, and less inhibiting effect to clinical 
samples such as blood than PCR.121, 122 In addition, LAMP allows 
nucleic acid amplification to be performed under thermally constant 
conditions, eliminating the complicated and costly microfabrication 
of heating elements on a microfluidic chip. The endpoint colorimetric 
or fluorescent detection can be easily achieved without requiring 
additional time-consuming and complicated detection approaches or 
the use of bulky instruments. Thus, the complete “sample-to-
answer/read-out” hybrid microfluidic systems can be achieved by 
integrating sample preparation and LAMP. 

Considering a relatively large volume of plasma is required to achieve 
the high-sensitivity detection for low-abundance target molecules, a 
low-cost, pump- and centrifuge-free polysulfone membrane/PMMA 
hybrid plasma separation device was developed to separate plasma 
from undiluted milliliter whole blood prior to the FTA membrane-
based nucleic acid extraction.123 The functional plasma separation 
chamber of the device was composed of an asymmetric and porous 
polysulfone membrane and the PMMA base for structural support. 
Both the size exclusion-based membrane filtration and the 
gravitational sedimentation of blood cells were involved in the 
separation mechanism. This device could consistently separate 275 
± 33.5 μL of plasma from 1.8 mL of undiluted whole blood within 7 
min. By separating plasma laden with HIV viruses from HIV virus-
spiked whole blood, high recovery efficiencies of >80% for viral loads 
of 350-35000 copies/mL was demonstrated. The separated HIV-
laden plasma was then injected into their previously developed FTA 
paper/PMMA hybrid microfluidic device124 for nucleic acid extraction 
and reverse-transcriptase LAMP reactions, indicating the plasma 
separation device could successfully provide sufficient plasma for 
nucleic acid amplification without inhibitory factors, achieving 
sensitive detection of low-abundance target molecules from whole 
blood samples. Reboud et al. reported a paper-based microfluidic 
technology that combines sample processing, DNA isothermal 
amplification detection for diagnostics of malaria in low resource 
underserved rural communities.125 The microfluidic system included 
a foldable paper strip for vertical flow-based DNA extraction from 
whole-blood samples, a plastic cartridge for LAMP reaction, and a 
lateral-flow paper strip for visualization DNA detection. The tests 
were performed in village schools in Uganda, and the diagnosis of 
malaria species from a finger prick of whole blood was successfully 
demonstrated. The diagnosis process could be completed within 50 
min with the sensitivity of >98% compared with the test results 
generated by real-time PCR, with individual diagnoses being 
completed in <50 min (faster than the standard laboratory-based 
PCR). The tests, which enabled the diagnosis of malaria species in 
patients from a finger prick of whole blood, were both highly 
sensitive and specific, detecting malaria in 98% of infected 
individuals in a double-blind first-in-human study.

The paper/polymer microfluidic devices provide an easy-fabrication 
and fully integrated closed platform that can effectively manipulate 
liquid and prevent reagent evaporation during LAMP reactions. In 
such hybrid systems, paper is usually employed for the simple and 
reliable isolation, purification, and storage of nucleic acids for 
diagnostic applications.124 The paper substrate has also been 
innovatively used for storage of nucleic acid primers for LAMP 

reactions to improve the molecular diagnostic performance. For 
instance, Li and his co-workers developed a paper/PDMS hybrid 
microfluidic device for instrument-free diagnosis of bacterial 
meningitis (see Fig. 5A-a and 5A-b).14, 15 In this hybrid microfluidic 
device, a paper disc (Whatman #1 chromatography paper) was 
placed inside each of the LAMP zones, serving as a porous 3D storage 
substrate for preloaded primers for interaction-based LAMP assays. 
It was found the paper substrate inside the hybrid microfluidic device 
facilitated the uniform distribution of primers for LAMP reactions 
(Fig. 5A-c). It is also demonstrated that the hybrid microfluidic device 
enabled a stable diagnostic performance for a much longer period of 
time than a paper-free non-hybrid sytem, as shown in Fig. 5A-d.  The 
performance of LAMP assays from hybrid devices with paper inside 
could maintain 94% after 2 months and 85% after 3 months, while 
the LAMP performance from non-hybrid microfluidic devices without 
paper inside reduced by ~40% in the first two months. This 
phenomenon is mainly because that the highly interwoven paper 
fibers on which primers are physically adsorbed provide a 3D 
protection matrix for primers from harsh environmental elements 
without the loss in the air as aerosols. The capabilities of the paper 
matrix for storage and protection of nucleic acids have also been 
demonstrated by using paper to collect and store biological samples 
such as bloodstains for a long-term forensic nucleic acid analysis and 
pathogen detection. In addition, it is noteworthy in this work that 
they used a centrifuge-free lysis protocol by simply mixing the 
bacteria in human biological samples with a lysis buffer and 
incubating the mixture at room temperature for about 10 min. Then 
3 μL of the lysate mixture was used for LAMP reactions without any 
inhibitory issues observed. This lysis approach was compatible with 
LAMP reactions. It also provided a simple method for direct detection 
of microorganisms without the requirement of either the 
conventional or on-chip nucleic acid extraction that involves multiple 
steps and buffers for cell lysis, washing, and elution. They further 
demonstrated broader applications of the paper/polymer 
microfluidic approach for detection of a whooping cough-causing 
bacterium, B. pertussis. Within 45 minutes, the LOD of 5 copies per 
LAMP zone for B. pertussis was achieved without using any 
specialized instruments.107 High specificity and high sensitivity of the 
hybrid microfluidic approach were validated by testing 100 human 
clinical samples, which were comparable with the costly qPCR 
test.106, 126

With the integration of LAMP, another paper/PDMS/glass 
hybrid device was developed for multiplexed foodborne 
pathogen detection.127 The device contained four layers, 
including a top PDMS layer for sample introduction, a middle 
PDMS layer with three reaction chambers, a chromatography 
paper disk as a 3D substrate for primer pre-loading, and a glass 
slide for structural support. Compared to the previous chip 
design, several changes were made in this method. An 
automatic sample introduction (self-priming) method was used 
due to the high gas solubility of PDMS. Basically, the PDMS was 
first degassed in vacuum, and the suction of the reagent 
solution was obtained uniformly in each chamber. The chip was 
then sealed by injecting sealing oil, which was used to isolate 
each reaction chamber. Besides, a waterproof membrane was 
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added in the top layer to decrease evaporation during LAMP. 
The device was applied to detect foodborne pathogens, S. 
aureus and Vibrio parahaemolyticus, with the LODs of 21.5 and 
20.9 copies per µL, achieving around 100-fold higher sensitivity 
than those in conventional PCR methods.128

Fig. 5 Paper/polymer hybrid microfluidic devices for nucleic acid analysis. (A) 
A paper/PDMS hybrid microfluidic device for multiplexed and instrument-free 
diagnosis of bacterial meningitis. (a) Schematic of the paper/PDMS hybrid 
microfluidic device. (b) Direct detection of N. meningitidis, S. pneumonizae, 
and Hib bacteria spiked in artificial cerebrospinal fluids (ACSF); (c) 
Fluorescence images of Cy3-labelled primers preloaded in LAMP zones with 
and without paper inside at wet and dry conditions. When LAMP zones 
became dry, primers in LAMP zones with paper could be still uniformly 
distributed, while primers in paper-free LAMP zones accumulated on the 
edge. (d) Evaluation and comparison of LAMP performance between hybrid 
devices with paper inside and non-hybrid devices without paper inside over a 
period of 3 months. Reprinted with permission from Ref. 14, 15. Copyright 
2018 Elsevier and 2018 American Chemical Society. (B) A paper/PMMA 
hybrid microfluidic SpinChip for multiplex quantitative LAMP detection. (a) 
3D schematic of the exploded view of the SpinChip. (b) The fluorescence 
image of nanosensor detection microzones with paper for detection of 
meningitis pathogenic microorganisms. (c) Working principle of the 
microfluidic SpinChip: one of the plates is manually spun to facilitate three 
different stages during the whole multiplexed LAMP detection: (1) reagent 
delivery, (2) mLAMP reaction and denaturation, and (3) mqLAMP detection. 
Reprinted with permission from Ref. 2. Copyright 2017 Royal Society of 
Chemistry.

DNA hybridization

Despite the growing attention of LAMP for infectious disease 
diagnosis, multiplexed LAMP (mLAMP) that amplifies several DNA 
targets in one reaction for simultaneous detection of multiple 
pathogens is challenging to achieve. This is mainly due to the lack of 
an effective detection method to identify the complicated LAMP 
amplicons (a mixture of different sizes of ladder-pattered stem-loop 
DNA sequences) from different pathogenic microorganisms. The Li 
group developed a paper/PMMA hybrid microfluidic SpinChip 
integrated with species-specific ssDNA probe-functionalized GO 
nanosensors and achieved simple quantitative mLAMP detection.2 In 
this SpinChip, a single microzone in the bottom PMMA plate was 
designed for the mLAMP reaction where multiple DNA targets were 
isothermally amplified, and multiple detection microzones in the top 
PMMA plate were designed for identification and quantification of 
the amplified DNA targets based on the extraordinary distance-
dependent fluorescence quenching property of GO (Fig. 5B-a and 5B-
b). A paper disc (Whatman #1 chromatography paper) placed inside 
each of the detection microzones facilitated the integration of GO 
nanosensors without any complicated surface modifications and the 
uniform absorption of amplified DNA targets. The novel CD-like 
format of the SpinChip facilitated simple reagent transfer by simply 
rotating the PMMA plates, avoiding the use of complicated 
pneumatic values (Fig. 5B-c). The hybrid SpinChip was successfully 
demonstrated for quantitative identification of two main pathogens 
that cause serious bacterial meningitis, Neisseria meningitidis (N. 
meningitidis), and Streptococcus pneumoniae (S. pneumoniae), with 
high specificity. The LODs for N. meningitidis and S. pneumoniae 
were 6 and 12 DNA copies per assay. The whole assay process took 
about 1 hour, during which no washing or amplicon purification steps 
were needed. This Spinchip method has successfully addressed a 
major problem of mLAMP in identification and quantitation of 
multiple targets. 

4.2.2 Protein analysis

In the development of paper/polymer hybrid devices for the 
protein analysis, lateral flow assays (LFAs) have been widely 
used for low-cost, qualitative, and semi-quantitative detection 
of different biomarkers especially in resource-limited settings as 
they are easy to use and inexpensive.129 He et al. developed a 
hybrid paper/polymer chip with electro-wetting valves without 
external pumping equipment for sequential fluid delivery and 
colorimetric detection of T7 bacteriophage.130 Nitrocellulose 
membrane was bound onto a polyethylene terephthalate (PET) 
layer with double-sided pressure-sensitive adhesive tape. They 
could test 108 PFU/mL of T7 bacteriophage with the total 
immunoassay time of 40 minutes. A few other variations of LFA 
have been reported. For instance, Yuzon et al. developed a 
paper/plastic hybrid chip integrated with sandwich format LFA 
for dengue Nonstructural Protein 1 (NS1) antigen detection.131 
The chip consisted of a wax printed film, a baked NC membrane, 
and a PMMA sheet with a conjugation pad, which was 
assembled by using double-sided adhesive tape. Attachment of 
the engraved PMMA layer increased the structural support 
while the engraved hole in the PMMA layer allowed the 
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integration of the conjugation pad into the system. The device 
was able to detect a concentration of dengue NS1 of at least 
84.66 ng/mL. Paper/polymer hybrid devices have also been 
used for the enhancement of assay performance leveraging the 
advantage of both paper-based and centrifugal microfluidic 
platforms. Wiederoder et. al. manipulated the fluid flow by 
balancing the capillary force of paper inserts with the 
centrifugal force generated by disc rotation to enhance the 
signal of a colorimetric LFA for detection of E. coli.132 They 
achieved LOD of 105 colony forming units (CFUs) per mL which 
is a 100× improvement over a similar paper-based LFA.

Paper-based ELISA (enzyme-linked immunosorbent assay) has 
been extensively used for biomarker detection but has several 
limitations such as low performance in flow control and the 
need for repeated micropipetting for adding reagents and 
washing all the zones, limiting its application for high-
throughput detection. The Li group developed a 56-microwell 
paper/PMMA hybrid microfluidic microplate for the rapid 
detection of several biomarkers of infectious disease.40 Funnel-
shaped microwells with paper inserts facilitated rapid 
immobilization of biomolecules and reagent delivery channels 
from the PMMA layer helped to transfer reagent to multiple 
microwells to avoid repeated manual pipetting. The LODs for 
multiplexed detection of Immunoglobulin G (IgG) and hepatitis 
B surface antigen (HBsAg) were found comparable to 
commercial ELISA kits, but the assay could be completed using 
a common office scanner instead of an expensive microplate 
reader within an hour. Using a similar technique, Busin et al. 
fabricated another hybrid paper-based microfluidic platform 
(Multi-Pad Paper Plate) that was compatible with 96-well 
microplates.104 Paper and lamination sheets were designed and 
cut in the desired format using laser micromachining and then 
laminated to produce the final hybrid device. A sandwich ELISA 
for the detection of bovine haptoglobin (Hp), a marker for 
inflammation in animals, was achieved with the LOD of 
0.73 μg/mL. Draz and co-workers reported a paper/plastic 
hybrid microchip consisting of three-layer substrates: a 
cellulose paper substrate with screen printed electrodes 
assembled together with the transparent plastic sheet using 
double-sided adhesive.133 This low-cost and easy to fabricate 
device successfully performed multiplexed detection of 
different targets including liver and colon cancer protein 
biomarkers, with LODs for 100 ng/mL, 103 particles par mL, and 
100 copies/mL for alpha-fetoprotein (AFP) and 
carcinoembryonic antigen (CEA), intact Zika virus, and human 
papillomavirus nucleic acid amplicons, respectively. More 
recently, the Li group also reported a PMMA/paper hybrid plug-
and-play (PnP) reusable microfluidic device for high-sensitivity 
immunoassays through analyte enrichment and efficient 
passing-through washing.134 The integration of a hybrid system 
significantly expanded the linear dynamic range from three 
orders of magnitude in a common paper-based device to a wide 
range of six orders of magnitude in the PnP hybrid device along 
with a 10-fold increase in detection sensitivity as compared to a 
commercial colorimetric assay.

Smartphone-based platforms have been reported in paper 
hybrid microfluidic devices, which can reduce the diagnostic 
cost and instrumentation ultimately making them more user-
friendly and portable. Garg et al. fabricated a 
nitrocellulose/PDMS hybrid device that did not require external 
pumping for immunoassays.135 Pumping was achieved using 
cavity-induced microstreaming in the microfluidic platform. The 
assay could be done within 18 min using an Android app. 
Similarly, Jalal et al. developed a paper/plastic hybrid device for 
the smartphone-based optical colorimetric analysis using an 
Android app.39 The device was capable of colorimetric analysis 
of glucose, protein, pH, and red blood cell (RBC) with 40 μL of 
urine using a finger-actuating micro-pump. The device consisted 
of a paper-based reagent strip, which was embedded into the 
microchannel of a PC sheet. The outlet of the microchannel was 
connected to an elastic PDMS micropump as shown in Fig. 6A. 
Hybrid material combine advantages of both paper and plastic 
without extensive processing and modification. Finger force 
was applied to initiate negative pressure on the disposable 
PDMS micropump to move the sample solution into the device 
chamber. A smartphone was used to capture the image to be 
processed by the Android app. By integrating the strip sensor in 
the LOC device for urine analysis, the hybrid device improved 
the time-dependent inconstancy of the conventional dipstick-
based urine strip, and the smartphone app used for image 
analysis enhanced the visual assessment of test strip. They 
could detect a wide range of concentrations that are in the 
clinical detection range for glucose (0-350 mg/dL), proteins (0-
2000 mg/dL), pH (5.25-7.5), and RBC (0-280 RBC/µL).

Paper hybrid devices have also been used for stable storage of 
reagents for different applications. Krauss et al. developed a 
paper/polyester hybrid device for the colorimetric detection of 
total protein, human serum albumin (HSA), cocaine, 2,4,6-
trinitrotoluene (TNT), and iron (III).136 Long-term storage 
capabilities for tetrabromophenol blue, bromocresol green, 
cobalt thiocyanate, tetramethylammonium hydroxide, 
hydroxylamine, and 1,10-phenanthroline were accessed by 
storing these reagents in paper punches in 2.3 mm diameter 
chambers with a vent and inlet port. They observed no loss in 
color reactivity over 10 weeks. In addition, the correlation of 
data with different analysis methods (i.e., ImageJ, image 
analysis on a scanner with that on a smartphone) was obtained 
(R2 = 0.985).

4.2.3 Whole-cell detection of microorganisms

Using aptamers for the recognition of intact bacterial cells, Li 
and co-workers developed a paper/PDMS/glass hybrid 
microfluidic biochip for one-step multiplexed detection of intact 
foodborne bacterial pathogens (see Fig. 6B).38 The system 
included a top PDMS layer for reagent delivery with inlet 
reservoirs and one shared waste reservoir, a bottom PDMS 
layer with 96 microwells for incubation and detection, a piece 
of chromatography paper inserted into each microwell, and a 
glass slide as the support. Paper was used herein serving as the 
substrate to adsorb the aptamer-functionalized graphene oxide 
(GO), which facilitated biosensor immobilization with no need 
for complicated surface modification. Before the assay, 
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aptamers were adsorbed on the GO surface and the 
fluorescence of aptamers was quenched. In the presence of the 
target pathogen, aptamers were induced to liberate from GO, 
leaving fluorescence recovered. The one-step “turn-on” 
pathogen detection was approached for Lactobacillus 
acidophilus (L. acidophilus) and the assay took only 10 min with 
a ready-to-use chip. In addition, the multiplexed pathogen 
detection was also investigated involving two foodborne 
bacterial pathogens, S. aureus, and Salmonella enterica (S. 
enterica). The LODs for two pathogens were determined to be 
61.0 CFU/mL and 800 CFU/mL, respectively. The accuracy of the 
presented method was evaluated with the high recovery of 
spiked samples in the range of 92.9-107.8%. This pioneering 
hybrid microfluidic biochip provided a promising platform for 
simple and rapid detection of multiple pathogens. Thereafter, 
more and more paper/polymer hybrid devices have been 
developed. 

Fig. 6 Paper/polymer hybrid microfluidic devices for protein (A) and whole-
cell pathogen detection (B). (A) Schematic of a hybrid microfluidic device 
for urinalysis. (a) The layout of the hybrid device made of patterned PC 
and paper. (b-d) Operational steps including a urine solution inside a 
cup (b), applying finger force to initiate negative pressure to move the 
sample solution into the device chamber (c), and the solution flows into 
the device chamber to react with the reagent pads (d). Reprinted with 
permission from Ref. 39. Copyright 2018 American Chemical Society. (B) 
Schematic illustration of the PDMS/paper hybrid microfluidic system for one-
step multiplexed detection of intact pathogenic cells. (a) Microfluidic biochip 
layout; (b) and (c) illustrate the principle of the one-step “turn-on” detection 
approach based on the interaction among GO, aptamers, and pathogens. 
Reprinted with permission from Ref. 38. Copyright The Royal Society of 
Chemistry.

 

Similarly, Xu et al. presented another paper/PDMS hybrid 
microfluidic chip for one-step identification and antimicrobial 
susceptibility testing (AST) for multiple uropathogens.137 The 
chip contained a top PDMS layer with a sample introduction 
channel and holes as the inlet, outlet, and air vents, a middle 
PDMS layer with holes and connected channels, and a 
nonfeatured bottom PDMS layer. All layers were bonded 
together via plasma treatment, and paper substrates with 
preloaded antimicrobial agents and chromogenic medium were 
embedded between the middle and the bottom layer, forming 
the culture chambers. Each chamber was connected to the 
sample introducing channel as well as the air vent, which was 
sealed with a polyvinylidene fluoride (PVDF) membrane using 
double-layered adhesive tape. Three types of bacterial cells, S. 
aureus, E. coli, and Enterococcus faecalis (E. faecalis), were 
tested by using this device with the colorimetric assay, which 
was based on the interaction between species-specific enzymes 
and chromogenic substrates. Paper substrates were beneficial 
in the observation and interpretation of color change due to the 
white color as a strong contrast. The ASTs of clinical urine 
samples were further applied to the on-chip assay within 15 h 
and the results showed coincidence rates in the range of 83.3-
100% in comparison with those from the conventional method. 
This hybrid microfluidic device enables a simple and 
straightforward visual measurement for multiple pathogens. 

4.2.4 3D Cell culture

Several paper hybrid devices for 3D cell culture involving 
quantification measurements have been reported using glass 
and PMMA as hybrid substrates. For example, a simple 
paper/glass hybrid platform for 3D cell culture was designed 
and integrated with the impedance measurement technique by 
Lei and the co-workers (Fig. 7).138 In the platform, the filter 
paper was patterned with an array of circular microchambers 
by wax printing. Cancer cells (from the nasopharyngeal 
carcinoma (NPC)-derived cell line) were encapsulated in 1% 
(w/v) agarose hydrogel suspension, which was then pipetted to 
and permeated through the microchambers. As such, 
cells/hydrogel construct was generated and confined by the 
microchamber after gelation. The NPC Cells were cultured on 
the platform in a 3D model. After cell culture, paper was 
assembled with a glass slide integrated with ten pairs of 
coplanar electrodes, which were fabricated via Cr/Au 
deposition and used to measure impedance signals. The non-
invasive quantification of cell proliferation up to 3 days was 
herein achieved by periodical impedance measurement. 
Another high throughput 3D cell culture and impedimetric 
screening of chemosensitivity of cancer cells were conducted on 
a similar paper/glass hybrid platform.139 Paper substrate with 
microwells was used for 3D cell culture, in which cancer cells 
were initially encapsulated in the 0.5% (w/v) agarose hydrogel. 
The electrodes were fabricated on the glass from Cr/Au 
(200/1000 Å) by standard microfabrication including metal 
deposition, photolithography, and metal etching. Two human 
hepatoma cell lines (Huh7 and HepG2) were selected as 
tumorigenic cells and non-tumorigenic cells, respectively. Cell 
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viability was studied via the impedance measurement at 24 and 
48 h during cell culturing. The chemosensitivity was 
investigated via the high throughput impedimetric drug 
screening by evaluating the drug efficacy of doxorubicin and 
etoposide in both cell types. The paper-based device could be 
returned to the incubator after measurement due to the non-
invasive approach. The results displayed that Huh7 cells had 
higher drug resistance than HepG2 cells, while doxorubicin 
showed higher efficacy than etoposide in the treatment of 
hepatocellular carcinoma.

Fig. 7 Paper/polymer hybrid microfluidic devices for 3D cell culture. The 
procedure of the impedimetric quantification of cell proliferation using the 
paper/glass hybrid microchambers. (A) Illustration of cell seeding, culture, 
and measurement processes. (B) Photograph of the cells/hydrogel 
constructed in the microchambers. (C) Photograph of the glass substrate with 
measurement electrodes. Reprinted with permission from Ref. 138. Copyright 
2016 Elsevier.

Lei et al. also developed a paper/PMMA hybrid 3D cell culture 
microfluidic platform to study the cellular crosstalk and the 
related signaling pathways.140 The filter paper substrate was 
patterned using wax printing, obtaining microreactors with a 
circular shape (10 mm in diameter)  in the center and four 
square shapes (5 x 5 mm2) on the neighboring sides. Prior to cell 
seeding, a collagen solution was added onto the paper 
substrate preparing for gel-free cell culture. Different types of 
cells (i.e., Huh7, HepG2, and BM-1) were directly applied to the 
microreactors and anchored in the paper filters through 
collagen, avoid being washed away.  PMMA was engraved to 
form diffusion channels and loaded with 0.5% (w/v) agarose 
hydrogel to maintain the wettability of microreactors and 
provide nutrients to cells. After cell seeding, the paper substrate 
was placed on the PMMA plate, in which secretions from cells 
could diffuse through the hydrogel-infused microchannels and 
affect the neighboring cells. Quantification of cell proliferation 
was conducted using colorimetric signals via the water-soluble 
tetrazolium salt (WST-1) assay after incubation at 37 °C for 1 h. 
Results showed that aberrant cell proliferation of the affected 
cells was induced by the secretions from transfected cells. 
Moreover, cell phosphorylation of EGFR, cell morphology, and 
gene expression extracted from the cultured cells were also 

investigated, offering a useful platform for the investigation of 
the cellular crosstalk. Alternatively, a paper/PDMS/PMMA 
hybrid device was fabricated for 3D cell culture, cell viability 
screening, and protein expression studies under different 
chemical gradients.141 A paper sheet was used to capture cells 
and provide a 3D cell culture environment. PDMS was used to 
fabricate microchannels for chemical delivery, with PMMA as a 
sealing layer. Chemical gradients were generated along with the 
paper sheet in this hybrid device due to the molecular diffusion, 
which was applied to study the response of Hela cervical cancer 
cells in a 3D culture environment. Furthermore, by adjusting the 
gradient of chemicals, such as nutrients, cytokines, and anti-
cancer drugs (doxorubicin), the activation of the respective 
signal pathway was identified and studied under different 
stimulations.      

5. Other emerging hybrid microfluidic systems
In addition to the above three main hybrid microfluidic systems, 
there are some innovative microfluidic devices that have been 
explored recently, involving materials like tape, self-adhesive 
laminating sheets, cotton thread, etc., as summarized in Table 
2.  

5.1 Other paper-based emerging hybrid microfluidic systems

Paper/tape hybrid microfluidic systems

Generally, the paper/tape hybrid microfluidic devices are simply 
fabricated by stacking layers of paper and tape, achieving a 3D 
reconfigurable structure with multiple channels at different 
layers.142 Rodriguez et al.143 presented a foldable multiple-layer 
paper/tape fluidic chip that combined nucleic acid extraction, LAMP, 
and lateral flow detection via immuno-chromatographic strips. The 
tape in the chip served as a base material to provide a hydrophobic 
barrier surrounding the paper components and prevent evaporation 
during LAMP reactions. This chip also included several other 
components: a polyethersulfone (PES) filter paper-based sample 
port used for the introduction of samples and reagents and the 
capture of nucleic acids for LAMP reactions; a cellulose blotting 
paper disk as an absorbent pad for lysing and washing waste; 
detection test strips consisting of streptavidin-conjugated gold 
nanoparticles for immuno-chromatographic assays. This fully 
integrated system was demonstrated by detecting human 
papillomavirus (HPV) DNA directly from patient cervical specimens in 
less than 1 hour for rapid and early diagnosis of cervical cancer.

Paper/glass microcapillary hybrid microfluidic systems

A fully integrated FTA paper/glass microcapillary hybrid microfluidic 
device was reported for sample-to-answer molecular diagnosis.144 In 
this hybrid microfluidic system, the FTA paper was used for nucleic 
acid capture and purification. Different segments of reagents 
including lysis buffer, washing buffer, and LAMP reaction mix were 
preloaded in the microcapillary in sequence. After loading samples, 
the FTA paper-based DNA extraction and LAMP reaction were 
performed by loading the corresponding reagents. The whole 
procedure could be completed within 150 min. This 
paper/microcapillary hybrid microfluidic system required minimal 
user operation, simply using a displacement pipet tip and a hand-
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held UV-flashlight for endpoint fluorescence-based detection 
without relying on any bulky instruments. The system was 
successfully demonstrated by a screening assay of single nucleotide 
polymorphisms (SNPs) typing of the CYP2C19 gene from 200 nL of 
freshly drawn finger blood samples.

5.2 Thread-based hybrid microfluidic systems

Except for the wildly used substrate materials (e.g., polymer and 
paper), new substrates such as cotton threads with the wicking 
property and flexibility, have also been demonstrated to be suitable 
for the fabrication and application of low-cost microfluidic 
platforms.145 The thread has 3D passageways in sewed materials, 
which can transport liquid via the capillary wicking without the need 
for a barrier. In addition, liquids can penetrate from the thread into 
other hydrophilic porous materials. Therefore, the thread can be 
integrated with paper to form a hybrid microfluidic platform with 
enhanced sample delivering efficiency for qualitative or semi-
quantitative analysis.

Lin et al.145 developed a novel paper/cotton hybrid microfluidic 
platform for in vitro diagnostics, which used cotton as a flow 
channel and chromatography paper as a reaction zone for semi-
quantitative analysis. The color intensity was distinguishable by 
the naked eye or analysed using the software ImageJ for 
statistical/semi-quantitative analysis. By using artificial 
samples, clinically relevant ranges of approximately 0.38-30 
mM for urine protein, 0.156-2.5 mM for nitrite, 7.8-125 mM for 
urobilinogen, and 100-1600 mM for uric acid were analyzed. Jia 
et al. developed an immune-chromatographic assay for 
carcinoembryonic antigen (CEA) detection on a cotton 
thread/paper hybrid device using carbon nanotube/gold 
nanoparticles (CNT/GNPs) nanocomposite reporter probes.146 
As shown in Fig. 8A, the acid-treated CNT was functionalized 
with PDDA (poly (diallyldimethylammonium chloride), as a 
bridge), GNPs, and then detection antibodies to form the 
probes. The whole device consisted of a sample pad, a cotton 
thread, and an absorbed pad. CEA was dispensed onto the 
cotton thread to form a test zone. A filter paper strip as the 
absorbent pad was attached at the downstream end of the 
thread, and glass fiber as the sample pad was covered on the 
other end of thread onto a clean plastic pad using double-sided 
tape. When running the assay, CEA with different 
concentrations was incubated with the CNT/GNPs 
nanocomposite reporter probes to form sample solutions, 
which were simply loaded onto the sample pad. Quantitative 
analysis of the optical intensity of color bands on the test zone 
was performed (Fig. 8B). The cotton thread-based biosensor 
had the LOD of 2.32 ng/mL for CEA in human serum samples, 
increasing the sensitivity by four magnitudes compared to the 
conventional CNT-based lateral flow assay. Likewise, using gold 
nanoparticle trimer reporters on a similar device, the lung 
cancer-related biomarker, human ferritin antigen was detected 
with the LOD of 10 ng/mL.147

Fig. 8 Other emerging paper-like hybrid microfluidic devices for cost-effective 
diagnostics. (A) Principle of using a cotton thread/paper hybrid device based 
on CNT/GNPs nanocomposite reporter probes for CEA detection. (B) 
Quantitative analysis of CEA in human serum samples using the cotton 
thread/paper hybrid device. Sample a to h: 5, 10, 25, 50, 100, 150, 200, and 
500 ng/mL. Reprinted with permission from Ref. 146. Copyright 2017 Elsevier.

   

Alternatively, Nilghaz et al. developed a thread-based microfluidic 
device for rapid semi-quantitative analysis of analytes (e.g., BSA and 
nitrite) by measuring the length of color change on indicator-treated 
threads.148 The device was fabricated using two types of threads, 
cotton and polyester, for capillary wicking of liquid samples. The 
cotton and polyester threads were treated with different 
colorimetric indicator reagents corresponding to different analytes. 
When performing the test, the deposited reagents (e.g., 
tetrabromophenol blue (BPB) and Griess reagent) reacted with the 
corresponding analytes (e.g., BSA and nitrite) in samples and 
generated colored zones with different lengths on the threads that 
correlated with the concentrations of analytes. This approach was 
successfully demonstrated by performing colorimetric assays for two 
clinical biomarkers, BSA and nitrite, in simulated human urine 
samples. The semi-quantitative analysis was achieved by measuring 
the length of generated color zones on the threads corresponding to 
the analytes. The linear ranges for detecting BSA and nitrite were 0-
1.5 mg/mL and 0-1000 μM, respectively.
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Table 2 Summary of paper/polymer and other emerging hybrid microfluidic systems and their applications

Paper Hybrid 
Microfluidic 
Systems

Applications Platforms Application Targets LODs References

Paper/photopolymer resin HBV \ 117

Paper/PDMS/PMMA Human genomic DNA, mutations 
in GJB2 gene \ 118

Paper/chitosan polymer Human genomic DNA, 
bacteriophage λ-DNA \ 120

Paper/PMMA N. meningitidis, S. pneumoniae 6-12 DNA 
copies

2

Paper/PMMA Anopheles gambiae and 
Anopheles arabiensis DNA \ 124

Paper/PDMS N. meningitidis, S. pneumoniae, 
Hib

3-12 DNA 
copies

14, 15

Paper/PDMS B. pertussis 5 DNA copies 107, 126

Paper/PDMS/glass S. aureus, Vibrio 
parahaemolyticus

21.5, 20.9 
copies/µL

127

Nucleic acid 
analysis

Paper Malaria \ 125

Nitrocellulose/PET/PMMA T7 bacteriophage \ 130

Paper/plastic dengue NS1 84.66 ng/mL 131

Paper/plastic CEA/AFP 100 ng/mL 133

Paper/polymer E. coli 105 CFU/mL 132

Nitrocellulose/PDMS vaccinia virus protein \ 135

Paper/PC/PDMS Proteinuria, glucose, pH, RBC \ 39

Paper/PMMA IgG, HBsAg 1.6, 1.3 ng/mL 40

Paper/lamination sheet Hp 0.73 µg/mL 104

Protein analysis

Paper/polyester total serum protein, HSA, 
cocaine, TNT, iron content

0.1 mg/mL 
(cocaine)

136

Paper/PDMS/glass L. acidophilus, S. aureus, S. 
enterica

11.0, 61.0, 800 
CFU/mL

38Pathogenic cell 
analysis

Paper/PDMS S. aureus, E. coli, E. faecalis \ 137

Paper/glass NPC cancer cell \ 138

Paper/glass Huh7 cell, HepG2 cell \ 139

Paper/PMMA Huh7 cell, HepG2 cell, BM-1 cell \ 140

Paper/polymer

3D cell culture

Paper/PDMS/PMMA Hela cervical cancer cell \ 141

Paper/tape HPV DNA \ 143

Paper/microcapillary CYP2C19 gene \ 144

Paper/cotton BSA, urobilinogen, UA, nitrite
3.672, 4.861, 
125.625 µM, 
0.147 mM,

145Others Nucleic acid 
analysis

Paper/cotton thread/glass 
fiber CEA 2.32 ng/mL 146
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Cotton human ferritin 10 ng/mL 147

Cotton/polyester BSA, nitrite, nickel ion \ 148

Note: “\” means LODs not mentioned or applicable from the reference.

6. Conclusions and perspectives
This article reviews the recent development of different types 
of low-cost hybrid microfluidic systems based on PDMS, 
thermoplastics, paper, and some other emerging substrates. In 
this review, we introduce and discuss the broad biomedical 
applications of these polymer and paper hybrid microfluidic 
systems including nucleic acid analysis, protein analysis, cellular 
analysis, 3D cell culture, organ-on-a-chip, and tissue 
engineering, as summarized in Table 1 and 2. The polymer- and 
paper-based hybrid microfluidic devices are promising and 
superior platforms with key features of biocompatibility, ease 
of fabrication, high integration profile, and low cost. As such, 
these low-cost and portable hybrid devices have great potential 
for point-of-care detection of various diseases such as the 
recent widely-spread COVID-19 caused by SARS-CoV-2,149 
especially in low-resource settings such as rural areas and 
developing nations. More importantly, by combining different 
substrates with their own and supplemental advantages with 
each other, the hybrid microfluidic systems generate 
unprecedented characteristics that benefit the biomedical 
research and applications.

Despite these benefits, polymer and paper hybrid microfluidic 
systems is still in the early stage of development. There are 
some limitations to be addressed in order to achieve more 
broad applications of hybrid microfluidic devices. For example, 
most hybrid devices have been fabricated via simple assembly 
from two or more single substrate-based microfluidic 
compartments, while the fabrication techniques of a whole set 
of hybrid microfluidic devices are rather limited. In addition, the 
resolution of hybrid devices (such as paper/polymer hybrid 
devices) is limited by current microfabrication methods, which 
is in need of improvement by addressing technological 
challenges and implementing new technology such as 3D 
printing.     
With the improvement of microfluidic techniques, the polymer 
and paper hybrid microfluidic systems are anticipated to be 
employed in wider applications from low-cost diagnostics to 
controlled drug delivery and chemical synthesis. In addition, 
more novel hybrid microfluidic systems are expected to be 
developed with the emergence of various new engineered 
materials in the near future (e.g., stimulus-responsive 
hydrogels).22, 48, 150 Moreover, we envision that different types 
of hybrid microfluidic devices can be integrated into a total 
micro-bioanalysis system that can perform complicated 
processing and provide comprehensive information, such as a 
serial of studies of stem cells or circulating tumor cells (CTCs) 
from the single cell separation and isolation to the evaluation of 
drug treatment.4, 151, 152 Nanomaterial-functionalized 
biosensors such as metal-organic frameworks (MOFs)-
functionalized aptasensors,105, 153-158 smartphone-based 

detectors,159 and thermometer-based quantitative 
photothermometric biosensing 17, 155, 156, 160 will also cause more 
attention, and become more widely incorporated in hybrid 
microfluidic devices. At last, more and more applications from 
these unique hybrid platforms would gradually set off the 
commercialization of hybrid microfluidic devices, and the 
successful translation from a laboratory to the market will lead 
to greater impacts on our economy, healthcare, and society. 
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