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Effective pathogen detection is an essential prerequisite for the prevention and treatment of infectious

diseases. Despite recent advances in biosensors, infectious diseases remain a major cause of illnesses

and mortality throughout the world. For instance in developing countries, infectious diseases account

for over half of the mortality rate. Pathogen detection platforms provide a fundamental tool in

different fields including clinical diagnostics, pathology, drug discovery, clinical research, disease

outbreaks, and food safety. Microfluidic lab-on-a-chip (LOC) devices offer many advantages for

pathogen detection such as miniaturization, small sample volume, portability, rapid detection time

and point-of-care diagnosis. This review paper outlines recent microfluidic based devices and LOC

design strategies for pathogen detection with the main focus on the integration of different techniques

that led to the development of sample-to-result devices. Several examples of recently developed

devices are presented along with respective advantages and limitations of each design. Progresses

made in biomarkers, sample preparation, amplification and fluid handling techniques using

microfluidic platforms are also covered and strategies for multiplexing and high-throughput analysis,

as well as point-of-care diagnosis, are discussed.

1. Introduction

The World Health Organization (WHO) recently reported that

infectious diseases are the second leading cause of mortality

throughout the world after cardiovascular disease.1 This

problem is particularly severe in developing countries and

deprived areas of developed countries, that suffer from poor

hygiene and limited access to centralized labs for diagnostics and

treatments. Half of the mortality in poor countries is due to

infectious disease.2 As in developed countries, despite great

progress in enhancing health conditions, there are still several

issues that remain to be resolved in regards to food industries,

pathogen outbreaks, and sexually transmitted diseases.3 It is

worth mentioning that in the USA alone, food-borne pathogens

were the main cause of more than 50 million illnesses reported in
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2011.4 Overall, pathogens are of great importance in many

different fields, including diagnostics, pathology, drug discovery,

clinical research, biological warfare, disease outbreaks, and food

safety.

Conventional and standard methods of pathogen detection

include cell culture, PCR, and enzyme immunoassay, which are

often laborious and take from several hours to days to perform.

Pathogen detection methods should be cost-effective, fast,

sensitive, and accurate. For point of care (POC) applications,

the detection platform should also be simple to use and interpret,

stable under a wide range of operating conditions (such as

temperature, humidity), preferably portable and disposable.5

Furthermore, they should provide the required sensitivity and

specificity.6 The ability to perform multiplex tests is another

important prerequisite for pathogen detection devices, especially

in the case of diseases with several pathogen sources, such as

lower respiratory infections.5 One of most successful non-

microfluidic POC devices so far is the immunochromatographic

strip (ICS), which is currently used in developing countries.7–9

Despite some issues with the test’s sensitivity and specificity, ICS

is considered an ideal model for the development of microfluidic-

based devices for pathogen detection by taking advantage of low

cost, sensitivity, specificity, portability, and the simplicity of

microfluidic options. Microfluidics provides a higher surface to

volume ratio, a faster rate of mass and heat transfer, and the

ability to precisely handle very small volumes of reagents,

ranging from nano to picoliters, in microchannels. Because of

these characteristics, microfluidic devices provide better perfor-

mance than conventional systems for providing a rapid detection

time. The use of microfluidics in the context of Lab-On-a-Chip

(LOC) devices has begun to play an important role in the

analytical investigations of biological and chemical samples in a

single miniaturized device. These devices inherently possess

characteristics that make them suitable for POC applications.

Here, we review the present status of microfluidic-based

devices for pathogen diagnostics, emphasizing innovative

designs, strategies, and trends during the past three years.

2. Biomarkers

The specific identification of biological species or their strains

is essential for pathogen detection. Pathogens are generally

recognized based on two main properties: by genetic contents,

using nucleic acid-based probes, or by specific epitopes on the

pathogen membrane or their produced toxins, using antibodies

or antibody alternatives. Usually, the latter approach provides a

lower specificity compared to nucleic acid-based approach,

because the epitopes present on the cell’s surface are normally

found throughout the species. Then, generally, genus-level

detection is achieved,10 but this can provide results in a shorter

time with less manipulation. List of different biomarkers used to

detect pathogens summarized in Table 1.

2.1. Antibodies

Antibody-based detection is one of the main analytical

techniques used for the detection of pathogens. Although

labour-intensive, antibody-based detection has proven to be a

crucial and important factor in the specific and high-affinity

detection of pathogens. Engineering antibody fragments, recom-

binant antibody-fragments (rAbs), single chain variable frag-

ments (scFv) and monovalent antibody fragments (Fabs) are

recent approaches that have originated from antibody-based

detection. The use of these fragments is more cost-effective while

providing the same specificity limits as conventional antibody

methods.11 The detection of specific proteins and of the whole

cell are the two most common applications of antibody-based

probes.

2.1.1 Protein and toxin detection using antibodies. Recently,

antibody-based probes were used for the detection of several

toxins, including Ricin A chain (RCA), staphylococcal enter-

otoxin B (SEB) toxin surrogate,12 ovalbumin,13 and cholera

toxin subunit B (CTB).14 Microarray immunoassays have also

been used extensively for the multiplex detection of proteins and

toxins.15,16
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2.1.2 Whole cell detection. Antibody cell-based pathogen

detection in microfluidic systems has been demonstrated using

different biosensing tools, including Surface Plasmon Resonance

(SPR),17 fluorescence,18 impedance,19 chemiluminescence,20 con-

ducting polymers,21 and impedance.22

Applying a whole-cell detection approach, pathogens such as

influenza,23 E. coli,24,25 L. pneumophilia,26 hepatitis B, hepatitis

C, and HIV27 could be detected.

2.1.3 Alternatives to the antibody. Although antibodies are

widely accessible and easy to use, they have several drawbacks,

such as expensive cost, poor chemical and physical stability,

large size, use of animals for antibody production, limited

antibody availability for all potential analytes, and quality-

assured preparations. There are several emerging alternatives to

antibodies, including enzyme-substrate reactions,28 molecularly

imprinted polymers,29 protein-based,30 small molecule probes,31

aptamers,32,33,36,37,40 and antimicrobial peptides (AMPs).34

The main advantage of enzyme-substrate reactions in compar-

ison to antibody–antigen is that they can be regenerated several

times without loss of affinity or specificity. For instance, there

are enzyme inhibition-based sensors for toxin detection, e.g., the

detection of sarin (a highly toxic material) in blood by using

immobilized cholinesterase on a microfluidic chip.28 Enzymes

Table 1 Detection of pathogens implemented in microfluidic devices

Pathogen Probe LOD Sample Time of analysis Amplification Ref

E. coli O157:H7 Antibody 106 CFU mL21 Soil sample — — 43
Antibody, primer 200 CFU mL21 Synthetic — PCR 44
Primer 3.58 6 105 copies mL21 Synthetic 13 min PCR 45

108 CFU mL21 Hotdog, banana,
milk

AMP (Antimicrobial
peptide magainin I)

1 bacteria mL21 Synthetic — — 34

DNA probe 25 CFU mL21 Synthetic — — 46
Antibody 32 CFU mL21 Synthetic 20 min — 25
Antibody/DNA probe 100 bacteria Synthetic — PCR 47
Primer 1 cell in 105 Synthetic 4 h PCR 48
Polycolonal
antibody/primer

0.6 CFU L21 Lake water 5 h PCR 49

E. coli K12 andO157:H7 Antibody 10 CFU mL21 Iceberg lettuce 6 min — 50
E. coli K12 Antibody 55 cells mL21 PBS 1 h — 24

100 cells mL21 Milk
E. coli BL21 Primer 106 cells mL21 Blood samples 1 h PCR 51
E. coli DH5a , S. saprophyticus PNA probe 1 CFU mL21 Synthetic 30 min — 52

100 CFU mL21 Urine
E. coli (BL21(DE3)) Antibody 104 CFU mL21 Synthetic — — 22
E. coli XL-1 Primer 1000 Bacteria mL21 Synthetic 30 min NASBA 53
E. coli DH5R DNA probe 108 CFU mL21 Clinical urine

sample
40 min — 54

80 CFU mL21 Synthetic
Botrytis cinerea Antibody 0.008 mg mL21 Apple (Red

Delicious)
40 min — 55

DNA probe 8 fmol Synthetic 1 h — 56
B. cinerea, D. bryoniae,
and B. squamosa

Primer/probe 0.2 ng mL21 Synthetic 3 min PCR 57

Staphylococcus aureus Primer ,10 copies Synthetic ,20 min RPA 58
Antibody 1 CFU Synthetic 30 min — 59

Salmonella enterica Primer, probe 8.8 ng mL21 Synthetic — RCA 60
Salmonella berta DNA probe 103 CFU mL21 Synthetic 25 min — 61
Bacillus globigii Antibody 1 CFU mL21 Synthetic 30 min — 21
Surrogate biotoxin (ovalbumin) Antibody 50 ppb (18 ng mL21) Raw milk sample — — 13
Cholera toxin subunit B (CTB) Antibody 1.0 ng mL21 Synthetic 1 h — 14
Botulinum toxoid DNA/antibody 25 pg Synthetic — — 62
Phage M13KO7 Anti-M13 109 pfu mL21 Synthetic — — 63
Rotaviruses Primer 3.6 6 104 RNA

copies mL21
Stool 1 h RT-PCR 64

H1N1 Primer/probe 10 TCID50 Throat swab 3.5 h RT-PCR 65
Swine influenza virus Antibody 610 TCID50 mL21 Synthetic 6 min — 23
Influenza A virus (AH1pdm) Primer 5.36 6 102 copies mL21 Synthetic 15 min RT-PCR 66
Influenza B, coronavirus
OC43, influenza A, and
human metapneumo virus

Primer 4.8, 6.3, 10, and
167 copies, respectively

Synthetic 2 h RT-PCR 67

HIV-1 Primer 10 HIV particles Spiked saliva
sample

— RT-LAMP 68

Noroviruses (NVs) and
rotaviruses (RVs)

Primer 6.4 6 104 copies mL21 Synthetic 1 h RT-PCR 69

Nervous necrosis virus (NNV) Primer 10 fg of cDNA Grouper larvae 1 h RT-LAMP 70
Pseudorabies virus (PRV) Primer 10 fg DNA mL21 Synthetic 1 h LAMP 71
Severe acute respiratory
syndrome (SARS) virus DNA

Primer 3 6 107 copies mL21 Synthetic — HDA 72
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can also be used to target proteins. For instance, Le Nel et al.35

developed a microfluidic chip for the detection of pathological

prion protein (PrP) by proteinase K (PK)-mediated protein

digestion.

Molecularly imprinted polymers (MIPs), which can be

produced at a low cost in relatively high stability and

reproducibility, are another alternative to antibodies.36,37 A

microfluidic chip coupled to the MIP method was developed for

the detection of the tobacco mosaic virus (TMV) and the human

rhinovirus serotype 2 (HRV2) using impedance measurement.29

Protein-based pathogen detection is another approach in

which the crucial point is preserving the native state and

orientation of the protein in order to provide high specificity

and sensitivity.38 For instance, heat shock protein 60 (Hsp60),

which is a receptor for listeria adhesion protein (LAP) during

L. monocytogenes infection, was utilized for the detection of the

LAP. By using Hsp60, higher sensitivity and capture efficiency

was achieved in comparison to the use of a monocolonal

antibody. Another feature of this protein is that it can be

produced in E. coli by the recombination of cDNA, making it a

cost-effective choice.30

Small molecule probes have also emerged as alternatives to

antibody-based detection. For instance, Kell et al.31 developed a

vancomycin-modified nanoparticle for the isolation of gram-

positive and -negative bacteria. Although its selectivity is less

than those of monoclonal antibodies, it is a useful tool for

capturing a wide range of bacteria with single vancomycin-

functionalized nanoparticles. It was shown that the architecture

and orientation of the molecule are crucial to efficient target

capture. Overall, by using small molecule probes, the long-term

stability, reaction conditions, and temperature for surface

modification are more flexible compared to those of an

antibody-based approach.

Aptamers are fairly recent options to replace antibodies.39

Aptamers are nucleic acid molecules developed by an in vitro

process, which can bind to their molecular targets, such as small

molecules, proteins, or cells,40 with high affinity and specificity.41

Aptamers have several distinct advantages over antibodies,

including enhanced affinity and specificity, resulting in better

limit of detection (LOD) for biosensing applications. Typically,

they are also smaller than antibodies, enabling them to bind

to epitopes that are otherwise inaccessible to antibodies.40

Aptamers are selected in conditions similar to those of a real

matrix and can be modified during immobilization, without any

adverse effect on their affinity. Finally, they can be subjected to

several cycles of regeneration.42

On the other hand, aptamers require a long selection time and

several resources to target a specific epitope. Normally, the

systematic evolution of ligands by exponential enrichment

(SELEX) is used to isolate aptamers. Lou et al.32 developed a

magnetic bead-assisted SELEX technique using microfluidics to

reduce processing time. This design could isolate the target

aptamers after a single round, as compared to conventional

SELEX methods, which usually require 8–15 rounds of selection.

A particular feature of this device is ferromagnetic patterns

embedded in the microchannel, which are capable of producing

highly localized magnetic field gradients that provide precise

control over a small number of beads. This device also benefits

from the laminar flow characteristics, which result in minimizing

the molecular diffusion to obtain higher purity. As a proof of

concept, aptamers were selected for botulinum neurotoxin type

A. In another effort to reduce aptamer discovery time, Ahmad

et al.33 developed a microfluidic SELEX platform in which they

found new aptamer sequences for PDGF-BB in only three

rounds.

Antimicrobial peptides (AMPs) are also used to benefit from

their intrinsic stability, ease of synthesis, and long-term

functionality compared to antibodies. AMPs can be found in

nature, such as in the extracellular milieu of bacteria and on the

skin of higher organisms.34 Mannoor et al.34 used AMP for the

detection of E. coli, using impedance measurement as a label-free

and portable biosensor platform. The semi-selective antimicro-

bial peptide magainin I, which occurs naturally on the skin of

African clawed frogs, was immobilized on the arrays of gold

electrodes for the detection of E. coli. The LOD of one bacterium

per mL was obtained. Depending on the targeted application,

AMPs provide advantages and disadvantages. If the goal is to

detect a broad range of pathogens, they would be useful because

AMPs are semi-selective toward their target. However for the

identification of a very specific target in a pathogenic mixture,

they might not be appropriate.

2.2. DNA/PNA

DNA hybridization assays provide unique advantages compared

to conventional antibody-based approaches due to their

capabilities for sensitive, specific, and rapid detection of target

nucleic acids.73 Recently, various microfluidic DNA-based

probes were coupled to different measurement techniques,

including SPRi,74 conductance impedance,65,75–77 and (FRET)

fluorescence.78 For more information please refer to a review

paper79 on DNA microfluidic-based and an integrated micro-

fluidic systems for DNA analysis.80

Wang et al.56 implemented two different methods to distin-

guish a single mismatch using gold nanoparticles (GNPs). In the

first approach, a glass surface was coated with a monolayer of

GNPs, which increased the hybridization efficiency due to

nanoscale spacing between the probes. In the second approach,

a DNA amplicon bound to GNPs was introduced to the probe-

functionalized surface. Riahi et al.54 used a double stranded

DNA probe for the detection of bacterial 16 S rRNA. Double

stranded DNA is composed of an actual complementary DNA

to probe the target with a fluorescent dye at the 5’ end. A shorter

probe is then hybridized to the first probe, with a quencher at the

3’ end, in which the 5’ of the first probe is in the proximity of the

3’ of the second probe. After introducing the target, the quencher

probe is replaced by the target, resulting in a fluorescent signal.

This setup was used to detect different pathogens in a clinical

urine samples, and a total experimental time of less than 40 min

was achieved.

Peptide nucleic acid (PNA) is a DNA analogue with a peptide

backbone instead of a sugar phosphate backbone. PNAs

normally exhibit chemical and thermal stability, resistance to

enzymatic degradation, faster hybridization kinetics, and the

ability to hybridize at lower salt concentrations. Lower salt

concentrations help to denature the secondary structures of

targets, such as RNA. PNA beacons were designed for the

detection of 16 S rRNA from E. coli in a droplet-based

3252 | Lab Chip, 2012, 12, 3249–3266 This journal is � The Royal Society of Chemistry 2012

Pu
bl

is
he

d 
on

 2
6 

Ju
ne

 2
01

2.
 D

ow
nl

oa
de

d 
by

 M
cM

as
te

r 
U

ni
ve

rs
ity

 o
n 

01
/0

6/
20

16
 1

8:
32

:5
1.

 
View Article Online

http://dx.doi.org/10.1039/C2LC40630F


microfluidic device, without any pre-amplification steps. In this

method, DNA beacons were labeled with fluorescent dyes and

quenchers at both ends. Because of the loop shape of the

beacons, they are both in proximity of each other in an

unhybridized state. After hybridization, this loop broke down,

and the quencher became ineffective, due to its distance from the

dye, resulting in the fluorescence emission.81 In another

approach, PNA molecular beacons were used for the detection

of the PCR amplicons. The PNA beacon had a reporter and a

quencher at each end in proximity of each other before

hybridization. After hybridization with the target DNA,

fluorescence emission from the reporter occurred upon excita-

tion. This setup could discriminate a single base mutation at a

100 nM concentration.82 Conversely, a LOD of 1 CFU mL21 in

30 min was obtained by Lam et al.52 when a PNA probe

immobilized on the nanostructured microelectrodes (NMEs) is

used for the detection of S. saprophyticus and E. coli. One of the

drawbacks of the PNA probes is their relatively high cost

compared to DNA probes.

3. Amplification methods

3.1. PCR and its design

Polymerase Chain Reaction (PCR) is a molecular technique for

DNA amplification. It plays a key role in genetic analysis,

biology, and biochemistry research, since it is able to replicate a

specific fragment of a target nucleic acid by cycling through three

temperature steps and creating several million DNA copies

within a few hours. Integrating microfluidics with PCR not only

could provide the previously mentioned advantages in imple-

menting microfluidic systems, but also could yield lower thermal

capacities and a higher heat transfer rates, and could signifi-

cantly reduce the reaction time.83 Pan et al.84 developed a

multichamber PCR microfluidic chip coupled to multichannel

separation and temperature control units for parallel genetic

analysis. The device did not require any additional fluidic control

unit and was easy and simple to operate. PCR products were

separated and detected in these channels utilizing electrophor-

esis. The hepatitis B virus (HBV), Mycobacterium tuberculosis

(MTB), and the genotyping of human leucocyte antigen (HLA)

were detected using this platform.

Preventing sample evaporation is one of the main challenges to

overcome with using PCR in microfluidic systems. This issue is

particularly problematic in open reaction channels. To address

this challenge, Wang et al.85 used non-miscible mineral oil to

cover the liquid and prevent its evaporation during the

experiment. Salmonella enterica, Escherichia coli, and Listeria

monocytogenes could then be simultaneously detected using an

oscillatory-flow multiplex PCR. This design achieved an

evaporation loss of less than 5% while decreasing the detection

time to less than 24 min.

In some cases when entire bacteria were introduced to the

detection PCR platforms, captured bacteria inside the micro-

fluidic device could be lysed by thermal,86 chemical,87 physi-

cal88,89 and electrical means.90 For instance, Cheong et al.91

developed a one-step real-time PCR method for pathogen

detection. In this design, Au nanorods were used to transform

near-infrared energy into thermal energy and subsequently lyse

the pathogens. Next, DNA was extracted and amplified in the

PCR chamber. This one-step lysis improved the overall efficiency

of the device because there was no need to change or remove

reagents.

PCR was integrated with different sample preparation and

separation devices to obtain higher sensitivity and specificity.

For instance, sample cleanup was used along with PCR to detect

human respiratory viral pathogens. Capillary electrophoresis

was implemented for post amplification sample cleanup and the

separation step in conjunction with PCR, and results were

obtained in less than two hours.67 Target enrichment, capture,

lysis, and real-time qPCR were used for the detection of E. coli in

water samples in eight different samples independently and

simultaneously. Before capturing the target cell, two filtration

steps were performed to remove particles, followed by sample

enrichment. Antibodies coated on the PMMA surface were used

to capture the target cells in the next step. After washing to

remove nonspecific attachment, cells were removed using a cell

stripper solution and thermally lysed. Next, the genetic contents

were used in real-time qPCR amplification, and a LOD of 6

CFU was achieved in less than 5 h.49

3.2. Isothermal

The isothermal amplification92,95 of DNA/RNA have recently

drawn interest since it does not require large thermal momentum

and energy for temperature cycles as compared to PCR systems.

Therefore, it is a simpler and more energy efficient approach,

making it an excellent choice for POC applications. Methods

for isothermal amplification, include loop-mediated isother-

mal amplification (LAMP),96–98 helicase-dependent amplification

(HDA),99 nucleic acid sequence-based amplification (NASBA),53

recombinase polymerase amplification (RPA)58,100 and rolling

circle amplification (RCA).94

One of the most common isothermal amplification methods is

LAMP. Although this technique is primarily used for DNA

amplification, by reverse transcriptase it can also be implemen-

ted for RNA samples. The obtained signal can be visualized

either by fluorescent intensity measurements or by the naked eye

for turbidity due to precipitation, which makes it suitable for

locations with limited resources. Generally, four primers

are used to recognize six distinct sequences of the target DNA

with a working temperature of around 60–65 uC (Fig. 1-iii).

Fang et al.71 used LAMP amplification for the detection of

pseudorabies viral DNA. The design consisted of eight parallel

microchannels, enabling simultaneous reactions for high-

throughput analysis. The entire device is sealed with uncured

PDMS, which prevents evaporation and bubble formation. The

result can be visualized by a compact real-time absorbance

device or even by the naked eye. Using this method, 10 fg of

DNA per mL were detected within 1 h, which is faster and more

sensitive than PCR, and consumes smaller sample volumes. The

higher sensitivity, simplicity, and low cost of this design make it

suitable for use in POC diagnostics. In another approach, the

LAMP method was used in a disposable self-heating car-

tridge.101 The temperature control was provided by the

exothermic reaction, using a Flameless Ration Heater (FRH)

activated by water. A DNA sample collected from E. coli in urine

samples was detected via the LOD of the 10 E. coli DNA within

1 h. LAMP was also integrated with a low-cost CCD-based
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fluorescent imaging system.102 Various features of the imaging

system, such as gain, offset, and exposure time, were optimized

to achieve better sensitivity. The performance of this low-cost

CCD imaging system was comparable to commercially available

PCR systems. Six different waterborne pathogens were tested

with this device, and it could detect single DNA copies in 2 mL in

less than 20 min. Using RNA as a target in the LAMP method

requires a reverse transcription to convert the RNA into DNA.

This method was implemented to detect HIV RNA68 and the

nervous necrosis virus (NNV) in grouper larvae.70 For NNV

detection, functionalized magnetic beads (MB) conjugated with a

specific probe were used to capture the RNA from the grouper

tissues. To generate a uniform temperature, an array-type

micro-heater was utilized. As a result, more specific and faster

extraction could be achieved. A LOD of 10 fg of DNA was

found which was 100-fold more sensitive than RT-PCR.

For HDA method, the helicase enzyme opens the double-

stranded DNA in order to let the primers hybridize, extend, and

become two copies (Fig. 1-i). This mechanism operates in the

same temperature range as LAMP, but it is simpler because it

requires two enzymes and, similar to PCR, only two specific

target oligos. However, compared to the LAMP method, it is

longer. The HDA method was successfully used to detect the

ovarian cancer biomarker RSF-1,99 severe acute respiratory

syndrome (SARS) virus DNA,72 and E. coli.103

HDA was also used in a fully integrated microfluidic system,

which contained bacteria lysis, extraction, and HDA amplifica-

tion of the DNA on a disposable cartridge. With this setup, 10

CFU of E. coli were detected in less than one hour.103

In the transcription-based RNA amplification system or

NASBA, initially developed by Compton et al.104 (Fig. 1-iv),

three enzymes are involved in the reaction, namely avian

myeloblastosis virus reverse transcriptase, RNase H, and T7

RNA polymerase. Generally, NASBA produces more than 109

copies in 90 min at a temperature around 40 uC and different

types of nucleic acids, including tmRNA, rRNA, mRNA,

ssDNA, and virus nucleic acid, can be analyzed. One of the

drawbacks of this method is its inability to amplify the double

strand of DNA since an initial temperature of 95 uC is required,

adding more complications to the design. Dimov et al.53 used a

NASBA method for the detection of E. coli. The tmRNA (10

saRNA) was used as a target because of its high stability

compared to mRNA, high copy number, and presence in most

bacteria. This characteristic increased the sensitivity and

Fig. 1 Schematics of isothermal amplification methodologies: (i) HDA: dsDNA is unwound by the helicase enzyme then a single-strand binding

protein stabilizes the strands. Finally a double-stranded copy is produced using primers and polymerase. (Reproduced from Ref. 92 with permission

from Royal Society of Chemistry.) (ii) RPA: Primers bind to template DNA and a copy of the amplicon is produced by extension of the primers using a

DNA polymerase. (Reproduced from Ref. 93 with permission from Public Library of Science.) (iii) LAMP: Template synthesis initiated by the primer

sets resulting in stem-loop DNAs with several inverted repeats of the target sequence. In this schematic, only the process using forward primer set is

shown. (Reproduced from Ref. 92 with permission from Royal Society of Chemistry.) (iv) NASBA: (A) The initial phase to synthesize complementary

RNA to the target RNA and (B) in the cyclic phase, each newly synthesized RNA can be copied, leading to exponential amplification. (Reproduced

from Ref. 92 with permission from Royal Society of Chemistry.) (v) RCA: (a) Linear template and single primer (b) circular template and single primer.

Blue and green lines represent target DNA and oligonucleotide primers respectively. (Reproduced from Ref. 94 with permission from Elsevier.)
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shortened the experimental time. Before the amplification step,

silica beads were used for the purification and concentration of

RNA from the sample. Applying real-time detection, a LOD of

100 cells in less than 30 min was achieved.

RPA was first introduced in 2006,93 (Fig. 1-ii) for DNA

amplification at low temperature (37 uC). RPA couples strand-

displacement DNA synthesis with isothermal recombinase-

driven primer targeting of the sample, resulting in an exponential

amplification. The sensitivity of the RPA is similar to that of

conventional PCR. For instance, the mecA gene from

Staphylococcus aureus was detected with an LOD of 10 copies

in less than 20 min.58

RCA is another alternative method to RPA, which is also

performed at a low temperature (37 uC). RCA (Fig. 1-v) is useful

for circular DNAs, such as viruses, plasmids, and bacteriophage

genomes. This method can be used to amplify circular probes,

which are designed to circularize upon binding to a target and

seal by ligation.106 For instance, it has been shown that circular

viral DNA could be amplified by RCA using bacteriophage

phi29 DNA polymerase without the use of primers.94 V. cholerae

DNA was also detected with a LOD of 25 ng DNA in around 1 h

using an electrophoretic microchip setup.107 In another attempt,

Sato et al.60 developed a fully integrated microchip by using

padlock probes and RCA in which solid phase capture in the

microchannel was used to employ RCA on the bead for single

molecule detection. Thirty amol genetic DNA from Salmonella

was detected by this system.

4. Sample preparation

Placing an initial sample in contact with a biomarker without

sample preparation will hinder sensitivity and specificity.

Therefore, sample preparation steps are of high importance in

achieving high sensitivity and specificity in any detection

platform. The enrichment of the target analyte and/or the

removal of inhibitors are two main strategies in this regard. This

is especially important in the case of complex matrices, such as

blood, saliva, interstitial fluid, and environmental samples

composed of many different entities. Dielectrophoresis (DEP),

micro/nano particles, and filters are three simple and straightfor-

ward approaches for sample preparation.

4.1. DEP

In the presence of electric fields, particles express dielectrophore-

tic activity. When subjected to a non-uniform electric field,

polarised particles will move towards regions of high or low

electric fields. A particle’s polarisability in its surrounding

medium induces dielectophoretic motion towards (positive

DEP) or away from (negative DEP) the electrode surface. The

strength of this force depends on several factors, including the

particle’s electrical properties, shape and size, and the frequency

of the electric field. Therefore, to manipulate a group of desired

particles, a particular frequency should be applied. However,

positive DEP cannot be used to enrich bacteria in physiological

media, which has a high conductivity, since it only works in the

media with low conductivity.

To overcome said limitation, Park et al.105 used a combination

of positive and negative DEP to continuously separate and

concentrate bacteria from physiological samples, such as

cerebrospinal fluid and blood. This microfluidic platform was

used to concentrate the bacteria up to 104-fold by taking

millilitre volumes of the target samples. The separation efficiency

in the buffer was 87.2% for E. coli in human cerebrospinal fluid

and blood, as shown in Fig. 2.

In another effort,108 a DC insulator DEP was developed

in which arrays of cylindrical insulators were implemented

inside a microchannel. By using negative DEP, E. coli and

Saccharomyces cerevisiae were enriched and separated in less

than 2 min. Applying different configurations of electrodes are

effective in terms of the decay of the field and control over

targets. For example, three-dimensional DEP was developed

by positioning the electrodes on the top and bottom of a

microchannel. In this research, different bacteria, such as

Staphylococcus aureus and Pseudomonas aeruginosa, were con-

tinuously sorted and concentrated with a higher efficiency than

that of 2D electrode configuration.109

4.2. Particles and beads

Magnetic, metallic, polymeric, and liposome-based micro/nano

particles have proven to be effective in obtaining higher

sensitivity and selectivity for pathogen detection. Micro-beads,

due to their high surface-to-volume ratios and low diffusion

times, can increase the chance of biorecognition.12

Fig. 2 (a) Schematic of DEP integrated in a microfluidic device for

continuous cell separation and concentration. (b) Fluorescence micro-

scopy image of separation channel inflow (c) fluorescent image of

separation channel outflow. (Reproduced from Ref. 105 with permission

from Royal Society of Chemistry.)
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4.2.1 Micro/nano particles. Micro/nano particles have been

extensively used for nucleic acid extraction and enrich-

ment48,53,70,110 or for whole cell enrichment.24,25,44,48,59,111,112

Silica beads were employed to extract RNA from biological

samples in a microfluidic system,53,110 reducing the chance of

contamination and RNA degradation. Bhattacharyya et al.110

used a solid-phase extraction system, which was formed by

trapping silica particles in a porous polymer monolith. RNA of

the influenza A (H1N1) virus could attach to silica particles, be

isolated from the infected mammalian cells and detached later

for further manipulation. In another approach, silica beads were

immobilized on a bed to purify and concentrate RNA from a

mammalian cell sample infected with influenza. Immobilized

beads increased the capture efficacy by passing the solution back

and forth on the bed to increase the RNA capture efficiency by

102- to 103-fold as compared to that of non-immobilized beads.53

For whole-cell detection, antibody-immobilised glass beads were

applied inside a microchannel to capture E. coli with up to 96%

efficiency.25

4.2.2 Magnetic beads. Although microparticles provide a high

surface-to-volume ratio and fast diffusion time, their manipula-

tion is uniquely dependent on the applied flow conditions. To

add another degree of freedom for particle manipulation,

magnetic beads can be used and controlled by magnetic fields.

This would increase the selectivity through enhanced discrimina-

tion between specific and non-specific targets.113,114

A popular strategy for magnetic bead-based detection relies on

enhancing the mixing and capturing of the probe-functionalized

beads with the sample, followed by applying a magnetic field to

capture the beads and surface rinsing. For instance, Wang et al.70

used a specific probe conjugated to magnetic beads to capture

the target RNA from the entire tissue lysate. After target

hybridization, the beads are immobilized on the surface using a

permanent magnet, and the lysate is washed out in the channel.

This is followed by isothermal amplification of the captured

RNA (Fig. 3-i). Applying this strategy, magnetic beads were also

used to capture and enrich target cells from the sample. To

obtain an even distribution of beads in the channels, after each

split the beads were situated in a bifurcated channel. In this way,

a bed of beads is formed by a magnetic field. The sample flowed

through this bed, and after washing, off-chip PCR and CE were

performed to enhance the capture efficiency of E. coli O157 in a

background of E. coli K12.44 Using the same approach, magnetic

beads could be functionalized with enzyme-labeled antibodies for

the electrochemical detection of pathogens, such as E. coli.24

Since non-specific binding is at least an order of magnitude

weaker than specific ligand-receptor binding,115 the Fluidic

Force Discrimination (FFD) method could be used to control

target attachment and nonspecific detachment under flow

conditions in microfluidic channels, as well as target capture

selectivity.12 Mulvaney et al.12 employed FFD by applying

sufficient force using the speed of laminar flow to selectively

remove the nonspecific binding materials and to distinguish

between specific and non-specific binding. Magnetic beads were

used for the detection of the target in complex matrices, such as

whole blood. After capturing the analyte by magnetic beads on

the surface, the controlled flow passed over the analyte to

remove non-specific bindings due to the fact that non-specific

bindings are at least an order of magnitude weaker than the

specific ligand-receptor bindings.115 The number of the beads

was counted either by optical microscopy or a magnetoelectronic

sensor to obtain the density of the beads. As such, ricin A chain

(RCA) and staphylococcal enterotoxin B (SEB) were detected

with an LOD of around 300 fM.

Mujika et al.111 developed a magnetoresistive immunosensor

for the detection of E. coli. The device could detect small

variations in the magnetic field caused by the conjugation of

magnetic beads to previously immobilized antigens on the

surface (antibody-antigen-antibody-magnetic bead). The results

showed a very high specificity for E. coli, with the 105 CFU

mL21 E. coli being compared to Salmonella spp. as a negative

control.

Passive mixing and detection using magnetic beads is another

strategy in which mixing and target capture occur in flow

conditions. Microfluidic design and flow control are important

factors in this approach. Antibody-conjugated magnetic beads as

capture probes and gold nanoparticles conjugated to the same

antibody and fluorescently labelled DNA barcodes as comple-

mentary probes were used to detect bacteria that were

sandwiched between the functionalized magnetic particles and

gold nanoparticles.59 Passive mixing was obtained through the

design of the micromixer, which was used to attain the maximum

cell capture efficiency. This design included an intestine-shaped

serpentine channel around 18 cm in length, which could hold

around 4 mL (Fig. 3-ii). Increasing the retention time in this setup

caused higher mixing, and as a result, a high cell capture

efficiency up to 75% capture was achieved with 20 min retention

time. This was followed by separation of the MB-E. coli-GNP

complex through applying a magnetic field and then purification

of the non-conjugated particles by rinsing. DNA barcodes were

then detached from the GNPs by heating (up to 90 uC) and were

Fig. 3 (i) Schematic diagram of integrated microfluidic LAMP system

for RNA purification and NNV detection. (Reproduced from Ref. 70

with permission from Elsevier.) (ii) Schematic illustrations of an

integrated PMMS-CE microdevice for multiplex pathogen detection.

The microdevice consists of a passive mixer, a magnetic separator and a

capillary electrophoretic microchannel to identify target pathogens.

(Reproduced from Ref. 59 with permission from Royal Society of

Chemistry.)
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detected using fluorescence microscopy. A high number of the

obtained DNA barcodes per GNP resulted in the single-cell

detection of three different pathogens (Staphylococcus aureus,

E.coli O157 : H7, and Salmonella typhimurium ) in less than

30 min.

4.3. Filter

Filters are a cost-effective and straightforward alternative for the

rapid preparation and enrichment of samples. Physical filtration

systems can be made of aluminum oxide,118 polyimide,119

chitosan,120 poly carbonate,121 SU-8122 and silica.123 Using

multistep polycarbonate-based membranes (10 mm and 0.1 m),

E. coli cells could be enriched up to 2 6 102-fold in a

microfluidic system.49 Nano-sized membranes can also be used

to separate small biological elements, such as antibodies and

viruses. For example, Reichmuth et al.23 used nanoporous

polyacrylamide membranes (10 nm) to detect the influenza virus.

The size-exclusion characteristics of the in situ polymerized

membrane led to the simultaneous concentration of viral

particles and the separation of virus-fluorescent antibody

complexes, while unbound antibodies passed through the

membrane. Compared to electrophoretic immunoassay solely,

applying the membrane resulted in a faster detection time and

higher sensitivity.23

Filters can be chemically functionalized to be even more

specific to selectively capture the target. For instance, Liu et al.68

used Flinders Technology Associates (Whatman FTA) mem-

branes as a filter for the isolation, concentration, and purifica-

tion of nucleic acids. This filter specifically captures nucleic acids

and also enhances the removal of inhibitors, which drastically

increases the sensitivity of the detection platform.

3D microstructures in microfluidic platforms can be applied to

physically filter biological elements. In this regard, microfabrica-

tion is required to produce structures such as micro-pillars. The

patterned micropillars can later be chemically functionalized

using microfluidics. Hwang et al.51 implemented microfabricated

micropillars with an affinity for bacterial cells inside a PCR chip

to detect E. coli in blood samples. Bacteria were first captured on

the micropillars, and the rest of the sample, containing PCR

inhibitors, was washed away.

5. Design strategies for pathogen detection

Many efforts have been made towards the development of novel

designs based on microfluidic principles for rapid, automated,

and high-throughput analysis of pathogen detection in order to

obtain robust and detailed information from complex samples

containing different pathogens.

5.1. Strategies to develop high-throughput multiplex devices

Rapid, multiplex and high-throughput detection of multiple

pathogens requires the implementation of parallel microchan-

nels, embedding micro-pumps, micro-valves, and/or discretizing

the flow into controllable droplets. These features could be only

obtained through appropriate design of automated microfluidic

LOC platforms that can assure the operation of the device,

especially for non-technical operators.27,48,116,124,125

An automated shutter flow device embedded with micro-

valves and a micro-pump was implemented for the high-

throughput hybridization of dengue virus DNA (Fig. 4-ii).116

This device was composed of 48 hybridization units, which could

run assays in high-throughput mode. An LOD of 100 pM was

achieved in only 90 s using 1 ml of sample.

Combining an embedded micro-pump with droplet-based

microfluidics could enhance automation and high-throughput

analysis. For instance, Zeng et al.48 developed a droplet-based

microfluidic system for single-cell genetic analysis (Fig. 4-i). In

this setup, multiplex PCR amplification integrated with a

microfluidic emulsion generator (up to 3.4 6 106 droplets per

hour) was performed for large-scale quantitative genotypic

studies of biological samples. The design included glass-

PDMS-glass hybrid substrates that were integrated with a

three-valve diaphragm micropump, which helped transport and

encapsulate cells inside the droplets. The entire process,

including PCR amplification, lasted around 4 h, and led to

single-cell-level sensitivity.

Designing parallel detection chambers is a simple approach to

performing high-throughput sample analysis (Fig. 4-iii). Zhang

et al.117 developed a chip composed of two layers: a patterned,

fluidic layer at the top and a pneumatic control layer at the

bottom. This chip consisted of seven immune-reaction columns

with micromechanical valves, and concentrations of target toxins

were read out by measuring the color intensity of the micro-

columns. Detection of the toxins, such as microcystin, were

achieved in less than 25 min with an LOD of 0.02 ng mL21.

Microfluidic quantum dot (QD)-based barcodes for multiplex

high-throughput detection of the hepatitis B virus, hepatitis C

virus, and HIV were developed. Three QDs with different

emission wavelengths were selected and conjugated to a specific

antibody for each target. Using an electrokinetically driven,

microfluidic system, real-time readout of the barcodes with a

picomolar LOD was achieved in less than one hour.27 Despite

efforts to develop multiplex high-throughput devices, they still

cannot be used in POC or on field detection systems.

5.2. Strategies to develop POC devices

Recently, efforts have been made to develop detection platforms

suitable for POC diagnostics. Low cost, portability, ease of use,

fast detection time, and minimal side accessories are the main

characteristics of microchips for POC diagnostics. Several

factors should be considered in developing microchips with the

aforementioned specifications. Transducers and pumping sys-

tems normally occupy larger spaces, consume more power, and

are costly. Indeed, most research in this field is being directed

towards eliminating or minimizing the need for external

accessories and power.

For instance, a low-power and low-cost pump system so-called

Electro-Hydraulic Pump (EHP) was developed by Lui et al.126

This system consists of two separate sections: an electrolyte

chamber and a reagent chamber. On top of these two chambers,

there is a hydraulic fluid separated by a flexible membrane. First,

gold electrodes are used for electrolysis. As a result, bubbles are

formed and expand the flexible membrane. This pressure forces

the fluid to move out of the reagent chamber. Since this system is

mainly made of PDMS and polystyrene, it is suitable for mass

This journal is � The Royal Society of Chemistry 2012 Lab Chip, 2012, 12, 3249–3266 | 3257
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production. A broad range of flow rates generated by EHP (from

1.25 to 30 mL min21), and its simple fabrication method makes it

a suitable option for many lab-on-a-chip applications (Fig. 5).126

Since handling liquids in microfluidic devices, without pumps

or valves, would be a tremendous step towards developing

portable POC devices, Weng et al.61 developed a microfluidic

chip that does not require syringe pumps, valves, and tubing for

liquid handling. The device operates by gravity-based pressure-

driven flow, and electrokinetically controlled oil-droplet

sequence valves (ECODSVs) were implemented inside this

microfluidic chip. Electroosmotic flow was used to control the

ECODSVs and hence the sequential fluidic operation of the chip.

Using this setup, an RNA-DNA hybridization assay was carried

out in less than 25 min.

5.2.1 Droplet-based and digital microfluidics. Another

approach that eliminates the need for pumping and valve

systems can be achieved by droplet-based microfluidics. The

overall configuration and process is straightforward, which

makes the setup practical for POC applications. Droplet-based

microfluidics128,129 is based on the generation and manipulation

of individual droplets. Therefore, each droplet can potentially be

a bioreactor, which is an important advantage compared to

continuous flow microfluidic devices. Droplets are typically

generated by the flow of at least two liquids, and controlled

either by volume or pressure. Unlike continuous flow micro-

fluidics, scaling up does not increase device size or complexity,

making it a good candidate for high-throughput screening and

analysis. Different biological assays, such as PCR130 and DNA

hybridization,81,131 were carried out with droplet-based micro-

fluidics. For instance, a droplet-based platform was used for the

high-throughput detection of E. coli.81 PNA probes were

designed to specifically target 16 S rRNA from E. coli. To do

so, the cell sample and detection probes were mixed, and after

droplet production, cell lyses and hybridization was carried out

in each droplet. Finally, using confocal fluorescence spectro-

scopy, a detection signal was obtained.

Fig. 4 (i) Schematic of microfluidic emulsion generator (MEGA) array device. (A) Design of a glass-PDMS-glass hybrid four-channel MEGA device

and (B) layout of a 32-channel MEGA device. (C) Layout of a 96-channel MEGA device. (D) Illustration of complete four layer 96-channel MEGA

device and the plexiglass assembly module. (Reproduced from Ref. 48 with permission from American Chemical Society.) (ii) Exploded view of the

microfluidic chip containing shuttle flow channels, micropumps and microvalves. (Reproduced from Ref. 116 with permission from Royal Society of

Chemistry.) (iii) (A) Schematic representation of an immunoreaction chip used for detection of algal toxins. Red and blue color represent the regular

valves and sieve valves respectively. (B) and (C) Pictures of the microfluidic chip and central area of the chip. (Reproduced from Ref. 117 with

permission from Royal Society of Chemistry.)
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In a new design for transporting reagents between droplets,

micro-elevation was implemented to form slits that facilitate the

splitting of the super paramagnetic particles from droplets

(Fig. 6-i). Material transfer between each droplet was carried out

by silica superparamagnetic particles, which acted as carriers.

The embedded slits were either V-shaped or pairs of micropillars.

Genetic analysis, steps of cell lysis, DNA binding, washing,

elution, amplification, and detection are performed within each

individual droplet. This platform was also equipped with a

thermal cycler for PCR amplification. Using this chip, PCR and

HDA (Helicase dependent amplification) were performed for the

detection of ovarian cancer biomarker Rsf-1 and E. coli.

Although this material transfer method is a simple solution to

reduce complexity, it is still dependent on magnetic forces, which

makes it’s applications in POC diagnostics challenging.99

In droplet-based microfluidics, droplets are moved in series in

one direction, restricted to microchannel geometries. Unlike the

droplet-based microfluidic setup, digital microfluidic analysis

(DMF) is able to address each droplet discreetly in an array of

electrodes which can then be moved based on the electrowetting

on dielectric (EWOD) principle on a 2D plane. This ability

makes the DMF an excellent choice for multiplex high-

throughput assays. So far, DMF has been used for many

applications, including cell culturing,132 DNA hybridiza-

tion,74,133 PCR,134 and immunoassays.135 Different transducers

have also been integrated with DMF, such as SPR imaging,136

field effect transistors (FET),137 matrix-assisted laser desorption/

ionization mass spectrometry (MALDI-MS),138,139 and UV/Vis

spectroscopy.140 For instance, a DMF platform made of 500

electrodes in the bottom substrate and a disposable plastic top

substrate with 100 detection spots was developed. In this setup,

many detection tests could be carried out by replacing the top

plastic substrate with a 5 DC USB connection (Fig. 6-ii). Overall,

having the capability of high-throughput analysis with an

exchangeable disposable plastic detection layer and running on

a very low power supply, makes DMF a platform suitable for

locations with few resources.127 A portable DMF cartridge was

designed, which benefited from magnetic bead-based immunoas-

say and PCR, which was primarily targeted for POC applica-

tions because of its low cost of fabrication and versatility.141

5.2.2 Lab on a disk devices. Centrifugal pumping, also called

‘‘lab-on-a-CD’’ is another approach to eliminate the need for

tubing and external pumping systems because it only requires a

simple electric motor for fluid handling.58,142 Compared to

conventional (vacuum suction) systems, this method provides

less signal variations between replicate samples. Wang et al.57

developed a sophisticated microfluidic microarray in which

centrifugal pumping was the driving force (Fig. 7). This device

was composed of radial and spiral microchannels for parallel

DNA detection at the level of single-base-pair discrimination.

The hybridization occured in the intersection of the radial probe

line and spiral channels, which deliver the target. Sensitivity was

further enhanced by controlling the flow rate and channel depth.

By lowering the flow rate, the residence time will increase,

resulting in better hybridization. At the same time, mass

transport was enhanced by decreasing the channel depth,

resulting in a better signal to noise ratio because the shallower

channel has better mass transport as compared to the deeper

channel. Using this device, over 100 samples were analyzed in

parallel in 3 min.

A variety of phenomena in nature operate based on capillary

forces. Mimicking this concept and implementing it into

microfluidic devices is an ideal alternative for accessory-free

liquid handling. For instance, a capillary-based microfluidic

platform was implemented to simultaneously detect four

different waterborne pathogens using real-time PCR.143

5.2.3 Paper-based devices. Compared to other capillary-based

microfluidic devices developed for pathogen detection, paper-

based microchips144,145 provide an innovative approach to

produce disposable, biodegradable, cost-effective, portable and

simple chips. These devices are generally made from abundant

materials such as cellulose fiber, have low volume and are easy to

fabricate.146

Various detection strategies have been implemented in paper -

based microfluidic devices to recognize pathogen presence, most

of which are based on the colorimetric method.147,148 Lateral

flow immunochromatographic is one such common test method

where the result can be observed by the naked eye. Abe et al.149

used immunochromatography to detect IgG antibodies and a

LOD of 10 mg L21 was achieved within 20 min. It is noteworthy

that conventional single-layer paper-based platforms are not

comparable with conventional LOC devices in terms of

sensitivity, accuracy, and multiplex analysis capabilities. As a

result, there have been many efforts to design multiplex paper-

based devices with higher sensitivities. Specifically, paper-based

three-dimensional microfluidic devices have emerged to enable

more complicated analysis. In addition to movement along each

layer, reagents can also move up and down between the top and

bottom layers. Martinez et al.150 developed such a microfluidic

platform (Fig. 8-i) by stacking layers of patterned paper in which

each layer can have a different pattern of biomarkers and

Fig. 5 Activation mechanism of the electro-hydraulic pump. Bubbles

are formed by electrolysis of the pumping fluid applying electrical

current. The produced pressure is transferred through a flexible

membrane to a hydraulic fluid chamber, which then pushes fluid out

of the reagent chamber. (Reproduced from Ref. 126 with permission

from Royal Society of Chemistry.)
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reagents. Despite the sophisticated technology involved in the

fabrication of this device, its final cost is very low, making it a

promising candidate for POC diagnostics in resource-limited

settings.

Enzyme-Linked Immunosorbent Assays (ELISA) 151 and

Electrochemiluminescence (ECL) have also been performed

using 3D paper-based micrifluidics.152 Liu et al.151 reported a

3D paper-based device using ELISA in which all necessary

regents were stored within the device in dry state. Using this

setup, only 2 mL of sample was required to perform the analysis

(Fig. 8-ii). The colorimetric results can be captured by cell phone

or scanner and sent to an off-site location for further analysis.

Using this setup, the IgG antibody was detected in 43 min with

an LOD of 330 pM.151

ECL immunoassay was also integrated on a 3D paper-based

microfluidic device.152 In this setup, eight working carbon

electrodes were screen-printed on the first paper substrate and

on the second paper substrate all patterns included both the

same Ag/AgCl reference and carbon counter electrodes. In

addition to the advantages provided by 3D design, the device

could also benefit from the higher sensitivity and specificity

provided by the ECL method.152

Although the emergence of such devices is an important step

towards producing real diagnostic devices for POC applications,

there is still a need to reduce fabrication complexity while

benefiting from the advantages of 3D design. The origami

concept can be used in this regard to simplify fabrication

complexity. Origami is a traditional Japanese paper folding

technique, which is used to construct 3D geometries from a

single paper sheet. Liu et al.153 fabricated an entire paper-based

device from a single sheet using one-step photolithography based

on origami demonstrating that complex patterns can be

produced without additional fabrication overhead. Another

advantage of this system is that it is performed using an

automated printing technique and assembled without tools

(Fig. 8-iii).153

5.2.4 Integration towards sample-to-result POC devices. A

multitude of design and detection methods were introduced in

the previous sections, each providing specific advantages

regarding pathogen detection. The proper integration of these

techniques into a single chip would address most of the

drawbacks seen when each one is used individually. This would

bring the end goal of developing POC devices into reality by

Fig. 7 Schematic diagram of the microfluidic microarray. Procedure for (A) probe printing and (B) hybridization. (Reproduced from Ref. 57 with

permission from Elsevier.)

Fig. 6 (i) Droplet based microfluidic chip implementing magnetic actuation. Demonstration of the droplet manipulation in (c) air and (d) oil mediums.

(Reproduced from Ref. 99 with permission from Royal Society of Chemistry.) (ii) (a) Top view of an EWOD-based digital microfluidic device, (b) a

reservoir, (c) analysis spots, and (d) region for mixing, storing and splitting droplets. (Reproduced from Ref. 127 with permission from IEEE.)
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performing sample-to-result diagnostic tests with low LODs in a

reasonable time.

A fully integrated, disposable, and portable device was

developed to detect the H1N1 virus from a throat swab sample,

based on microfluidics65 where the immunomagnetic target

capture, pre-concentration and purification, PCR amplification,

and sequence specific electrochemical detection steps were

performed on a single monolithic chip (Fig. 9-i). A DNA probe

complementary to the H1N1 virus was immobilized on a gold

electrode. The amplified ssDNA was introduced for 30 min and

target hybridization induced a conformational change in the

probe that led to a decrease in the electrical current. The LOD of

this device for the H1N1 influenza virus was 10 TCID50, four

orders of magnitude below those of clinically relevant viral titers

with total analysis time of 3.5 h. This device could have a great

potential in POC applications because of its high sensitivity in

testing real samples. Further improvement, such as finding

alternatives for the syringe pumps and heaters would make these

devices an excellent option for POC applications.

Another fully integrated device was developed by Lam et al.52

(Fig. 9-ii). This platform enabled the detection of pathogenic

bacteria in urine samples in less than 30 min. Generally, cells

were first lysed in a chamber by applying an electrical field

resulting in the release of their genetic content. Then, nanos-

tructured microelectrodes were implemented for the electro-

chemical detection of the genetic content. E. coli and S.

saprophyticus were successfully tested in urine samples with 100

CFU mL21 (clinical relevant concentration) using this platform.

The device does not require sample preparation or amplification

steps while providing the necessary sensitivity in a faster time

and more straightforward approach.

Lutz et al.58 developed a self-sufficient lab on a foil system,

based on a centrifugal lab on a CD principle for automatic

nucleic acid amplification, capable of performing 30 reactions

simultaneously. The structure was micromilled on a cyclic olefin

copolymer, and foil formation was achieved by hot embossing.

The reagents for signal amplification were stored inside a glass

capsule, which increased the shelf life of the device. The liquid

Fig. 8 Three-dimensional paper-based microfluidic platform. (i) Demonstration of the fabrication, design and patterning of a three-dimensional

paper-based microfluidic platform. (Reproduced from Ref. 150 with permission from Proceedings of the National Academy of Sciences.) (ii) Schematic

of operating procedures of ELISA in a three-dimensional paper-based microfluidic device. (Reproduced from Ref. 151 with permission from IEEE.)

(iii) A three-dimensional paper-based microfluidic device using origami principle. (Reproduced from Ref. 153 with permission from American Chemical

Society.)
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was then released by crushing the glass capsule container, and

centrifugal forces was applied to control the fluid flow between

chambers. Isothermal amplification at a low temperature (37 uC)

was performed to minimize energy consumption (Fig. 9-iii). The

total detection time was less than 20 min.

A microfluidic device based on a nucleic acid was developed to

detect different pathogens. This device was mainly made of low

cost and disposable materials (polycarbonate). The operation

was automatically controlled by an analyzer that provided pouch

and valve actuation via electrical motors. The presence of

bacterial B. Cereus, viral armored RNA HIV, and the HIV I

virus in saliva samples was tested.154

Lafleur et al.155 developed a disposable multiplexed sample-to-

result microfluidic device based on immunoassay (Fig. 10-ii).

This device was able to detect disease-specific antigens or IGM

antibodies from blood. For instance, the detection of the malaria

antigen and IgM to Salmonella Typhi LPS was carried out. This

microfluidic chip was based on flow through the membrane

immunoassay on porous nitrocellulose. After introducing the

blood to the system, blood cells were removed by passing the

sample onto the plasma extraction membrane. The separated

plasma was divided into two samples, one for antigen detection

and another for IgM detection. For IgM detection, the IgG

antibodies present inside the sample were removed using protein-

G beads. After capturing the target, signal enhancement was

achieved using gold nanoparticles conjugated with detection

antibodies. An LOD of 10–20 ng mL21 was achieved in 30 min,

which is comparable to benchtop ELISA tests. Bubble formation

caused by the pneumatic fluid handling system in this device is

one of the challenges that will need to be addressed. In addition,

finding an alternative to the fluidic handling system (preferably

accessory free) would help to reduce the size, cost, and

complexity of device operation.

An interesting example of accessory-free POC devices was

developed by Liu et al.101 In this disposable self-heating

cartridge-based device, after performing isothermal amplifica-

tion, the outcome could be visualized by the naked eye using a

low-cost LED signal (Fig. 10-i). Heat was provided by an

exothermic reaction of the Mg–Fe alloy and water, and the flow

rate was controlled by utilizing a porous filter paper inside the

device. Temperature control was achieved using paraffin as a

phase change material. If necessary, paraffin could absorb the

extra heat during melting. Using this device, as few as 10 E. coli

DNA copies were detected.101

Recently, another promising POC microchip for the simulta-

neous detection of HIV and syphilis was developed, which was

also tested in field studies in three developing countries (Fig. 10-

iii). This cost-effective handheld microchip uses only 1 mL of

Fig. 9 (i) Schematic illustration of the microfluidic chip for sample-to-answer genetic analysis of H1N1 virus. (Reproduced from Ref. 65 with

permission from American Chemical Society.) (ii) Schematic diagram of the chip consisting of a lysis chamber and nanostructured microelectrodes

integrated to the sensing system for detection of bacterial pathogens. (Reproduced from Ref. 52 with permission from American Chemical Society.) (iii)

Picture of a foil based lab on a disc with liquid reagent containers and its operating procedure. (Reproduced from Ref. 58 with permission from Royal

Society of Chemistry.)
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unprocessed blood sample, without a need for any moving parts,

electricity, or external instrumentation. Implementing injection

molding technology was the key to mass producing the device,

resulting in a very low final cost. The passive reagent delivery

method was utilized to manipulate the reagents and samples in

which blocks of reagents were introduced sequentially into a tube

and separated by air spacers. For capturing HIV and trepone-

mal-specific antibodies from blood, the envelope antigen and the

outer membrane antigen (Tpn17) were immobilized on the chip

surface, respectively. In the next step, a gold-labeled antibody

to human IgG was introduced, and signal amplification was

achieved through the reduction of silver ions onto gold

nanoparticles. The optical density of the silver film could be

measured through low-cost and robust optics, such as light-

emitting diodes and photodetectors. This device could provide

sensitivity and specificity comparable to bench-top ELISA and

other conventional detection methods within 20 min on the

site.156 The very promising field study results obtained using the

device open new avenues in the implementation of microfluidic-

based devices for POC applications all over the world, especially

in developing countries with poor healthcare resources.

6. Outlook and future trends

During the past decade, engineering tools have been imple-

mented to study different aspects of pathogen detection

platforms, including design, micro/nanofabrication, sample

preparation and amplification, miniaturization, automation,

multiplexing, and high-throughput analysis. Despite recent

technological advances, the development of a cost effective,

accessory-free single device capable of simultaneously achieving

high-throughput and multiplex analysis with high specificity

and sensitivity remains elusive. Biomarkers with higher speci-

ficity along with miniaturized, cost-effective designs with

minimum side accessories and high sensitivity are required to

achieve this goal.

Biomarker selection is a critical factor in obtaining the

required specificity. Antibodies are the most common biomar-

kers, although they cannot deliver the desired specificity, nor are

they available to diagnose all pathogens. However, in terms of

the detection of epidemic and life-threatening diseases, such as

HIV and tuberculosis, especially in developing countries, they

can play a critical role in controlling the rate of disease

propagation. Among new alternatives to antibodies, aptamers

are promising candidates. However, the time and cost required

to discover and design aptamers should be reduced. For cases

requiring very high specificity, molecular-based diagnostics can

be implemented. This could be achieved by designing DNA

probes for target hybridization, followed by specific primers for

the amplification of the target gene. In the applications where

high stability is required, PNA probes could provide better

stability and hybridization than DNA probes.

Fig. 10 (i) Schematic presentation and images of self-heating cartridge based device for isothermal amplification (a) exploded view, (b) green

fluorescence emission from a test amplification chamber. (Reproduced from Ref. 101 with permission from Royal Society of Chemistry.) (ii) Schematic

diagram of the DxBox integrated immunoassay cards for detection of the malaria antigen and S. Typhi-IgM from blood sample. (Reproduced from

Ref. 155 with permission from Royal Society of Chemistry.) (iii) Schematic diagram and pictures of a POC microfluidic device based on an ELISA-like

assay. (a) Picture of the microfluidic chip. (b) Scanning electron microscope image of a cross-section of the microchannels. (c) Transmitted light

micrograph of channels. (d) Illustration of the passive delivery mechanism for multiple reagents. (e) Diagram of biochemical reactions in detection

zones at different steps of immunoassay. (f) Absorbance traces of a complete HIV-syphilis duplex test as reagent plugs pass through detection zones.

(Reproduced from Ref. 156 with permission from Nature publishing group.)
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Molecular amplification of the target genes is an essential

component of bench-top diagnostic techniques in order to attain

higher sensitivity. Among these techniques, PCR has been widely

used through its integration into microfluidic chips. However,

the requirement for precise temperature control for thermo-

cycling at the micro scale makes the chip design more

complicated as compared to macro-scale experiments. To

address this issue, isothermal amplification techniques have

emerged as an alternative to PCR in microfluidic chips. Among

isothermal methods, low-temperature isothermal amplification

could be useful because it operates at 37 uC. However, the

LAMP technique which requires a higher performance tempera-

ture (60 uC), is currently at the center of attention for POC

applications as test results can be visualized with the naked eye.

Sample preparation is key to achieving high sensitivity and

specificity. Among the diverse techniques for sample prepara-

tion, the use of magnetic beads is one of the most promising

approaches, as it is not only sensitive and cost-effective, but also

provides better control over captured reagents’ motions inside

the chip.

In designing microchips, the desired biosensor chip should be

able to deliver the same LOD as bench-top methods (around 10–

1000 CFU mL21). Automation, the potential for mass produc-

tion, and portability are also important specifications to be

considered in the design of microchips for POC applications. The

LOD and assay time for detection of different pathogens

summarized in Table 1.

In terms of automation and high-throughput analysis, digital

microfluidics has proven to be one of the most interesting

technologies since thousands of individual droplets can be

discreetly manipulated and analyzed. Though there is still a

need for modification to produce a portable and accessory-free

system, selecting proper materials in the fabrication of LOC

devices can play an important role in producing cost effective

devices. Paper-based microfluidic devices are very promising

platforms to provide a disposable, portable, biodegradable, and

easy-to-fabricate detection microchip. Despite the efforts made

in developing paper-based devices, such as the production of 3D

paper-based platforms and the integration of different detection

methods, these devices do not provide the desired sensitivity. In

this regard, the proper functionalization and immobilization of

biomolecules on paper-based substrates will enhance device

sensitivity.

This review pointed out the design and modification of various

components for the development of a universal sample-to-result

LOC device which should be performed with view to producing a

totally integrated self-contained, accessory-free microchip that

also provide the required sensitivity and specificity. The future

will belong to simple LOC microfluidic devices that possess the

desired sensitivity and specificity while providing complex

diagnostics in remote areas, without a need for centralized

laboratories.
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