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A critical insight into the development pipeline of
microfluidic immunoassay devices for the sensitive
quantitation of protein biomarkers at the

point of care

Ana |. Barbosa® and Nuno M. Reis*®°

The latest clinical procedures for the timely and cost-effective diagnosis of chronic and acute clinical
conditions, such as cardiovascular diseases, cancer, chronic respiratory diseases, diabetes or sepsis (i.e.
the biggest causes of death worldwide), involve the quantitation of specific protein biomarkers released
into the blood stream or other physiological fluids (e.g. urine or saliva). The clinical thresholds are usually
in the femtomolar to picolomar range, and consequently the measurement of these protein biomarkers
heavily relies on highly sophisticated, bulky and automated equipment in centralised pathology labora-
tories. The first microfluidic devices capable of measuring protein biomarkers in miniaturised immuno-
assays were presented nearly two decades ago and promised to revolutionise point-of-care (POC) testing
by offering unmatched sensitivity and automation in a compact POC format; however, the development
and adoption of microfluidic protein biomarker tests has fallen behind expectations. This review
presents a detailed critical overview into the pipeline of microfluidic devices developed in the period
2005-2016 capable of measuring protein biomarkers from the pM to fM range in formats compatible
with POC testing, with a particular focus on the use of affordable microfluidic materials and compact
low-cost signal interrogation. The integration of these two important features (essential unique selling
points for the successful microfluidic diagnostic products) has been missed in previous review articles and
explain the poor adoption of microfluidic technologies in this field. Most current miniaturised devices
compromise either on the affordability, compactness and/or performance of the test, making current
tests unsuitable for the POC measurement of protein biomarkers. Seven core technical areas, including
(i) the selected strategy for antibody immobilisation, (ii) the surface area and surface-area-to-volume
ratio, (iii) surface passivation, (iv) the biological matrix interference, (v) fluid control, (vi) the signal detection
modes and (vii) the affordability of the manufacturing process and detection system, were identified
as the key to the effective development of a sensitive and affordable microfluidic protein biomarker
POC test.

middle-income countries, compared with just 3 million in the
high-income countries.” This fact can be attributed to the

Non-communicable diseases, including cardiovascular dis-
eases, cancer and diabetes, are often associated with the
‘modern’ lifestyle in western countries and, therefore, are
often considered a health challenge only in the developed
countries.'® However, cardiovascular diseases and cancer are,
since 2001, the top two causes of mortality in the developing
world.>* From the 16 million deaths by cardiovascular dis-
eases in 2001, 13 million occurred in the low-income and

“Department of Chemical Engineering, Loughborough University, Loughborough,
Leicestershire, LE11 3TU, UK

bDepartment of Chemical Engineering, University of Bath, Claverton Down, Bath,
BA2 7AY, UK. E-mail: n.m.reis@bath.ac.uk

858 | Analyst, 2017, 142, 858-882

rapid changes in lifestyle and an increase in the life expectancy
of populations living in the developing regions of the planet,
in addition to the chronic diseases linked to infectious con-
ditions®” prevalent in these regions. The increased rate of inci-
dence combined with the lack of proper diagnostics equip-
ment and limited access to early treatment is dramatically
shifting the focus of health challenges in the developing world
from infectious diseases to non-communicable diseases.®
Developing portable and affordable point-of-care (POC)
tests capable of easily and accurately detecting non-communic-
able health conditions is now more urgent than ever before,
and this should be regarded as a global challenge. Such tests
could facilitate regular health check-ups, or offer a more cost-
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effective testing alternative to centralised pathology laboratory
measurements by facilitating diagnosis in the comfort of the
home, in community centres, or simply by enabling testing in
surgeries and hospitals that lack the appropriate diagnostic
equipment required for the effective diagnosis of non-communi-
cable diseases. Early diagnosis enables early treatment, thus
decreasing the number of deaths worldwide and the overall cost
of patients treatment.”

The number of POC tests for non-communicable diseases
currently available is very limited, which is certainly linked to
the difficulty in developing robust tests capable of measuring
very low concentrations of protein biomarkers in biological
samples (e.g. whole blood, serum or urine) in a format that is
compact, affordable and disposable. In the extreme scenario,
POC tests are expected to meet the ASSURED policy published
by WHO, which is still regarded as the international standard
for developing POC tests.” Consequently, the measurement of
protein biomarkers is currently performed in centralised path-
ology laboratories using expensive and bulky equipment, in
bioassay formats that take several hours to complete and that
involve very complex fluid handling and pipetting.'®**

Microfluidic devices are a new and diverse technology,
which uses fluids in micro environments in a controlled
manner, and this distinguish them from conventional nitro-
cellulose lateral flow tests. They can be regarded as the ulti-
mate technical solution for miniaturising protein biomarker
immunoassays, by uniquely combining the advantages of sim-
plified fluidics, a reduced amount of reagents and much
shorter assay times.'"> When translating an established com-
mercial sensitive laboratory tests into a POC format, the
ASSURED policy (affordable, sensitive, specific, user-friendly,
rapid and robust, equipment-free and delivered) is regarded as
the gold standard; however, so far there is no record of a
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microfluidic test that has been yet able to meet the expected
ASSURED criteria for protein biomarkers measurement. For
example, the lateral flow test currently available for measuring
the cardiac biomarker Troponin I has a limit of detection
around 0.5 ng m~',"® which is around two orders of magnitude
higher than the clinical threshold required for ruling out acute
myocardial infarction."® The lack of high-performance POC
protein biomarker tests is linked to the reduced sensitivity of
assays obtained in power-free POC tests, but also to the
current prohibitive manufacturing costs of conventional micro-
fluidic devices. The ASSURED criteria involve too many com-
promises that render the POC protein biomarker tests unsuit-
able for clinical use by underperforming compared to sophisti-
cated centralised pathology testing. This review article provides
an overview into an exciting pipeline of new microfluidic strat-
egies for overcoming these challenges, and ultimately towards
achieving miniaturised high-performance immunoassays effec-
tively integrated in microfluidic formats.

2. Advantages and limitations of
current microfluidics technology

Microfluidic devices can be broadly characterised by the
precise control and manipulation of fluids at the submilli-
metre scale. Therefore, they usually involve small sample
volumes (ul, nl, pl, fl), a small size (submillimetre channels or
capillaries), reduced energy consumption and a controlled
microenvironment."® Current applications cover several scien-
tific and commercial areas, including screening conditions for
protein crystallisation,'® high-throughput screening in drug
development,'” bioanalysis,'® single cell analysis'® and chemi-
cal synthesis,**" to name a few.
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Bioanalytical microfluidic systems, including the ones
related to the quantitation of protein biomarkers for diagno-
stics, have rapidly developed over the past ten years, and now
demonstrate the possibility to quantify low analyte concen-
trations in complex samples using small, miniaturised
formats. Microfluidic devices appear to fulfil the technological
gap between the simple-to-use ‘lateral flow’ POC tests and
high-precision laboratory bioanalytical techniques. Better diag-
nostics are linearly correlated with an improved quality of life
and a higher average life expectancy,>*>* and as part of this
POC protein biomarkers quantitation is fundamental to the
effective diagnosis of non-communicable diseases, which are
the main causes of death worldwide. However, current micro-
fluidics technology has several bottlenecks when it comes to
the effective miniaturisation of POC protein biomarkers
measurement. First, conventional microfluidic device fabrica-
tion methods are far from cost-effective. Second, the ASSURED
criteria result in an inadequate limit of detection for protein
biomarker analytes (<nM) in biological samples,** requiring or
lacking complex sample preparation and portable detection;
however, it should not be compulsory that a modern high-
performance near-the-patient test has to be portable or hand-
held although compactness would favour customer adoption.
Biological samples, such as blood or faeces, are complex and
their matrices interfere with the bioanalytical procedures, and
therefore a better understanding of the interaction between
the matrix components and the biosensing surface is required.
Third, optical signal interrogation is commonly performed
with a very sophisticated and bulky microscope located off the
chip. The use of simpler and cheaper optical readout systems
implies enhanced amplification and the use of multiple steps
assays, resulting in a complex immunoassay procedure that is
a challenge to miniaturise in POC tests.>' Therefore, finding
new, cost-effective and simple approaches for optical signal
detection or for understanding how simple established
readout systems can provide sensitive interrogation is essential
for the broader adoption and commercialisation of POC tests.
An additional challenge often ignored in microfluidic bio-
analytical systems is the fluid actuation and on-chip reagents
storage.”!

Despite the limitations highlighted, several microfluidic
devices have been reported in the literature over the past 11
years with the capability of performing sensitive protein bio-
marker quantitation. The majority of these devices perform
heterogeneous (solid phase) sandwich immunoassays. Table 1
summarises the pipeline of microfluidic devices reported in
the literature for biomarker quantitation, specifying some of
the key features related to their performance and methodology
as reported by the authors. These microfluidic devices target
protein biomarkers mostly related with the diagnosis of non-
communicable diseases, being the most common cardiac bio-
markers (e.g. troponin I (Tnl), troponin T (TnT), creatine
kinase (CK-MB), C-reactive protein (CRP) and myoglobin
(MD)),>>*° cancer biomarkers (e.g. prostate specific antigen,
PSA; carcinoma embryonic antigen, CEA; a-fetaprotein, AFP
and cancer antigen 125)*”*® and cytokines (e.g. TNF-a, IL-1,
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IL-4, IL-6 and IL-1) for sepsis®® and other inflammatory
conditions.*”

A sandwich immunoassay performed in a microfluidic
device involves a complex sequence of biochemical reactions
and physical interactions with the surface of the miniaturised
system. The development of microfluidic devices for sensitive
protein quantitation demands an understanding of each
immunoassay reaction independently of the end result.

This is particularly significant when the sensitive quanti-
tation is bound to the affordability of the device, therefore
requiring the use of cheap optoelectronic components. This
review critically discusses the latest technical development in
seven key areas that are believed to be fundamental for the
effective development of sensitive and affordable micro-
fluidic protein biomarker POC tests, namely: (i) the selected
strategy for antibody immobilisation, (ii) the surface area
and surface-area-to-volume ratio, (iii) the effect of biological
matrix interference, (iv) the significance of fluid control,
(v) the signal detection modes, (vi) the manufacturing process
and (vii) surface passivation.

3. Clarifying the concepts of
sensitivity and the lower limit of
detection

In this review, the terms sensitivity and the lower limit of
detection (LLoD) are highly used throughout, it is therefore
important to understand their meaning, relationship and
analytical significance. Analytical sensitivity is a term that indi-
cates the capacity of the method to differentiate between two
very close concentrations of protein biomarkers, which is
usually given by the slope of the response curve. This means
sensitivity does not consider the value of the noise (i.e. back-
ground). On the other hand, the LLoD describes the minimum
protein concentration that a device/test can quantify with a
specified precision and reproducibility. The smaller the LLoD
value, the better the performance of the immunoassay. Most
frequently, the LLoD is defined in terms of the concentration
producing a signal equivalent to three times the standard devi-
ation of a series of blank (baseline) measurements. This defi-
nition is equivalent to a 99% confidence level.*> The detection
limit is intrinsically a function of both the signal strength and
signal stability, because of this the term is related to the
signal-to-noise ratio, or SNR in short. Thus, a signal-to-noise
ratio of 3 is considered equivalent to blank + (3*c).%* Although
in this review the terms LLoD and sensitivity are somehow
used interchangeably, it is important to understand that assay
performance should consider simultaneously the lowest con-
centration that significantly differs from the blank (LLoD) and
the response curve slope that differentiates between two very
close protein concentrations points in the response or cali-
bration curve. It is also important to note that for the same
biomarker, the assay detection limit varies for different speci-
men types, such as buffer versus serum; therefore, Table 1 pre-
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Table 1 Microfluidic heterogeneous immunoassays for protein biomarkers quantitation reported between 2005 and 2016

Clinical
threshold Total
Microfluidic system Protein in blood Samp. LLoD assay
and publishing biomarker  samples Manufact. vol. (ngml™  Surface Immobilisation method/ time Fluid Detection Readout
year (analyte) (>ng ml™")  process (ul) or pM) passivation Sample type  surface chemistry (min) control mode system Ref.
PDMS microfluidic  TNF-o 0.014 Reactive ion 0.6 ~0.02 1% BSAin PBS 1% BSA in Adsorption to PDMS ~12 Capillary Fluorescence; Fluorescence 33
immunoassay (ref. 31) or  etching (0.38 pM) for 10 s at room  buffer pump; fluorophore scanner
mosaic (2005) 0.046 temperature (RT) continuous conjugation
(ref. 32) flow 30
nl min™")
Bio-barcode assay =~ PSA 4 (ref. 34) Multilayer soft 1 1.5x107°  0.5% Goat serum  Covalent binding <60 Pump; Light scattered; Verigene ID 35
(2006) lithography (5x10™"  polyDuramide™ (gluteraldehyde-amine continuous silver-enhanced gold  scanning
pM) at RT coupling on magnetic particle flow (0.1 nanoparticles system
surface) ul min™) amplification
Plasma panel Myoglobin; 110 (ref. 36) Glass capillaries ~— 1.2 Casein for 1 hat Diluted Covalent binding (glass pre- <25 min — Chemiluminescence; Photodiode 40
capillary CK-MB; manufacture (71 pM) RT plasma treated with (APDMES) enzymatic detector
immunoassay Tnl; FABP (12.5%) (3-aminopropyltriethoxysilane amplification
(2007) and glutaraldehyde))
70-110 (ref. 0.6
37) (7.14 p™m)
0.006-0.05 5.6
(ref. 38) (233 pM)
4.3 (ref. 39) 4
(267 pM)
Dual network TNF-o 0.014,* Photolithography 5-15  0.045 0.1% BSA in Tris Human Covalent binding <60 Pump; stop Fluorescence; Inverted 41
microfluidic chip 0.046 (0.9pM) for4ahat37°C  serum (Tosylactivated paramagnetic flow enzymatic fluorescence
(2008) (ref. 32) microbeads) amplification microscope
Digital microfluidic Human 290-2900 Photolithography <5 — Mouse IgG in Buffer Adsorption to hydrophobised 7 Magnetic bead Chemiluminescence; Photomultiplier 42
platform (2008) insulin; (ref. 42) HEPES buffer glass surfaces with Teflon AF manipulation; enzymatic tube
1L-6 with BSA matrix; batch amplification
porcine, goat, incubation
bovine and
mouse proteins
suspended in
surfactant
matrix
0.001-0.1
(ref. 42 and
43)
Optomagnetic Tnl 0.006-0.05  Injection 1 0.16 1% BSA and Non-diluted ~ Adsorption to plastic surfaces 5 Magnetic Label free; no Total internal 44
immunoassay (ref. 38) moulding (3 pM) 10% sucrose in ~ plasma particle amplification system  reflexion
technology (2009) PBS for 1 h at RT control; stop biosensor and a
flow CCD camera
PDMS microfluidic  CRP 1000 Photolithography 5 1(9pM) BSAfor15min  Human Adsorption to Si wafers 14 Capillary Fluorescence; Fluorescence 46
assay capillary (ref. 45)* and photoplotted Serum Pump; fluorophore microscope
driven (2009) polymer masks continuous conjugation
flow (82
nl min™")
BioCD protein array PSA 4 (ref. 34)** — 4 NaBH and 1% Diluted Covalent binding <120 Pipetting; stop Optical BioCD scanning 47
(2009) (133 pM)  Casein human (triethoxysilylbutyraldehyde flow interferometry system
serum (1:4) (TESBA) cross-linking agent) (label free)
Immuno-pillar CRP 1000 Injection 0.25 0.1 1% BSA in PBS ~ Human Adsorption to polystyrene 12 Pipetting; Fluorescence; Inverted 49
microfluidic assay (ref. 45) moulding (0.9,1.5, for45minto1h serum beads batch fluorophore fluorescence
(2010) 3.3 pM) at RT incubation conjugation microscope
AFP 10 (ref. 48)
PSA 4 (ref. 34)
Microbead assay in  IL-8 1 (ref. 50) Hot embossing 3.3 — TBS starting — Adsorption to magnetic >65 Pump; Fluorescence Epi-fluorescence 51
a plastic chip block for 30 min particles continuous detection; upright
(2010) at RT flow (0.11 fluorophore microscope
pl min™?) conjugation
Insulin 290-2900
(ref. 42)
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Table 1 (Contd.)

Clinical
threshold Total
Microfluidic system Protein in blood Samp. LLoD assay
and publishing biomarker  samples Manufact. vol. (ngml™"  Surface Immobilisation method/ time Fluid Detection Readout
year (analyte) (>ng ml™")  process () or pM) passivation Sample type  surface chemistry (min) control mode system Ref.
Three dimensional CEA 2.5 (ref. 52) — 30 4x107° 1% BSAfor 6 h  Buffer Covalent binding 8 Pump; stop Chemiluminescence; Spectofluormeter 53
helical glass tube (0.02 pM) atRT (paramagnetic spheres coated flow gold nanoparticles
with magnetic with epoxy group) functionalised with
particles (2011) DNAzyme
Flow through CEA 2.5 (ref. 52) — 200 1x107° — Buffer Covalent binding (GOPS onto <30 Pump; stop Eletrochemical Electrochemical 54
detection cell with (0.005 and magnetic graphene flow analyser
magnetic graphene 14.7 pM) nanosheets)
nanosheets (2011)  AFP 10 (ref. 48)
Spiral flow-based TnT 0.012 Rapid 1.5 10-100 Protein blocking Whole blood Adsorption to cyclic olefin 5 Syringe with a Chemiluminsecence; Photomultiplier 56
separation (ref. 55) prototyping (278-2780  solution for (microfluidic copolymer pressure enzymatic tube and
microfluidic assay techniques pM) 2 min at RT device, gauge; stop amplification oscilloscope
(2011) including a flow
flow-based
separation
channel)
Silicon photonic CEA 2.5 (ref. 52)  Silicon-on- — 25 Starting block 100% FBS Covalent (hydrazone-bond- 30 Pump; Label free (measure  Instrument that 57
microring resonator insulator (125 pM) for8hat4°C (fetal bovine ~ formation chemistry) continuous shifts in microring measures
(2011) serum) flow (10-30 resonance) microring
ul min™) resonance
Silicon photonic CRP 1000 Silicon-on- <10 0.02 Starting block Diluted Covalent (hydrazone-bond- ~60 Pump; Resonance Instrument that 57
microring resonator (ref. 45) insulator (200 fM)  for 8 hat4°C serum and formation chemistry) continuous amplification measures
(2011) plasma flow (10-30 through streptavidin- microring
pl min™) coated beads resonance
(~10 um diameter)
Microfluidic PSA 4 (ref. 34) UV lithography, ~ 0.18  0.01 — Buffer Covalent binding (self- ~5 Pump; stop Electrochemical; Custom-built 58
nanoelectrode array electron-beam (0.33 pM) assembled thiols monolayer flow enzymatic potentiostat,
(2011) evaporation, and to Au surface bound to a amplification: remote source
lift-off linker complex of metalised glucose oxidase PSA  meter, shielded
peptide nucleic acid conjugated probe station
conjugated with antibody)
Lab-on-paper AFP; cancer 10 (ref. 48)  Paper 4 0.06 0.5% BSA + 0.5% Buffer Covalent binding (chitosan ~6 Passive flow;  Chemiluminescence; Luminescence 60
(2011) antigen manufacturing (0.9pM)  casein for coating and glutaraldehyde stop flow enzymatic analyser
125; CEA 15 min at RT cross-linking) amplification
17.5 x 6.6 X107
10°(35 U (3.3 x
ml™, 10° pM or
ref. 59) 0.5-80.0 U
ml™)
2.5 (ref. 52) 0.05
(0.25 pM)
Microfluidic PSA 4 (ref. 34) Injecting 5 0.016 Optiblock flush ~ Buffer Adsorption to polystyrene 120 Gravity; stop ~ Chemifluorescence;  Fluorescence 62
microtiter plate moulding (0.5pM)  atRT flow enzymatic plate reader
(2012) amplification
IL-4 0.025 (ref. 2x107*
61) (0.02 pM)
Multiplexed 1L-6 0.001-0.1 Soft lithography 5 0.01 — Buffer Covalent binding (carboxyl ~12 Pump; Fluorescence; Flow cytometer 63
magnetic bead (ref. 42 and  of PDMS (0.47 pM) terminated beads with sulfo- continuous fluorophore
assay (2012) 43) to1 NHS and EDC chemistry) flow rate (1 conjugation
(47.6 pM) pl min™")
TNF-a 0.014,**
0.046
(ref. 32)
Superparamagnetic CEA 2.5 (ref. 52)  Soft lithography, ~50 3.5 1% BSA for long  Serum Covalent binding (iron oxide 40 Magnetic field Fluorescence; ICCD camera 64
beads (SPMBs) electroplated (17.5 pM)  periods of time nanoparticles as the core with manipulation; quantum dots
pattern-based nickel at4°C carboxyl groups on the stop flow
immunoassay surface)
(2013) AFP 10 (ref. 48) 3.9
(57.4 pM)
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Table 1 (Contd.)

Clinical
threshold Total
Microfluidic system Protein in blood Samp. LLoD assay
and publishing biomarker samples Manufact. vol. (ngml™  Surface Immobilisation method/ time Fluid Detection Readout
year (analyte) (2ngml™")  process (1) or pM) passivation Sample type  surface chemistry (min) control mode system Ref.
Immunoassay glass PSA 4 (ref. 34) Glass capillaries — 1 10 mg ml™' BSA  Diluted Covalent binding (adding 30 Pump; Fluorescence; Homemade 65
capillaries with manufacture (33.3pM) for1hatRT human GPTS to ZnO nanorods) continuous fluorophore fluorescence
ZnO nanorods serum (10%) flow (50 conjugation read out
(2013) ul min™)
AFP 10 (ref. 48) 5
(73.5 pM)
CEA 2.5 (ref. 52) 5 (25 pM)
Power-free chip PSA 4 (ref. 34) Laser cutting 115 3.2 1% BSAin PBS  Non-diluted  Covalent binding 30 Magnetic field Colorimetric; Cellphone 66
enzyme (107 pM)  for long periods human (APTMS functionalisation manipulation; enzymatic camera
immunoassay at4°C serum of magnetic particles) stop flow amplification;
(2013)
Silicon porous PSA 4 (ref. 34) Double-sided — 1.7 5% non-fat Whole blood Adsorption to porous silicon 15 Pump; Fluorescence; Confocal 67
microarray (2013) photolithography (56.7 pM)  powered milk (integrated chips continuous fluorophore microscope
and chemical acousto- flow (50 conjugation
anisotropic wet- phoresis pl min™)
etching using separation
KOH plasma)
Gold/Graphene CEA 2.5 (ref. 52)  Paper 2 8x107* 0.5% BSA + 0.5% Human Adsorption to gold/graphene  ~60 Passive flow;  Electrochemical Photomultiplier 68
origami - manufacturing (0.004 casein for 1 hat serum stop flow tube
immunosensor pM) RT
(2013)
Autonomus Tnl 0.006-0.05  Laser etching 15 0.024 1mgml™ BSA  Buffer Covalent binding (PMMA with 7 to 9 Capillary Fluorescence House built 69
capillary system (ref. 38) (1 pM) for 2 h at RT APTES and cross-linked pump; labelling fluorescence
(2014) glutaraldehyde) continuous reader
flow assay
(0.32
nl min™")
Microcapillary film  PSA 4 (ref. 34) Melt-extrusion 150 0.04t0 0.9 3% BSAfor2h  Whole blood, Adsorption to FEP-Teflon 15 to Manual Colorimetric and Flatbed scanner/ 72-74
(MCF) (2014) (1.54 to 35 atRT serum or 50 min  syringe control fluorescence; smartphone
pM) buffer (multiple enzymatic
syringe device) amplification
IL-1p 0.005 0.007 Superblocking
(ref. 70) (0.426 for 2 h at RT
pPM)
TNF-a 0.014 0.007
(ref. 31)** (0.114
pPM)
IL-6 0.001-0.1 0.015
(ref. 42 and (0.713
43) pM)
12 0.5 (ref. 71) 0.002
(0.035
pM)
Microfluidic PSA 4 (ref. 34) Soft lithography ~ 5nL  0.030 1% Casein in Human Covalent to coated glass slides 14 Pipetting; stop Fluorescence; Fluorescence 75
multilayer array PBS serum with epoxysilane flow fluorophore microarray
(2014) conjugation scanner
TNF-a 0.014 0.052
(ref. 31)
IL-1p 0.005 0.017
(ref. 70)7°
IL-6 0.001-0.1 0.021
(ref. 42 and (1 pM)
43)
3D paper hCG 2.4 x10° - 20 2.4x10°  0.1% Tween20,  Urine Adsorption (hydrophilic nylon 10 Passive flow;  Colloidal gold Flatbed scanner 77
immunoassay (10 (6.7 x10° 5% sucrose, 1% membrane) stop flow nanoparticles
(2014) mIU ml™" pM)® casein, 0.1%
to 100 proclin in BBS

mIU ml™)’°
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Table 1 (Contd.)

Clinical
threshold Total
Microfluidic system Protein in blood Samp. LLoD assay
and publishing biomarker  samples Manufact. vol. (ngml™"  Surface Immobilisation method/ time Fluid Detection Readout
year (analyte) (>ng ml™")  process () or pM) passivation Sample type  surface chemistry (min) control mode system Ref.
Microfluidic 1L-6 0.001-0.1 Multilayer soft- 5 0.084 — Buffer Covalent (glass slides with <3h Pipetting; stop Fluorescence; Fluorescence 78
microarray (ref. 42 and  lithography (4 pM) epoxy silane) flow fluorophore microarray
immunoassays 43) conjugation scanner
(2014) IL-1p 0.005 0.07
(ref. 70) (4 pM)
TNF-o 0.014 1.6
(ref. 31) (30 pM)
PSA 4 (ref. 34) 0.45
(15 pM)
Microtiter graphene CRP 1000 Injection — 0.07 5% BSA for Diluted Covalent binding (graphene <30 Pipetting; Colorimetric; Smartphone 79
based (ref. 45) moulding (0.6 pM) 30 minat37°C  whole blood nanoplatelets and APTES to batch enzymatic
immunoassay and plasma  polystyrene surface) incubation amplification
(2014)
Lab-on-a-disc with  CRP 1000 CNC 10 gx107* 1% BSAin PBS ~ Whole blood Covalent binding (PDMS 30 Rotation Chemiluminescence; Homebuilt with 80
TiO, fibrous mat (ref. 45) (~6 tM) for1hat37°C  (blood cell coated with silicon and actuation; stop enzymatic cooled PMT
(2015) separation nanofibres of TiO, treated flow amplification module and
on the disc) ~ with GPDES) CCD camera
Tnl 0.006-0.05  Micromachining 0.037
(ref. 38) (1.5 p™M)
Surface plasmon CRP 1000 — 50 1.2 1% BSA for Diluted Affinity binding (protein A/G 3 Pump; Label free (surface BIA core surface 81
resonance-based (ref. 45) (11 pM) 30 min at RT (1:1000) covalently bound to the continuous plasmon resonance)  plasmon
immunoassay whole blood, surface) flow resonance
(2015) serum and (10 Wl min™")
plasma

LLoD - lower limit of detection; TNF-o — tumour necrosis factor alpha; PSA - prostate specific antigen; Tnl - troponin I; FABP - fatty-acid-binding proteins; IL-6 - interleukin 6; CRP - C-reactive protein; AFP — a-fetoprotein; IL-8 —
interleukin-8; CEA - carcinoma embryonic antigen; TnT - troponin T; IL-4 - Interleukin-4; hCG - human chorionic gonadotropin; “this value corresponds to 6.7 mIU ml™*, based on 1 U equivalent to 1 pmol min™", and the mass

and molar concentrations herein mentioned for 1 min activity. RT - room temperature.
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sents a column that specifies which sample type was used for
each microfluidic assay.

4. Strategies for antibody
immobilisation

A universal feature in heterogeneous immunoassays is the
presence of a solid phase that enables the capture of the tar-
geted biomarker protein and the separation of bound and free
reagents and the analyte. The first stage in every sandwich
immunoassay is surface preparation, which includes the
immobilisation of the capture antibody (CapAb) or antigen
and effective blocking of the remaining binding sites (surface
passivation), which can also include protein immobilisation
(e.g. BSA, casein, gelatin). Immobilised antibodies must have
the complementary-determining regions (CDRs) available for
the targeted analyte/antigen to bind, which means the immo-
bilisation technique has to provide proper antibody orien-
tation. The strength of the binding between antibody-antigen,
also called the affinity, will differ depending on the antibody
immobilisation process and the surface where it is immobi-
lised, since denaturation and conformational changes in anti-
bodies can alter the structure of their CDRs.** Hence in the
development of solid-phase immunoassays, antibody-antigen
avidity (the sum of multiple antibody-antigen non-covalent
interactions)® becomes an important parameter to consider.
Several antibody immobilisation procedures have been
implemented and the choice depends on the microfluidic
surface characteristics and on the long-term interactions
between the antibodies and the surface.

4.1 Passive adsorption to surfaces

Passive adsorption to surfaces is the simplest method for anti-
body immobilisation in microfluidic devices. This requires
placing the antibodies in direct contact with the surface. This
interaction will determine the amount of antibody adsorbed,
known as the surface capacity, and the orientation of the anti-
body. The reported drawbacks of physisorption or passive/
physical adsorption mechanisms are random orientation and
a weak attachment to certain surfaces, since proteins may be
removed by some buffers or surfactants when performing the
assays.®® An ideal antibody adsorption surface should have a
high affinity to the antibody constant fragment (Fc), so that
the variable region (Fab) remains available for binding. The
binding between the antibody and surface has to be strong
enough to avoid removal of immunoreagents from the surface,
but cannot be too strong to denature completely the antibody
or change conformation of the Fab region and the antibodies
affinity. In addition, a high antibody-antigen affinity com-
pared to the surface-antibody or surface-antigen affinity is
required in order to maximise sensitivity of the assay.
Therefore, is clear that the individual interaction between the
CapAb and the surface will affect the assay performance.
However, it is important to understand that the CapAb
‘binding activity’ is highly dependent on the relative amount

This journal is © The Royal Society of Chemistry 2017
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of antibodies on a surface, i.e. surface packing. Several studies
describing antibody adsorption to hydrophobic (e.g. plastics)
and hydrophilic surfaces (e.g. silicon) concluded that around
half a monolayer coverage yields the optimum condition for
conservation of the CapAb binding activity, with this character-
ised by antibodies being vertically orientated to favour a more
effective capture and binding of antigens. At lower concen-
trations, CapAb molecules have been found to adsorb with a
flat-on orientation, yielding a strong ‘binding’ with the
surface, thereby complicating the chemical binding to antigen
molecules. On the other hand, a full monolayer coverage is
characterised by a reduced level in probe binding per antibody
and an unstable adsorption of CapAb molecules on the
surface, this is due to the increase in both the packing density
and aggregation, which causes steric hindrance to CapAb-
antigen binding. This has been shown to lead to a sharp
reduction in hCG binding capacity.®”"*® Microfluidic immuno-
assays have been developed from different surfaces for anti-
body adsorption, such as plastic, glass, silicon and PDMS.
Plastics are usually preferred as surfaces for passive antibody
adsorption, due to their hydrophobic nature, as antibodies
adsorb mainly by attaching their non-polar domains (CH; and
CH,) to the surface and establishing strong intermolecular
binding. The most common example of antibody adsorption
in immunoassays is the immobilisation of antibodies onto a
polystyrene microtiter plate (MTP), which is the gold standard
for laboratory immunoassays for protein biomarker quanti-
tation. Other plastics, such as polypropylene and polyvinyl
chloride (PVC), are also common in the diagnostics industry.*’
Antibody adsorption onto plastics has been successfully used
in microfluidic tests, with fluorinated ethylene propylene
(FEP-Teflon®) microcapillaries,”” polystyrene channels,** glass
surfaces hydrophobised with Teflon® AF*> and cyclic olefin
copolymer®® being some examples in a large spectrum of
plastic adsorption microfluidic surfaces used for protein bio-
markers quantitation, with some authors reporting fM detec-
tion levels.”*

Protein adsorption onto glass appears to occur mainly due
to electrostatic interactions, which does not favour quantitative
immunoassays. Antibodies tend to form multilayers in which
adsorbed molecules become polar binding towards other anti-
bodies, which is undesirable in quantitative immunoassays.
Consequently, microfluidic devices intended for sensitive
protein quantitation fabricated from glass usually use covalent
immobilisation procedures.

Silicon is another popular material used for antibody
adsorption on microfluidic devices, but presents the major
drawback of antibodies adsorbing less to silicon surfaces due
to reversible binding,”® with covalent immobilisation pre-
ferred. However, some microfluidic devices have been able
to quantify CRP with a lower limit of detection, with a LLoD of
1 ng ml™" or 9 pM, and PSA, with a LLoD of 1.7 ng ml™" or
56.7 pM, using antibodies adsorbed onto silicon wafers.***”

PDMS is the preferred material for microfluidic researchers
due to simple manufacture prototyping. Although hydro-
phobic, this polymer presents problems related to non-specific
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adsorption, which is undesirable in POC tests.”’ Nevertheless,
the sensitive quantitation of TNF-a with a LLoD of 0.02 ng
ml™" (0.38 pM) has been reported based on antibody adsorp-
tion to PDMS surfaces.”® The covalent attachment of anti-
bodies combined with previous surface modification appears
to be the most common approach used for immunoassays in
PDMS devices. Detection of the pregnancy hormone hCG was
reported using a hydrophilic nylon membrane based on anti-
body adsorption with a detection limit of 6.7 x 10° pM
(i.e. 6.7 mIU ml™"). Note, however, that the detection limit of
the pregnancy biomarker hCG, even at the early stages of preg-
nancy, is several orders of magnitude higher than the LLoD
required for cancer and cardiac protein biomarkers.””

Gold surfaces have been used in microfluidic assays for
antibody adsorption, achieving a LLoD of 8 x 10™* ng ml™"
(0.004 pM) for CEA biomarker based on a gold and graphene
origami-immunosensor.””

Different surface chemistries promote different types of
intermolecular binding, which interfere with the signal-to-
noise ratio, an important feature in quantitative immuno-
assays. Consideration of the surface properties and chemistries
is therefore paramount to achieving high sensitivity and lower
LLoDs in microfluidic devices relying on physisorption of
CapAb or antigens.

4.2 Covalent binding

The selection of strategy for the covalent immobilisation of
antibodies onto microfluidic surfaces depends on the type of
surface being used, since it requires an intermediate linker to
bind the antibody molecules. Consequently, a wide variety of
methods have been utilised and reported in the literature, and
these have been extensively reviewed by Kim et al.>® Covalent
immobilisation is usually regarded as more stable and offering
a higher surface coverage, two important features for sensitive
immunoassays. Nevertheless, covalent antibody immobilis-
ation strategies usually involve complex chemistries, which
increases the manufacturing complexity of the microfluidic
tests, and furthermore there is usually no guarantee that the
covalently immobilised antibody molecules will be correctly
orientated or will remain active after linkage to the active anti-
body sites.”*%*

The majority of recently reported microfluidic devices use
surface silanisation for antibody immobilisation. Silanisation
involves covering a surface with self-assembly organofunc-
tional alkoxysilane molecules.’® Mineral components, such as
mica, glass and metal oxide surfaces, can all be silanised,
because they contain hydroxyl groups (-OH), which attack and
displace the alkoxy groups on the silane, thus forming a
covalent -Si-O-Si- bond. Typical organofunctional alkoxy-
silanes include APTES ((3-aminopropyl)-triethoxysilane),
APDMES  ((3-aminopropyl)-dimethyl-ethoxysilane), ~APTMS
((3-aminopropyl)-trimethoxysilane), =~ GPMES  ((3-glycidoxy-
propyl)-dimethyl-ethoxysilane) and MPTMS ((3-mercaptopropyl)-
trimethoxysilane).”®

Proteins have a number of potential immobilising sites,
namely: (i) the a-amino groups of the chain and the e-amino
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Table 2 Functional groups available in proteins (including antibodies)

and the functional groups required on the surface of microfluidic
devices for protein immobilisation®®

Side groups ~ Amino acids Surfaces

—NH, Lys, hydroxyl-Lys ~ Carboxylic acid active ester (NHS),
epoxy, aldehyde

—SH Cys Maleimide, pyridyil disulphide,
vinyl sulfone

—COOH Asp, Glu Amine

—OH Ser, Thr Epoxy

groups of lysine and arginine, (ii) the a-carboxyl groups of the
chain end and the #- and y-carboxyl groups of aspartic and glu-
tamic acids, (iii) the phenol ring of tyrosine, (iv) the thiol
group of cysteine, (v) the hydroxyl groups of serine and threo-
nine, (vi) the imidazole group of histidine and (vii) the indole
group of tryptophan. Further details about these functional
chemical groups are summarised in Table 2.°”

Antibodies can directly bind to a silanised surface, which
has organofunctional alkoxy silanes, amine groups and epoxy
groups. This procedure is common with microfluidic surfaces
that undergo modification for further antibody immobilis-
ation. In respect to sensitive biomarker quantitation, different
approaches have been reported in the literature, including
TiO, nanofibres treated with GPDES (3-glycidoxypropyl)
methyldiethoxysilane (Fig. 1A);* inner glass capillary surfaces
with ZnO nanorods modified with (3-glycidoxypropyl) tri-
methoxy silane (GPTS);*® graphene nanosheets treated with
3-glycidyloxypropyl trimethoxysilane (GOPS);>* glass slides
silanised with epoxysilane surface’>”® and functionalised
graphene nanoplatelets with APTES (3-aminopropyl)-
triethoxysilane.”®

Silanisation and other surface modification chemistries
also use aldehydes as cross-linkers for protein immobilisation.
Some studies showed that amine derivatization followed by
glutaraldehyde (GA) cross-linking yielded supports with
greater amounts of immobilised enzymes and higher activity.”®
Aldehyde is a reactive compound that forms a labile Schiff
base with the amine and can be further reduced to form a
stable secondary amine bond using NaCNBH; or NaBH,. GA is
a bis-aldehyde compound that has two reactive ends, and
therefore can cross-link two amine functional groups, which
can be two proteins or a protein and a surface polymer with
amine groups, such as the organofunctional alkoxy silanes.’?
Consequently, GA has been used as cross-linker for antibody
immobilisation in microfluidic chips with APTES ((3-amino-
propyl) triethoxysilane) for antibody covalent immobilisation
to PMMA (poly(methylmethacrylate)), (Fig. 1B),* but also with
glass surfaces,”® magnetic particles®® and for the aldehyde
surface modification of silica (Fig. 1C)."

4.3 Hybrid immobilisation strategies

The combination of covalent binding with passive adsorption
and affinity binding has also been explored for immobilising
the CapAb. Theoretically, this approach allows the best control

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Examples of surface chemistries and the strategies exploited for
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0

the covalent immobilisation of antibodies in microfluidic devices used for

protein biomarkers quantitation. (A) Schematic of antibody immobilisation and the immunoassay on TiO, nanofibres (NFs), starting with plasma acti-
vation of the surface and the silanisation process using GPDES ((3-glycidoxypropyl) methyldiethoxysilane).8° (B) Silanization on PMMA (poly(methyl
methacrylate)) using APTES ((3-aminopropyl)-triethoxysilane) followed by glutaraldehyde.®® (C) Aldehyde modification of a SiO, surface and anti-
body immobilisation, using triethoxysilylbutyraldehyde (TESBA).*’ Figures reprinted from ref. 80 with permission from the Royal Society of

Chemistry; ref. 47 and 69 with permission from Elsevier.

of both the antibody orientation and activity, since a specific
and known affinity binding is promoted. The two most
common techniques for antibody immobilisation by affinity
binding are by using avidin-streptavidin and protein A/G.
The first uses the strongest non-covalent bond in nature (K4 =
10" M™). This high affinity ensures that once the complex is
formed, it is not disturbed by extreme changes in pH and
temperature, or by the use of organic solvents, denaturants,
detergents and even proteolytic enzymes;’>'°® therefore, it is
stable during biochemical assays. The second common tech-
nique is protein A/G immobilisation, which relies on the
specific interaction with the Fc constant region of IgG mole-
cules;*® however, the affinity constant of this interaction is
lower (approximately 1.13 x 10% and 2.90 x 10" M~ for protein
G and protein A, respectively) than the biotin-avidin binding,
making the complex more vulnerable to surface washing.
101 synthetic
peptides'®® or oligonucleotides'®® has also been applied in

Recently, the conjugation of antibodies with DNA,

antibody immobilisation. All these techniques apparently
lead to a higher affinity of the immobilised antibody, due to
the proper orientation and good antibody density control.
Nevertheless, only a few examples can be found of microfluidic
assays that use this immobilisation strategy. This might be due

This journal is © The Royal Society of Chemistry 2017

to the complex immobilisation chemistry involved, since a
combination of immobilising techniques must be considered.
For example, achieving the proper orientation and activity of
immobilised protein A is challenging by itself and affects the
antibody immobilisation step.'®* A surface plasmon resonance
immunoassay detected PSA after covalently immobilising
protein A/G to a glass surface to promote the affinity binding
of antibodies. A microfluidic nanoelectrode array was also able
to quantify PSA using antibodies conjugated with a linker
complex of a metalised peptide nucleic acid that was covalently
attached to a self-assembled thiols monolayer.>®

5. Relevance of the surface area and
surface-area-to-volume ratio

Analysis of the antibody-antigen equilibrium shows that a
higher concentration of immobilised CapAb in a reaction
medium will push the equilibrium towards the formation of
an antibody-antigen complex. In high-sensitivity systems, the
concentration of antigen available is very low, usually in the
order of pM to fM. A good control on the total amount, density
and activity of CapAb is therefore essential for achieving the
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required LLoD. In practice, the total amount of antibody that
can be immobilised on a microfluidic channel well is limited
and is smaller than a monolayer in order to avoid steric hin-
drance.®® This is ultimately linked to the surface chemistry
selected for immobilising the antibody but also to the limited
total surface area available. Since antibody immobilisation is a
reaction process between a ‘clean’ high-affinity surface and an
antibody solution, the surface-area-to-volume ratio of the
microchannel or microcapillary is paramount to the overall
performance of the microfluidic test. This depends on the
antibody surface affinity, which in turn relies on the
antibody immobilisation technique used. There are several
examples of microfluidic platforms that have achieved high
sensitivity by enhancing the surface area available. For
example, a ‘lab-on-a-disc’ device used an antibody immobi-
lised on coated polystyrene beads to yield LLoDs of 0.27
ng ml™' (11.3 pM) for Tnl, 0.27 ng ml~" (1.45 pM) for CRP and
0.32 ng ml™" (37.7 pM) for NTproBNP from whole blood
samples.'®® Using a similar device but with electrospun TiO,
nanofibres printed onto the surface of the chambers, the LLoD
achieved for Tnl in whole blood was 0.037 ng ml™" (1.5 pM)
and for CRP in serum was 8 x 10~* ng ml™" (0.007 pM)
(Fig. 2A).%° This represented a 7-fold reduction in the LLoD for
Tnl and about a 300-fold reduction in the LLoD for CRP, by

View Article Online
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simply increasing the overall surface available for immobili-
sing the CapAb.

A glass capillary device was able to quantify PSA, AFP and
CEA in serum with a LLoD between 1 and 5 ng ml™" (33.3 pM
for PSA, 74 pM for AFP and 25 pM for CEA) based on ZnO
nanorods deposited within the glass capillaries (Fig. 2B).%’
A porous silicon array was able to increase the LLoD for PSA
from 1.7 ng ml™* (56.6 pM)®” to 800 fg m1~* (0.027 pM) just by
increasing the concentration of CapAb for passive adsorp-
tion.'® This reduction of more than 2000-fold in the LLoD for
PSA was only possible due to the larger surface area of the
porous substrate produced by the electrochemical dissolution
of monocrystalline silicon (Fig. 2C)."” A popular approach
used for enhancing the surface area is to immobilise the anti-
bodies onto small beads (Fig. 2D). The CapAb-antigen
complex immobilised onto the surface of the beads can then
be detected with a second labelled antibody than binds specifi-
cally to the CapAb-antigen complex;?>*1:19:31:33:63,66,108 gterna-
tively, a secondary antibody immobilised onto the inner
surface of the channels captures the complex bead-antibody-
antigen.** The beads can be magnetic, which facilitates the
fluid actuation, mixing and separation of the bound and
unbound antigen (washing). The use of magnetic beads in
microfluidics has been fully reviewed by Tekin et al.'*® Other

Fig. 2 Strategies used for enhancing the surface area in microfluidic devices for antibody immobilisation. (A) TiO, nanofibres used in a ‘lab-on-a-
disc’ for CRP and Tnl detection. SEM images of the TiO, nanofibres (NFs): (i) top and (iii) side views of the low-density TiO, NFs remaining on the
donor Si substrate and (ii) top and (iv) side views of a high-density TiO, NF mat transferred to the target Si substrate; insets 1 and 2 are the photo-
graphs of the TiO, NFs (2 cm x 2 cm).8% (B) SEM images of ZnO nanorods grown on the inner surface of a glass capillary. (i) to (i) Top-view; (iv)
cross-sectional view; the inset of (i) shows the optical images of a capillary after (left) and before (right) the nanorod growth.®® (C) SEM images of
the porous silicon network. (i) Cross-sections and (ii) top views of the rigid sponge-like porous silicon network structure.'” (D) Electron micrograph
of a hot embossed microwell containing a microbead. The scale bar of the image is 4 pm, with a x30 000 magnification.> Figures adapted from ref.
65 and 80 with permission from Royal Society of Chemistry;>* with permission from Institute of Physics; ref. 107 with permission from the American
Chemical Society.
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authors have reviewed the use of beads in microfluidic
immunoassays more broadly.'

6. Importance of non-specific
binding and surface passivation

In a solid-phase immunoassay, non-specific binding of an antigen
or detection antibody to the surface usually occurs, increasing
the LLoD and reducing the signal-to-noise ratio. For optimised
performance of the assay, two steps are essential: surface
washing and blocking. The washing consists of removing
molecules that are unbound or that present a lower affinity to
the surface, whereas blocking consists of occupying any
remaining binding sites on the surface with an inert agent to
reduce the non-specific binding. It was discussed in section
4.1 that a half monolayer appears to favour CapAb-antigen
binding, consequently many binding sites can remain avail-
able on the surface at the end of the first stage of CapAb
immobilisation, which is especially true when the immobilis-
ation of CapAb relies on physical adsorption.

Although surface washing and blocking are routinely used
in high-performance immunoassays, the specific method-
ologies and reagents used are often the result of an extensive
empiric optimisation that provides the best signal-to-noise
ratio and most robust performance for a given immunoassay.
Nevertheless, the dependence on several physical and chemi-
cal variables, such as surface chemistry, antibodies purity and
antibody affinity, is easily understandable. By analysing
Table 1, it is clear that bovine serum albumin (BSA) is the
most popular surface passivation agent used in microfluidic
immunoassays when it comes to the quantitation of protein
biomarkers. The composition of BSA blocking solution used
varies from 0.1 to 3% w/v, with incubation times that can go
from seconds to several hours,3?1:46:49,33,64,65,69,72-74,79-81 rpy g
suggests that BSA has a broad capacity of surface passivation,
which is independent of the surface chemistry and assay
reagents."'® CRP and CEA were quantified with LLoDs of 8 x 10~*
and 4 x 107° ng ml™" in different microfluidic surfaces,
such as TiO, fibres and glass.”®®*® BSA is also used in mixtures
with other molecules, such as casein®”®® and sucrose. A paper
microfluidic device reported LLoDs of 8 x 10~* ng ml™" for CEA
using 0.5% BSA and 0.5% casein for surface passivation.®® A
signal-to-noise ratio of 2300 was reported for 500 pM of Tnl in an
assay with 1% BSA and 10% sucrose in PBS for 1 h, with a LLoD
of 0.16 ng mI™" (3 pM).** Casein was also used on its own for the
surface passivation of treated glass slides, achieving LLoDs of
0.017 and 0.02 ng ml~* for IL-1p and IL-6, respectively.*®*""
Non-fat powered milk was used for PSA quantitation in an assay
that achieved a LLoD of 1.7 ng ml™" in silicon surfaces.®”

The wide spectrum of traditional protein blockers used in
microfluidic immunoassays has resulted in some impressive
low LLoDs values, as can be seen in Table 1; however, the avail-
ability of modern microfluidic substrates has triggered the
development of novel polymer matrices for surface passivation
methods that are more effective and universal compared to

This journal is © The Royal Society of Chemistry 2017
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protein blockers. For example, PDMS-based devices suffer low
wettability and biofouling problems from non-specific protein/
hydrophobic analyte adsorption."* To overcome this issue a
bio-barcode assay, which claimed attomolar sensitivity for PSA
quantitation, achieved a LLoD of 1.5 x 107> ng ml™" using
polyDuramide™ for surface passivation. The polyDuramide™
polymer matrix adsorbs onto the glass and PDMS through
hydrogen binding, reducing the non-specific signal and
increasing the signal-to-noise ratio of the assay by at least
8-fold.*® Although anti-fouling coatings are still not widely
used in microfluidic immunoassays, they could become key to
the development of highly sensitive immunoassays to help
achieve a very low LLoD. In general, the basic purpose of anti-
fouling coatings is to minimise the intermolecular forces and
interactions between ‘contaminating’ matter in the sample
matrix and the surface of the microfluidic substrate, such that
adhered molecules can be easily detached and released under
low shear rates. Consequently, polymers with anti-fouling pro-
perties should be hydrophilic and electrically neutral, and
should have hydrogen bond acceptors but no hydrogen bond
donors. Materials/polymers, such as poly(ethylene oxide), PEG
and polyzwitterion, polyhydroxy, have been used for anti-fouling
coatings in PDMS devices, and this has been extensively
reviewed by Zhang and Chiao (2015) and elsewhere.'*>'"* The
preparation of superhydrophobic surface coatings with micro-
and nanoscale feature dimensions has also been described with
an aim to reduce the amount of surface contamination as well
as to induce self-cleaning under flow conditions."**

7. Sample preparation

Most protein biomarkers produced in the human body are
released into the blood stream, urine or other biological
fluids. Nevertheless, the protein biomarkers currently used in
healthcare to diagnose non-communicable diseases mostly
target the blood stream, and for this reason, this review focuses
only on preparations of blood samples. There are some recent
efforts made towards the discovery and development of new
protein biomarker immunoassays for non-communicable dis-
eases that can be measured in urine and saliva, since these
samples are less invasive and easier to collect compared to
intravenous blood, which is also therefore ideal for POC
testing."">'*® Independently of the biological sample used, the
detection and quantitation of biomaker molecules involves a
specific antibody-antigen reaction in a multi-component
complex medium. Consequently, sample preparation is a major
step in any high-sensitivity immunoassay, since the matrix com-
ponents usually interfere with the assay performance.

The use of biological samples is fundamental for the
validation of an assay’s performance; however, most of the
reported microfluidic immunoassay devices have not been
tested with real human samples, and the available data are
mostly limited to a buffer spiked with recombinant or purified
protein  biomarker molecules.??*%33:3460,62,63.69.78 = gome
studies used other types of biological matrices as analyte dilu-
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Fig. 3 Microcapillary film (MCF) platform for a sandwich immunoassay using whole blood samples without sample treatment. (A) Microphotograph
of 10-bore MCF containing 200 pym internal diameter microcapillaries. (B) ‘Lab-on-a-stick’ showing the loading of a blood sample by capillary action

based on a fluoropolymer MCF coated with hydrophilic polyvinyl alcohol.

ents, in an attempt to mimic human biological matrices, such
as undiluted goat serum,* or fetal bovine serum,*® while
other studies have relied on diluted human whole blood,®
plasma?®®! 47,57,65,81  Although there are some
examples of microfluidic devices that were able to quantify
protein biomarkers in undiluted human plasma®* or human
serum,!6:49:66:68.75,108 only 3 very few studies reported the
quantitation of protein biomarkers in microfluidic devices
using undiluted whole blood samples. This includes the work
with a novel fluoropolymer microfluidic material called a
Microcapillary Film (MCF) for the quantitation of PSA in
whole blood samples without sample treatment (Fig. 3) based
on a heterogeneous sandwich immunoassay.”>’* From the per-
spective of the commercialisation of microfluidic diagnostics
tests, this new alternative of using no sample preparation is by
far the most appealing and promising,''” as miniaturisation of
the sample preparation steps remains by far one of the biggest
challenges within the microfluidics community.

Several studies have reported biomarker quantitation in
microfluidic devices using pre-treated whole blood samples,
with sample preparation structures embedded in the chip. For
example, a lab-on-a-disc was capable of quantifying CRP and
Tnl from whole blood samples by separating the red blood cells
through centrifugation,® while a silicon porous microarray was
integrated with an acoustophoresis system for plasma separ-
ation from whole blood samples (Fig. 4A)*” and other micro-
fluidic devices have incorporated a flow-based blood separation
channel for whole blood protein quantitation (Fig. 4B).>¢

or serum.

8. Fluid handling control

The standard fluid handling procedure in sandwich hetero-
geneous immunoassays involves several steps, with multiple
sequential reagents addition and intensive washings between
reagents incubation. This procedure allows a higher amount of
antigen to be bound, due to the extended sample incubation
time. The washings are important to reduce the non-specific
signal resulting from the antigen detection antibody (DetAb)
or enzyme molecules that eventually bind non-specifically to
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the solid surface. Consequently, high-performance sandwich
assays require a multistep procedure to achieve the required sen-
sitivity.>* There are some successfully reported attempts that
have used microfluidic technologies for the automated sequen-
tial delivery of reagents that have converted the overall pro-
cedure into a single step for the operator.’®®® For example,
Gervais et al. were able to quantify CRP protein with a LLoD of
10 ng ml™" (90 pM) in 3 min, and <1 ng ml~" (9 pM) in 14 min,
in a PDMS chip involving integrated reagents with the flow con-
trolled by an embedded capillary pump.*® This was possible due
to the extremely low flow rates (30 nl min™") promoted by the
capillary pump. Overall, both fluid handling and actuation are
paramount factors for achieving sensitive protein quantitation
in microfluidic protein biomarker immunoassays.

8.1 Pressure-driven systems

Pressure-driven flow systems presuppose the use of an external
fluid control actuation. The most common external fluid-
control devices in microfluidic systems are flow pumps, typi-
cally syringe pumps. Pumps can deliver flow rates over several
orders of magnitude, from pl min™" to several ml min~", as
well as allowing stop and continuous flow procedures, which
are important for precise reagent loading and incubation in
sandwich immunoassays. These are also easily connected to
microfluidic microchannels or microcapillaries, with the flow
being typically laminar in the biosensing region due to the
small dimensions of the devices. However, pumps are nor-
mally expensive and require a continuous power supply, thus
compromising the portability of the system. Most microfluidic
devices reported in the literature use external pumps for fluid
control in order to achieve sensitive protein biomarkers quan-
titation in sandwich immunoassays. The bulky aspects of
syringe pumps is naturally a challenge for the successful min-
iaturisation of POC tests.

Several microfluidic devices use an immunoassay procedure
based on a continuous flow of reagents at variable flow
rates,>>>1°6:63:65:81 Lyt some studies used stopped flow during
the incubation of reagents.***>*3%%7 The choice of flow mode
appears to be more related to the personal preference of the
authors, as currently these is a lack of literature on the effect

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Examples of microfluidic approaches for whole blood sample treatment. (A) Integrated blood analysis chip design fabricated in COC (cyclic
olefin copolymer): (i) a blood sample is injected into a long spiral flow-based separation channel; (ii) haematocrit is evaluated based on the number
of serpentine switchbacks that are filled with packed erythrocytes; (iii) the blood sample is then flowed into a high surface-area-to-volume ratio
ELISA protein quantitation segment where a biomarker of interest is evaluated.>® (B) Sequence showing the starting phase of plasma production (i)
with inactive ultrasound, (ii) starting acoustophoresis, and (iii) continuous phase of plasma production, with the final fractions of red blood cells
removed via the central outlet.®” Figures adapted from ref. 56 and 67 with permission from the Royal Society of Chemistry.

of flow on the immunoassays performance. The dimensions of
the microfluidic devices used are also very variable; however,
all the studies herein reported used microchannels or micro-
capillaries as reaction chambers. The MCF technology
allows interfacing of the microfluidic strips directly with the
reagent wells, and uses a pressure-driven system that relies on
disposable and low-cost fluid-control devices, named a
Multiple Syringe Aspirator (MSA), capable of loading solutions
into 80 capillaries simultaneously using an array of 1 ml
plastic syringes through a simple rotation of a central knob
(Fig. 5A).7%

8.2 Centrifugal forces

Many microfluidic devices use centrifugal forces for fluid flow
control in protein biomarker immunoassays. For example, a
lab-on-a-disc capable of measuring CRP and Tnl, with a LLoD
of 0.27 ng ml™" (11.3 pM) and BNP with a LLoD of 0.32 ng
ml™" (37.6 pM), moved reagents from one chamber to the
other based on a rotating disc and a specific valve actua-
tion.*>'% Honda et al also described a disc-based micro-
fluidic platform capable of quantifying AFP, IL-6 and CEA,
with detection limits of 0.01, 0.026 and 0.26 ng ml™" (0.14,
1.24, 1.3 pM), respectively, using centrifugal forces. Other
immunoassay devices used centrifugal force for reagents
actuation, as critically discussed by Gorkin et al.'*®

This journal is © The Royal Society of Chemistry 2017

8.3 Magnetic forces

The use of a magnetic field is another form of fluid actuation
successfully implemented in microfluidic devices, and allows
performing heterogeneous immunoassays involving multiple
steps. This has been successfully used for the quantitation of
protein biomarkers.''® Here, CapAb is usually immobilised
onto the magnetic beads surface and then moved through a
sequence of chambers containing a series of reagents
(Fig. 5B). LLoDs of 3.5 ng ml™" for CEA, 3.9 ng ml~" for AFP
and 3.2 ng ml™" for PSA have been reported in human serum
samples. These are clinically relevant for AFP and PSA bio-
marker detection; however, they are not sufficient to meet not
sufficient to meet clinical requirement for CEA biomarker,
which presents a clinical threshold above 2.5 ng m]™*.#>108120
Alternatively, the magnetic beads containing the antigen
already captured may bind to a coated surface, achieving a
LLoD of 0.16 ng ml™* for TnI in undiluted plasma.** The
ability to move the ‘reaction’ surface instead of the liquid
reagents allows achieving a high degree of simplification of
the immunoassay procedure.

8.4 Passive-flow systems

In passive-flow systems, the fluid actuation is not promoted by
an external mechanical or magnetic force, but rather by an
intrinsic device characteristic, such as the surface properties.
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Fig. 5 Fluid-control approaches implemented in microfluidic devices for protein biomarker quantitation. (A) Multiple syringe aspirator (MSA) used in
microengineering fluoropolymer microcapillary film (MCF) strips and disposable 1 ml syringes for generating pressure-driven flow through 80 paral-
lel microcapillaries.”® (B) Magnetic automated bead transfer device: (i) the magnet pulls the beads from the carrier stream to the reagent stream,
whereas the current stream is diverted to waste; (i) an assembled three-layer PDMS microdevice.®® (C) Fluid handling through a 3D microfluidic
paper device with hydrophobic patterned barriers (black areas).”” (D) Microfluidic microtiter plate (optimiser microplate) with gravity controlling the
fluid flow.®? (E) Fluidic control in a microchannel using capillary pumps with an average flow rate of 82 nl min~: (i) sample collector ending with
hierarchical delay valves; (ii) flow resistors and central deposition zone for the detection antibodies; (iii) reaction chamber and (iv) capillary pump.*®
Figures adapted from ref. 46, 62, 73 and 77 with permission from the Royal Society of Chemistry;®* with permission from Springer.

For example, lateral flow ‘dipstick’ technology relies on hydro-
philic strip properties and the geometry of nitrocellulose mem-
branes. In analogy, some microfluidic systems were developed
operating on the same principle of passive flow, with flow rates
being determined by the intrinsic design of the device. The
typical driving forces for propelling liquids in passive micro-
fluidics are, for example, chemical gradients on surfaces,
osmotic pressure, degassed PDMS,">" permeation in PDMS, ">
gravity and capillary forces.'”® The drawback of this fluid strat-
egy is generally the difficulty in controlling the flow rate,
sample volumes and incubation times in these systems, and
for that reason, a number of microfluidic strategies were devel-
oped for enhancing the passive-flow control in immunoassay
devices. For example, wax patterning as hydrophobic barriers
onto hydrophilic paper creates microchannels and reaction
chambers, which allowed a ‘lab-on-a-paper’ device to quantify
a-AFP, cancer antigen 125 and CEA with LLoDs of 0.06 ng m1™"
(0.9 pM), 6.6 x 10” ng ml™" (0.33 U ml™") and 0.05 ng mI™*
(0.25 pM), respectively.®® Also, an origami gold/graphene paper
immunosensor was able to quantify CEA with a LLoD of
8 x 107 ng ml™" (0.004 pM).®® The pregnancy hormone hCG
was also quantitated, with a LLoD of 6.7 x 10° pM (6.7 mIU
ml™") in a paper microfluidic device (Fig. 5C).”” Paper micro-
fluidic devices achieved good LLoDs for protein quantitation

872 | Analyst, 2017, 142, 858-882

based on printed channels and architectured 3D paper struc-
tures for controlling antibody immobilisation and reagent
incubation times. These features are not found in lateral flow
devices though, which probably explains the lack of sensitivity
of conventional ‘dipstick’ tests. The use of paper microfluidics
in diagnostics was fully reviewed by Yetisen et al.'>*

In addition to capillary forces (which are linked to wettability
of the microfluidic device), gravity can also be effective in
generating continuous fluid movement along a microfluidic
surface. A novel microfluidic microtiter plate was able to quan-
tity PSA and IL-4 with LLoDs of 0.016 ng ml™" (0.53 pM) and
2 x 107" ng ml™" (13.3 pM), respectively, only based on gravity
(Fig. 5D).*

A more sophisticated yet challenging approach in respect to
microfabrication was proposed by Zimmermann et al.'>®* and
involved a series of autonomous capillary systems with liquids
displaced by capillarity to enable accurate volumes of liquids
and precise flow rates to be achieved. The capillary pumps
comprised microstructures of various shapes with dimensions
ranging from 15 to 250 mm, positioned in the capillary pumps
to encode a desired capillary pressure and to provide a flow
rate between 12 and 222 nl min~"."** Capillary pumps inte-
grated in microfluidic devices have been used to quantify Tnl
with a LLoD of 0.024 ng ml™" (1 pM),*® TNF-a with a LLoD of

This journal is © The Royal Society of Chemistry 2017
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0.02 ng ml™" (0.38 pM)** and CRP with a LLoD of 1 ng ml™"
(9 pM).*® CRP was quantified using a one-step sandwich assay,
using reagents integrated in the microfluidic device and an
immunoassay triggered upon the addition of a sample
(Fig. 5E).

9. Detection modes, signal
amplification and readout systems

An essential feature in quantitative immunoassays is the detec-
tion of the antibody-antigen complex. Miniaturised systems,
due to the small volumes (pl to pl) used, are able to detect
simultaneously a wide a range of molecules, a technique called
multiplexing. Most heterogeneous immunoassays reported
have implemented optical detection based on labels, which
are molecules that can produce a detectable signal. Depending
on the nature of the signal, immunoassays can be segmented
as colorimetric, fluorescent or chemiluminescent. Other
immunoassay detection modes are based on electrochemical
signal changes or refractive index changes, with techniques
called label-free techniques, since they do not rely on labels.

Colorimetric assays measure the antibody-antigen complex
through the colour intensity of a solution or particles.
Colorimetric detection is inherently less sensitive than fluo-
rescence and chemiluminescence, since in order to measure
low concentrations of a chromogen, small differences in inten-
sity must be measured at a high light intensity, which limits
the LLoD. Also, the relationship between the optical absor-
bance and intensity of transmitted light is logarithmic.
Therefore, at high chromogen concentrations, large differences
in optical absorbance can still lead to small differences in the
intensity of transmitted light, which usually corresponds to a
narrow dynamic range for immunoassays.'>> Nevertheless,
chromogenic substrates offer speed, simplicity, a well-
established assay chemistry, high quality reagents and the
widespread availability of cost-effective readers. For this
reason, several studies have presented new ways to increase the
performance of colorimetric microfluidic detection, for
example through enzymatic amplification systems'*®"'*” with a
detectable chromogen in solution or through the use other
amplification systems, such as gold nanoparticles silver
enhancement,"?®3° with the colour intensity given by small
particles.

Enzyme amplification depends on the biocatalytic capa-
bility of these molecules, as a single enzyme molecule can
produce up to 10”7 molecules of substrate per minute, increas-
ing the strength of the signal and therefore the sensitivity a
million fold, when compared to a label that produces just a
single event."*! Independently of the selected colorimetric or
fluorescence mode, enzymatic amplification is one of the most
powerful aspects of an immunoassay in a microfluidic device
for measuring protein biomarkers, as concentration can
rapidly increase in very small volumes and without relying on
mixing or long diffusion distances.

This journal is © The Royal Society of Chemistry 2017
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Silver enhancement is an amplification technique that
makes use of larger gold nanoparticles, which in theory are
easier to detect at low concentrations. This technique depends
on silver ions adhering to the surface of the gold nano-
particles. Gold has the capacity to catalyse the silver ions, redu-
cing these to silver atoms, promoted by electrons released
from the reducing molecules in solution around the gold
nanoparticles. Silver atoms have the same catalytic capability
as gold nanoparticles, and therefore successive layers of silver
atoms are deposited, thus increasing the particle size.'*®

There are no reports in literature of colorimetric micro-
fluidic immunoassays applied to sensitive protein biomarkers
quantitation without amplification, which is to some extent no
surprise. A microfluidic paper device was able to quantify
hCG, the pregnancy hormone, using only colloidal gold nano-
particles and a flatbed scanner as a readout system; however,
pregnancy tests LLoDs are much higher than cancer and
cardiovascular diseases LLoD tests.”” For example, PSA was
quantified on microfluidic platforms using colorimetric enzy-
matic amplification and smartphones with LLoDs of 3.2
ng ml™" (107 pM) for a PDMS device®® and 0.9 ng ml™" for a
MCF platform.””> CRP was quantified with a LLoD of 0.07
ng ml™" (0.6 pM), also based on colorimetric enzymatic ampli-
fication and a smartphone camera.”® The bio-barcode was able
to quantify PSA using silver-enhanced gold nanoparticles, with
a LLoD of 1.5 x 107> ng ml™* (5 x 10™* pM).**

Although colorimetric detection has been used successfully
for protein biomarker quantitation in microfluidic devices,
fluorescence is by far the most common detection mode used
for sensitive microfluidic immunoassays, as can also be seen
in Table 1. This is probably due to the fact that fluorescence
detection systems are intrinsically more sensitive, as they are
measured relative to the absence of light. Also, fluorescent
signals respond linearly to excitation light intensity, up to the
limit of quenching and photo-bleaching.'®® Fluorescence
occurs due to certain molecules, called fluorophores, that emit
light at a certain wavelength. For the emission to occur, fluoro-
phores need to absorb light at a different wavelength that will
excite electrons forcing them to move to a superior energetic
level. The excitation and emission wavelength depends on the
fluorescent molecule. Several microfluidic devices were able to
detect protein biomarkers without the need for further ampli-
fication, using fluorophores as assay labels. Although conju-
gating antibodies directly to fluorophores offers the possibility
of simplifying the assay procedure, these immunoassays use
expensive and bulky readout equipment. For instance, an
immuno-pillar platform was able to quantify CRP, a-AFP and
PSA with a LLoD of 0.1 ng ml™", using fluorophores (FITC,
Alexa fluor 555, and Dylight 649) directly conjugated to the
DetAb and an inverted fluorescence microscope.”” The CRP
detection, with a LLoD of 1 ng ml™" was performed by a micro-
fluidic assay using Alexa Fluor 647 and a fluorescence micro-
scope.*® Interleukin-8 and insulin were quantified in a micro-
fluidic immunoassay using Alexa fluor 488 and an epifluore-
scence upright microscope.’® IL-6 and TNF-a were quantitated
with a LLoD between 0.01 ng ml™* and 1 ng ml™" using
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phycoerythrin and a Bio-Plex 200 array reader as a readout
system.®® PSA was quantified with a 1.7 ng ml™' LLoD, in a
porous silicon substrate, using FITC and a confocal micro-
scope as a readout system.®”

Fluorescent scanners were also successfully used in protein
biomarkers quantitation with fluorescent signal detection
without further signal amplification. For example, TNF-a was
detected with a LLoD of 0.02 ng ml™" in a mosaic microfluidic
platform using detection antibodies directly conjugated to the
fluorophores Cy5 and Alexafluor 647.** PSA, TNF-a, IL-1f and
IL-6 were quantitated with a LLoD of 1 pg ml™" using the neutra-
vidin-conjugated fluorophores Dylight 488, 550 and 650.”°
Also, IL-6, IL-1p, TNF-o and PSA were quantified with LLoDs
between 4 and 30 pM with the fluorophores Alexa fluor 647,
phycoerythrin and Alexa fluor 546, directly conjugated to
DetAb.”® As expensive and bulky equipment is incompatible
with the product specifications of microfluidic POC diagnostic
tests, several studies used portable, low-cost and sensitive fluo-
rescent readout systems, capable of reading fluorescent
signals. For example, Tnl was quantified with a LLoD of 0.024
ng ml™" using detection antibodies conjugated with FITC (fluo-
rescein isothiocyanate) with a homebuilt readout system,

874 | Analyst, 2017, 142, 858-882

with dimensions of 10 x 7 x 7 em®, an LED (Nichia ultrabright
blue LED) for fluorescence excitation, an excitation and emis-
sion filter, a 10x objective and a detector (H9858 photosensor
module) (Fig. 6A).°° By using a smartphone, a portable black
UV light and a dichroic filter for illumination system, PSA was
quantified with a LLoD of 0.04 ng ml™" (Fig. 6B).*

Fluorescence was also detected with quantum dots nano-
crystals, with the quantum mechanical properties and exci-
tation confined to the nanocrystal. For example, CEA and
a-AFP were quantified with LLoDs of 3.5 (17.5 pM) and
3.9 (57.3 pM) ng ml™", using streptavidin conjugated to
quantum dots and an ICCD camera.'%®

Chemiluminescence is caused by a molecular reaction of
two (or more) ground-state molecules producing a final mole-
cule in an excited state. The energy in the reactants is trans-
ferred to the products, which are also excited while they are
being formed. Contrary to fluorescence, in chemiluminescence
there is no need for an excitation light source, which simplifies
the optics, which therefore makes it highly desirable for POC.
On the other hand, the signal has to be measured in the
absolute dark, similar to fluorescent measurements, with a
deep cooled camera. In general, chemiluminescence allows an

This journal is © The Royal Society of Chemistry 2017
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improvement in terms of higher sensitivity and lower LLoDs,
but the design of robust portable chemiluminescence detec-
tors is naturally challenging.

Chemiluminescence requires enzymatic signal amplifica-
tion (more commonly, HRP) and a chemiluminescent sub-
strate (the most common is Luminol), which adds one more
step to the microfluidic immunoassay compared to traditional
fluorescence. Several microfluidic devices use chemilumines-
cence for sensitive protein quantitation. For example, CRP and
Tnl were quantified using HRP with LLoDs of 8 x 10™* and
0.037 ng ml ™, respectively, measuring the chemiluminescent
signal with a homebuilt system, comprising a cooled PMT
module and a CCD camera.?® IL-4 and PSA (LLoDs of 2 x 10~*
ng ml™" and 0.016 ng ml ™, respectively) were also quantitated
based on chemiluminescence, HRP and a microplate fluo-
rescent reader.®” Insulin and IL-6 were also quantified by chemi-
luminescence, using biotinylated AP bound to streptavidin
magnetic beads and a photomultiplier tube.*> CEA was quanti-
fied with a LLoD of 0.041 ng ml~" with gold nanoparticles
functionalised with DNAzyme.*® Troponin T was quantified
with a LLoD in the range of 10 to 100 ng ml~" with HRP, using
a photomultiplier and an oscilloscope.’® Myoglobin, CK-MB,
Tnl and FABP were quantified with LLoDs of 1.2, 0.6, 5.6 and
4 ng ml™" respectively, based on chemiluminescence, with
HRP and a photodiode detector (Fig. 6C).*° AFP, cancer
antigen 125 and CEA were quantified with LLoDs of 0.06
ng ml™, 6.6 x 10’ ng ml™" and 0.05 ng ml ™", respectively, using
chemiluminescence with HRP and a luminescence analyser.®°

Other detection modes used for microfluidic protein quan-
titation involve non-optical detection modes, such as electro-
chemical detection, which is important for opaque substrates
and dense optical matrices.'*> These have reported PSA quan-
titation of 0.01 ng ml™" using glucose oxidase PSA conjugated
in a competitive assay and a custom built-in potentiostat as
the readout system.”® CEA and AFP were quantitated with
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LLoDs of 1 x 10~° ng ml™" using electrochemical detection
and an electrochemical analyser.>*

Label-free techniques based on refractive index changes of
magnetic beads attachment to a surface were able to quantify
Tnl with a LLoD of 0.024 ng ml™", using a total internal reflex-
ion biosensor and a CCD camera.** CRP was quantified with a
LLoD of 1.2 ng ml™", using Biacore surface plasmon reson-
ance.? Label-free techniques involve fewer steps and therefore
are usually faster to perform; however, they are not always as
sensitive as the labelled techniques, and very often they
require very expensive equipment. For example, a label-free
technique based on measuring the shifts in microring reson-
ance was able to increase the sensitivity from pg ml™" to
pg ml™" by amplifying the signal with streptavidin-coated micro-
beads (Fig. 7).>” On the other hand, some other technologies,
such as nanowire biosensors, present great potential for the
quantitation of protein biomarkers at POC settings, as these
can be cost-effective’® and allow sensitive detection without
labels.”**"*> It has been shown that silicon nanowires with a
primary antibody covalently bound to their surface enable the
detection of biomarkers by registering a change in the conduc-
tance, which is proportional to the amount of antigen
bound.'** Although nanowire sensors are in the early stage of
development, PSA and CEA were quantified with a LLoD of
9 x 10" ng ml™" in a multiplex assay using a nanowire sensor
with human serum samples."?”

Over 90% of the microfluidic immunoassays summarised
in Table 1 used complex, non-portable and expensive readout
systems to quantify protein biomarkers, with only a few studies
using microfluidic devices with a readout system comprising
low-cost optoelectronic components, such as a flatbed
scanner’’ or a smartphone.®®’® Although the use of equip-
ment for the quantitation of immunoassays is not compatible
with the ASSURED criteria, WHO’s policy is perhaps discon-
nected from the current reality in rapid technological progress.
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Fig. 7 Signal amplification impact on CRP assay sensitivity and dynamic range using a microring resonator. (A) Schematic and real-time data plot
showing the sequential addition of CRP, the biotinylated secondary antibody and streptavidin-functionalised beads on the microring resonators. The
red trace is 1 pg ml™* of CRP, while the blue trace is 0.01 pg ml™* of CRP. (B) A log-log calibration plot showing the response of the microring reso-
nators to varying concentrations of CRP using the three-step assay. Black squares indicate the initial slope of the primary binding (right axis), while
the red circles indicate the secondary antibody shift and the blue triangles indicate the bead shift (left axis).>” Reproduced from ref. 57 with per-

mission from the Royal Society of Chemistry.
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The cost of optoelectronic components has dropped massively
over the last decade®® and are now found in most portable
gadgets and home smart equipment. It is now possible to use
optical readout systems that are very low-cost or even disposa-
ble; one example, is the latest ‘digital’ semi-quantitative preg-
nancy test from ClearBlue."”

10. Importance of affordable
microfluidic manufacturing and
compact low-cost detection

Sensitive biomarker quantitation in microfluidic systems is
only possible by manipulating a complex interaction of effects
associated with the miniaturisation of the sandwich immuno-
assays and technological instrumentation available. These two
aspects have to be integrated in such a way that sensitive detec-
tion is enabled with cost-effective technologies, otherwise it
loses its POC applicability. The starting point of this inte-
gration is the manufacturing process selected for microfluidic
devices, which needs first of all to allow mass production, in
order to make it cost effective. Another aspect to consider is
the use of a compact low-cost detection mode without com-
promising sensitivity, which is important for the adoption of
technology for POC testing. This second aspect is also intrinsi-
cally linked to the manufacturing of microfluidic devices, as
non-opaque microfludic materials cannot be used for optical
detection, while auto-fluorescent materials will not achieve the
sensitivity required for the diagnostic of non-communicable
diseases based on fluorescence detection. In other words, the
optimisation of a microfluidic immunoassay ultimately
depends on the manufacturing technique selected and avail-
able, which sets the geometry and materials used, and ulti-
mately the economics, which in practice dictates the adoption
of the microfluidic POC test.

According to Becker,'*® the limited success of microfluidic
devices being commercialised is associated with underestimat-
ing the challenges of microfluidics manufacturing processes,
which are usually overlooked by the designers and people
working on the application areas. Becker'*® claims that there
are no technical barriers to build microfluidic devices;
however, to be able to compete with conventional solutions, a
thoughtful study of the design and manufacturing planning
must be performed. For example, the number of produced
units will influence the cost of the microfluidic device; there-
fore for low to medium volumes of manufacturing processes,
lower initial investments are preferred, such as elastomer
casting of soft polymers, including PDMS, and hot embossing.
These are the most popular manufacturing techniques used
within the academic environment. If a large volume of pro-
ducts is desired, for example, in the field of POC diagnostics,
injection moulding is more suited, although it requires a high
initial investment, but this is compensate for at high product
volumes with the low cost of the raw materials."*® The manu-
facturing techniques and materials used for the fabrication of
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microfluidic devices were critically reviewed by Waldbaur
et al.'*

An analysis of the manufacturing processes used in micro-
fluidics shows that most protein quantitation devices are fabri-
cated for small-scale production. Therefore, soft litography
and fast prototyping techniques are the most popular manu-
facturing processes used.???3%%%6:56,58,63767,69,75,78,80 hig g
certainly one of the reasons why microfluidics are still not
widely commercialised, as those techniques lack scalability,
yet alternative technologies are expensive with a complex man-
ufacturing process involving many steps. Nevertheless, some
microfluidic devices already use a scalable manufacturing
process adequate for the mass production of POC diagnostic
devices, such as injection moulding.****®>7° Several studies
developed the sensitive quantitation of protein biomarkers in
paper, due to the low cost of paper manufacturing.®®®*7° A
further innovative approach is the use of mass-manufactured
melt-extruded film for the quantitation of protein bio-
markers;”>”? whereby melt-extrusion is perhaps the most cost-
effective method for embedding microengineering features in
thermoplastics, and this technique allows fabricating several
kilometres of material per day with a single extrusion line,
sufficient to produce up to 1 million test strips.

11. Conclusions and future outlook

Microfluidic protein quantitation is a promising area for the
POC diagnosis of non-communicable diseases and severe
infectious, such as sepsis. Diagnosing these health conditions
requires the accurate quantitation of very small amounts of
biomarkers present in biological samples. The main challenge
for the successful commercialisation of POC microfluidic diag-
nostic tools is to combine a good sensitivity of the test with
low-cost manufacturing and affordable and compact signal
detection. Understanding the intrinsic science of immuno-
assays and miniaturisation is essential to overcome current
barriers.

The effective miniaturisation of immunoassays requires a
deep understanding of antibody immobilisation, biological
matrix interference, fluid control, surface passivation and
signal detection modes. These are fundamental aspects of
microfluidic immunoassays, and the interaction between all
these aspects should not be disregarded when it comes to
achieving the highly sensitive quantitation of protein bio-
markers. Microfluidic devices to date have used several
methods for antibody immobilisation, including passive
adsorption, which is common with plastic surfaces, covalent
binding, where silanisation seems to be the base of most of
covalent binding techniques, and a combination of the two
techniques together with some antibody-orientated tech-
niques, which are still not widely used. The covalent binding
of an antibody is the most popular method used for antibody
immobilisation onto the surfaces of microfluidic devices. Most
devices reported in the literature have reported data for the
detection in buffers or non-biological matrices that mimic bio-

This journal is © The Royal Society of Chemistry 2017
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logical samples in immunoassays; however, there is some
success in embedding structures within the microfluidic
device for plasma separation from whole blood samples.
Sample preparation remains one of the main challenges for
immunoassay miniaturisation; however, there is now a pre-
cedent in carrying out sensitive protein biomarkers detection
without sample preparation that used fluoropolymer microflui-
dic strips. Although relying on empirical rules, effective
surface passivation and washings are essential to yield very low
LLoD values.

Fluid control remains mostly performed by pumps, which
are instruments external to the chip, with reagents loaded
through pressure-driven systems capable of stopping the flow
during the incubation of reagents or performing multiple
assay steps.

The most common detection mode utilised is optical fluo-
rescence, which uses complex and expensive readout systems,
such as microscopes, flow cytometers or fluorescent scanners.
Signal amplification is often used in microfluidic protein bio-
marker quantitation and is usually related to the detection
mode and readout system. With the rapid decrease in the cost
of optoelectronic components, now is the ideal moment to
implement more effective and affordable optical interrogation
strategies in microfluidic tests that do not rely on expensive,
bulky and ultra-sensitive detection equipment.

The seven core technical aspects discussed in this review
(antibody immobilisation, surface area, surface passivation,
sample preparation, fluid control, signal detection and afford-
ability of both manufacturing and the detection system)
should be considered much earlier during the development of
novel microfluidic devices for protein biomarker measurement
through applying a highly integrated approach. The unmet
medical need or specific application should feed the technical
specifications, and not the other way round. Sensitivity can
potentially be achieved in many different ways; however, scal-
ability and effective product adoption will require several tech-
nical compromises that clearly are not yet being met by the
majority of microfluidic tests under development. Overall,
microfluidics research appears to be still at the very early stage
of demonstration; there is some success in demonstrating the
possible of quantifying proteins ‘on a chip’ in academic
environments; however, most technological solutions currently
being explored remain somehow disconnected from the indus-
trial and societal realities. This is well illustrated by the large
amount of microfluidic devices that rely on expensive and
bulky external pumps and expensive and non-portable readout
systems for the immunoassay quantitation of protein bio-
markers. In addition, most microfluidic devices are manufac-
tured by prototyping techniques, instead of easily scalable
manufacturing processes.

The future of microfluidic protein biomarker quantitation
should involve the development of manufacturing techniques
that use low-cost raw materials and designs that are more
easily scalable. Also, simplifying the immunoassay procedure
without compromising the sensitivity opens up the possibility
of eliminating external powered instruments, such as pumps

This journal is © The Royal Society of Chemistry 2017
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and microscopes. This has to be achieved by the proper inte-
gration of all the microfluidic immunoassays aspects, so that
the end product is a commercially viable POC device. For
example, adding a signal amplification step to a POC test might
eliminate the need to use an expensive readout system, while
eliminating sample preparation has the potential to reduce the
complexity and cost of the microfluidic diagnostic tests.

A better understanding of miniaturised immunoassays is
essential for designing and planning the future manufacturing
of microfluidic devices for sensitive POC diagnostics to enable
them to contribute to earlier diagnostics and to support a
reduction in the number of deaths from chronic diseases,
such as cancer and cardiovascular diseases, around the world.
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