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A microfluidic immunoassay platform for the
detection of free prostate specific antigen:
a systematic and quantitative approach†

Narayanan Madaboosi,‡a Ruben R. G. Soares,‡a,b Virginia Chua and
João Pedro Conde*a,c

As a leading cause of cancer-related deaths in men globally, prostate cancer (PCa) demands immense

attention for theranostic purposes. There is an increasing need for the development of rapid, sensitive,

economical, miniaturized and multiplexable assays. Towards this goal, we present a systematic approach

for the optimisation of a microfluidic sandwich immunoassay, which can be applied as a generic biosen-

sor platform for PCa detection. Prostate specific antigen (PSA) was used as the model biomarker, and its

free form was captured using commercially available antibodies and detected using chemiluminescence,

both in spiked buffer and matrix solutions. Along with the optimisation of surface chemistry and microflui-

dic parameters, we report a bio-affinity amplification strategy based on biotin–streptavidin chemistry to

bring the limits of detection for free-PSA from 21.4 ng mL−1 down to 2.7 ng mL−1, within the clinically

relevant range. An estimate of the surface coverage and simulations of the interactions taking place in the

microfluidic biosensor during the assay are also presented. This novel platform using a simple passive

adsorption-based bio-affinity strategy, when coupled with multiplexing and integrated detection, can

serve as a promising point-of-care diagnostic tool for PCa.

Introduction

In the clinical and biomedical arenas, there is an urgent need
for accurate diagnosis and prognosis of prostate cancer (PCa).
In the West, PCa is the most common non-cutaneous malig-
nancy and the second most common cause of cancer-related
deaths among men.1 PCa in either its aggressive or indolent
forms demands diagnostic accuracy2 to ensure proper treat-
ment or to avoid overtreatment, respectively. For this purpose,
PCa biomarkers and their quantification become relevant.

PSA, an androgen-regulated 33 kDa serine protease (kallik-
rein-3) secreted by the epithelial cells of the prostate, was
approved by the US FDA in 1986 for PCa monitoring and later
in 1994 for widespread screening, thus becoming the foun-
dation of early PCa detection and management.3 However,
although PSA is currently the golden standard for PCa diagno-

sis and has revolutionized the way PCa is diagnosed and
treated around the world, it is not without its drawbacks
among which include false positives due to elevated PSA levels
from non-cancerous prostatitis, benign prostate hyperplasia
(BPH) or diet alterations and an inability to distinguish
between stages of PCa. Refinements to PSA tests, aimed at
improving the operating characteristics of PSA-based assays,
such as total PSA (tPSA) (sum of free unbound PSA (fPSA) and
bound PSA complexed predominantly to the α-1-antichymo-
trypsin (PSA-ACT)) assay,4 percentage free PSA test (allowing
discrimination between PCa and BPH),5 equimolar tPSA assay
(measurement of immunologically detectable forms of PSA on
an equimolar basis to avoid preferential detection of fPSA)6

and prostate health index (calculated from a combination of
tPSA, fPSA and a truncated PSA isoform)7 drive the PSA
measurements, especially in the ‘gray zone’ (4–10 ng mL−1), to
the roads of effective PCa diagnosis and treatment. The
measurement of fPSA becomes essential for calculating all of
the above-mentioned values, thus underlining the significance
of its accurate quantification.

Classical PSA quantification for clinical tests is based on
the microtitre plate enzyme linked immunosorbent assay
(ELISA). These assays have long incubation times, voluminous
use of reagents, need for trained personnel and difficulty in
implementing at point-of-care.8,9 At the other end, lateral flow
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based assays, based on colorimetry10 or fluorescence,11 suffer
from quantitative limitations, thus widely remaining qualitat-
ive.12 Modified methods such as nanoparticle based time-
resolved fluorescence, multianalyte ELISA and microcantilever
assays involve complexities like particle modification steps,
large microtitre plate volumes and complex equipment,
respectively.13–15 In this context, microfluidics offers advan-
tages such as economy of reagents, shorter analysis times,
precise control over the concentration of molecules both in
space and time, higher analysis throughput, ease for inte-
gration and portability for point-of-care (PoC) measurements,
amongst others.16 With these benefits, microfluidics-based
biosensors hold promise for biomedical research, in general17

and future PoC cancer diagnosis, in particular.18

Antibody (Ab)-based biosensors have transformed diagnos-
tics in PoC clinical settings, including for PSA.19,20 However,
previous studies targeting the detection of PSA using micro-
fluidic immunoassays either required extra processing of pre-
paratory components,21,22 complex integrated units, massive
external read-out systems23 or stringent surface chemistry such
as covalent modification.24 Other studies aiming to detect
related cancer biomarkers like IL-6 required the use of an
external magnetic field, covalent surface modification, etc.25,26

Results indicating that Ab immobilisation via an appropriate
physical adsorption can effectively replace the more complex
processes involved in covalent immobilisation provide moti-
vation for a simpler assay.27 In this work, we exploit the strep-
tavidin–biotin chemistry, based on the extremely high affinity
of streptavidin towards biotin (dissociation constant (Kd) of
4 × 10−14 M). Each streptavidin has the ability to bind four biotin
molecules and the bond is formed rapidly, thus proving advan-
tageous for the short interaction times desired in microfluidics
and once formed it is unaffected by extremes of temperature,
pH and even denaturing agents; also, such a combination yields
convincingly good signals when conjugated with chemilumines-
cent tags like horseradish peroxidase (HRP) or alkaline phos-
phatase.13,28,29 Based on this, we took advantage of building a
network of streptavidin–biotin molecules, linked suitably to the
antibodies, in order to amplify the signal in the assay system.

As a whole, surface chemistry and its modification play a
key role in deciding the efficacy of any biosensor based immu-
noassay.30 Knowledge about relative surface coverage and Ab
orientation on one hand,31,32 and the transport of molecules
to the sensor surface and binding equilibrium on the other
hand33 are key to optimising sensitivity and specificity. This
means that the over-all performance of an immunosensor
results from a multi-parametric system ranging from surface
functionalization, Ab orientation and density on the sensor34

to analyte delivery, washing and detection.35 For these reasons,
a careful and clear optimisation of these parameters needs to
be performed for validation of the immunosensor. Although
there are studies in the literature reporting the effect of
different parameters on microfluidic immunoassays, a systema-
tic approach simultaneously delineating and integrating the
effects of the surface, microfluidic as well as immunological
parameters, the tailoring of which leads to an enhancement in

the sensitivity, is novel. In this work, we present a microfluidic
sandwich immunoassay for fPSA detection by systematically
analyzing the critical components of the immunoassay based
on simple passive adsorption only and achieve a ten-fold
decrease in the limits of detection (LoD) using the bio-affinity
amplification based on streptavidin–biotin chemistry.

Methods
Fabrication of PDMS microchannels

The polydimethylsiloxane (PDMS) microfluidic structures were
fabricated using a soft lithography process. The process for the
fabrication of the lithography mask, the SU-8 mold and the
PDMS structures is described elsewhere (Soares et al., 2014).36

In summary, the patterns of an aluminium mask were litho-
graphically transferred to SU-8 (Microchem, Newton, USA), a
negative photoresist with UV exposure and development in
propylene glycol monomethyl ether acetate (Sigma-Aldrich,
Portugal). The patterned SU-8 serves as a mould for the sub-
sequent reproduction of structures in PDMS. The PDMS struc-
ture (with microchannel width, w = 200 µm, height, h = 20 µm
and length, l = 1 cm) and the cleaned glass substrate were
sealed by subjecting both of them to UV-ozone treatment for
6 min at 28–32 mW cm−2 (UVO cleaner 144AX, Jelight
Company Inc., CA, USA) for surface oxidation. The surface oxi-
dized PDMS and glass substrates were then brought together
and gently pressed to ensure bonding. After a day, the micro-
fluidic devices are permanently sealed and ready to be used
for the immunoassays. For nanospotting experiments, the
sealing was done by exposing the PDMS device containing the
microfluidic structures, opened to air, to a hand-held corona
discharge generator (Corona Treater BD20AC, Electro-Technic
Products, IL, USA) for 30–45 s at a distance of about 0.5 cm to
make their surfaces hydrophilic.

Microfluidic sandwich immunoassays

Phosphate buffered saline (PBS) tablets (P4417), human serum
albumin (HSA) (A9511), bovine serum albumin (A2153), biotin
labelled bovine albumin (Biotin-BSA) (A8549), streptavidin
(S4762), mouse IgG (I5381), rabbit IgG (I5006), goat IgG
(I5256), rabbit anti-mouse IgG-horseradish peroxidase (HRP)
(A9044), goat anti-rabbit IgG-HRP (A6154), rabbit anti-goat
IgG-HRP (A5420), and goat anti-mouse IgG-fluorescein isothio-
cyanate (FITC) (F0257) were all purchased from Sigma-Aldrich,
Portugal. BSA-FITC (A23015), streptavidin-FITC (SNN1008), and
streptavidin-HRP were purchased from Invitrogen Life Techno-
logies (MA, USA). PSA from human semen (30C-CP1017P) was
obtained from Fitzgerald (MA, USA). Luminol, Pierce (Super-
Signal® West Femto Substrate Trial Kit 34094 and SuperSignal
West Pico 35065) was used as purchased from Thermo Scienti-
fic, Portugal. IL-6 protein (ab101044) was obtained from Abcam
(Cambridge, UK). In addition, the set of antibodies were also
purchased from Abcam (Table 1).

The solutions were prepared using ultrapure water,
obtained using a MilliQ purification system from Millipore
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(MA, USA). All the antibodies were diluted in PBS filtered
through a 0.2 µm syringe filter (Whatman GmbH, Germany).
Metallic plug adapters for the microchannel and capillary
tubing (BTPE-90) were purchased from Instech Solomon (PA,
USA). 1 mL syringes were from CODAN, Germany. The liquid
flow in the microchannel was controlled using a NE-300
syringe pump from New Era (NY, USA).

The individual schemes for the sandwich assays are
explained along with the figures. Briefly, as described by
Madaboosi et al.,37 the capture Ab was adsorbed on the
channel, followed by blocking with 4% (w/v) BSA diluted in
PBS, then flowing the PSA spiked solutions and finally the
detector Ab. Suitable modifications are made when the biotin–
streptavidin combination is used for amplification-based
experiments. Unless mentioned, the reagents were flowed at a
rate of (Q) = 0.5 µL min−1 for 10 min, and PBS for rinsing at
Q = 5 µL min−1 for 1 min. For luminol, Q = 5 µL min−1 was
used as well. The capture and detector Abs were used at a con-
centration of 100 μg mL−1, streptavidin also at a concentration
of 100 μg mL−1, biotin-BSA at a concentration of 200 μg mL−1

and streptavidin-HRP at 100 μg mL−1.

Nanospotting of antibodies in PDMS microchannels

The mouse IgG and Ab10187 antibodies were spotted on
PDMS microchannel surfaces as detailed by Novo et al.38 A
non-contact spotter (Nanoplotter NP2.1, GeSiM, Germany) was
used to spot the Ab solutions with a piezoelectric pipette (with
a capacity to dispense single droplets with volumes down to
∼56 pL) mounted on a computer controlled stage, allowing the
precise alignment of the spot inside the microchannel. The
total number of times a droplet solution was dispensed at a
particular location determines the diameter and the amount
of Ab at that spot. The temperature was fixed at 16 °C and
humidity was adjusted to near the dew point to increase the
evaporation time of the droplets, ensuring homogeneous
drying.

Image acquisition and analysis

A fluorescence microscope (Leica DMLM) connected to a
digital camera (Leica DFC300FX) was used for imaging the
microchannels and recording the signal. Optical micrographs
of the fluorescence signal from the microchannels were

obtained with an exposure time of 1 s and 2× optical gain. The
chemiluminescence signal was recorded with an exposure
time of 10 s and 10× optical gain, all in a dark background.
The acquired images were analysed using ImageJ software
(National Institutes of Health, USA). The values correspond to
the average measurements from three independent experi-
ments, and with three regions of interest in each of the experi-
ments, after subtraction of the background signal.

Results and discussion

The control of the surface chemistry in the microchannels is
shown via generic Ab measurements on the treated surface.
Nanospotting experiments are used to validate these measure-
ments by allowing a correlation of the measured signals with
those obtained using known quantities of PSA-specific anti-
bodies. After analyzing the surface characteristics, a systematic
study of the other assay parameters such as microfluidic con-
ditions (flow rate, incubation time, rinsing, etc.), specificity
tests using relevant antibodies, together with the needed
immunological controls, and the proof-of-concept for a PSA
measurement in matrix solution are presented. Measurements
with fPSA, with and without amplification, highlight the need
for a bio-affinity based strategy to bring down the LoD towards
the clinical regime. Finally, a theoretical note on the para-
meters influencing the control over the molecular interactions
in the microchannel on the surface and the binding kinetics is
added, acting as a complement to validate this systematic
approach and provide insights over the physical and chemical
aspects governing the assay.

Terminologies and concepts

The experiments were performed in a microfluidic channel
and fluorescence mode of detection was used for the studies
helping to understand the surface chemistry and other optimi-
sation experiments. The dimensions of the microchannel used
and the terminologies for the relevant microfluidic as well as
surface characteristics to be discussed in the later sections are
listed and described in Table 2.

Briefly, for a sandwich assay that has been optimized in
this work, ‘probe’ refers to the capture Ab molecule that is

Table 1 List and description of PSA-specific and other antibodies used in the study

Product Catalogue no. Epitope Remarks

Anti-PSA Ab [8A6] Ab10187 1 Used as capture Ab for fPSA assays
Anti-PSA Ab [PS2] Ab10189 3 Used as capture Ab for both fPSA and equimolar total (emt)-PSA assays
Anti-PSA Ab [5A6] Ab10185 5 Used as capture Ab for both fPSA and emt-PSA assays
Anti-PSA Ab [5A6]-HRP Ab24466 5 Used as a detector Ab for chemiluminescence-based PSA assays
Anti-PSA Ab [5A6]-FITC Ab178776 5 Used as a detector Ab for fluorescence-based PSA assays
Anti-PSA Ab [PS2]-Biotin Ab182030 3 Biotinylated Ab used in amplification PSA assays with Ab10187/85 as capture Ab
Anti-PSA Ab [5A6]-Biotin Ab182031 5 Biotinylated Ab used in amplification PSA assays with Ab10187/89 as capture Ab
Anti-PSA Ab Ab76113 — PSA specific rabbit monoclonal Ab
Anti-IL6 Ab Ab9324 — Mouse monoclonal used as capture Ab for IL6 specificity control assays
Anti-IL6 Ab-Biotin Ab84251 — Rabbit polyclonal used as detector Ab for IL6 specificity control assays
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immobilised on the surface, ‘analyte’ is the protein of interest,
fPSA in this case, that is being captured by the immobilised
probe and ‘detector’ is another Ab molecule that is specific to
an epitope, different from the one that is recognized by the
capture antibody, usually tagged with a fluorescent or chemi-
luminescent label, enabling microscopic detection. The
optimisation experiments are done using generic mouse or
goat anti-IgG antibodies, the conditions of which are extrapo-
lated to PSA specific antibodies in the study. ‘Blocking’ refers
to steps where non-PSA protein molecules like BSA are used to
fill-in the empty regions of the microchannel after the previous
probe adsorption step, in order to decrease the signal emer-
ging from non-specific adsorption. ‘Washing’ refers to the
flowing of PBS inside the microchannel, usually done intermit-
tently between every individual step of the immunoassay, and
also after the final step (usually to remove the unbound and
loosely bound molecules from the surface).

Control over surface chemistry

Concentration of the immobilisation probe. First, the con-
centration of immobilised Ab is optimised to saturate the
surface, so that the probe density on the surface can be esti-

mated. To find the optimal conditions to allow the saturation
of the substrate in the PDMS structure (also ensuring surface
coverage as a monolayer, reproducible between experiments),
two approaches were used: (i) a direct measurement, where
FITC-labelled α-mouse IgGs were flowed at various concen-
trations, and (ii) an indirect measurement, where unlabelled
α-mouse IgGs were first flowed and the surface saturation was
indirectly measured by flowing FITC-labelled BSA. In the
former case, the amplitude of the signal obtained directly cor-
relates with the surface covered by the labelled antibodies and
in the latter case, the signal is inversely proportional to the
surface covered by the antibodies (the reason being the higher
the number of Ab molecules that cover the surface, the lower the
number of labelled BSA molecules that can bind to the free
space and vice-versa). The results for both the direct and indirect
measurements are shown in Fig. 1. It can be observed that the
signal from the direct measurement increases with the Ab con-
centration, while that for the indirect measurement decreases.

The different possible orientations of Abs and the influence
of concentration not only on their adsorption but also on the
assay underline the need for optimizing the concentration for
an immunoassay.32 In this context, from Fig. 1, an Ab concen-
tration of 100 μg mL−1 would yield a surface completely satu-
rated with Abs, as above this level the curve reaches a plateau.
The use of concentrations of probe molecules above the satu-
ration point could result in coverage in excess of a monolayer
and there are reports that suggest that in this situation Abs
adsorb onto and block others on the surface, rendering their
binding sites less accessible.31 Hence, to remain in the regime
where such a masking effect does not occur and simul-
taneously ensuring adequate probe coverage for analyte
binding, we choose 100 μg mL−1 as the probe concentration
for the assays. As orientation is a function of surface coverage
and can also significantly improve the analyte binding signal,

Table 2 Optimisation and associated assay conditions for fPSA
detection

Parameter Value Notes

(a) Channel dimensions Relates to the dimensions
of the microchannel

Wc 200 µm Width
H 20 µm Height

(b) Dimensions of the sensing
area

Relates to the effective area
of the channel functionalized
with probe molecules

Ws 200 µm Width
L 3000 µm Length
λ 150 Aspect ratio (L/H)

(c) Surface coverage Defines the interaction between
the incoming analyte molecules
and the available probes

bm 1.5 × 1011 cm−2 Probe surface density
NR 9 × 108 Effective number of probes bound

to the surface
Kd 1.75 × 10−8 M Dissociation constant, relating

to the binding (kon) and unbinding
(koff) events of the analyte with
the probe (Ab10185)

(d) Assay conditions Defines the microfluidic conditions
optimized in order to perform
the fPSA assay

Co 38 pM to 38 nM Initial analyte concentration
flowing through the microchannel
(1–1000 ng mL−1 PSA)

Q 0.5 µL min−1 Flow rate inside the microchannel
t 10 min Time of incubation of the molecules

in the microchannel
D 8.5 × 10−7 cm2 s−1 Diffusion coefficient of the analyte

in solution
MW 26 079 Da Molecular weight of the analyte39

Re 0.076 Reynolds number (≪1, laminar
flow conditions)

Fig. 1 Optimisation of the surface concentration of immobilisation
antibodies for the immunoassay. Filled squares show values from direct
measurements, where the FITC-labelled IgGs are directly adsorbed on
the surface, and open circles show values from indirect measurements,
where unlabelled IgGs are first adsorbed on the surface and then
measured using FITC labelled BSA. The schematics for the assay are also
given as an inset. It can be noted that the signal from the surface satu-
rates with 100 μg mL−1 of the antibody concentration.
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the capture antibody concentration was kept constant for
other experiments performed in the study. Another point to be
noted is that in the case of the indirect measurement, there is
still a considerable signal from BSA-FITC even in the plateau
regime of the curve, indicating that a monolayer condition is
not reached and there still exists enough free space on the
surface for the BSA-FITC binding. Although the studies have
been performed on PDMS microstructures sealed to a glass
substrate, the results can be extended to PDMS substrates as
well, since the surface coverage for these two surfaces is com-
parable in terms of the signal obtained (ESI, Fig. S1†). From
this analysis it can be concluded that while the physisorption
based strategy is versatile and easy to perform, it tends to
require higher concentrations of the capture antibody to
achieve comparable surface densities, in comparison with pre-
viously reported chemical based40 or affinity based24 strategies
with concentrations in the range of 4–16 or 2 ng mL−1 respect-
ively. Nevertheless, for immunoassays developed in microflui-
dic environments, the reagent volumes required per analysis
should compensate for this limitation in terms of cost.

Relative surface coverage of the immobilised probe. Nano-
spotting was used to determine the relative surface coverage of
the immobilised probe on the surface. This method was
chosen as it is robust and allows precise deposition of a con-
trolled volume and amount of Abs on the surface using a com-
puter-controlled spotter.38 The antibody is loaded on a nano-
or a pico-tip that creates spots on the surface by dispensing
the solution in a non-contact mode, thus allowing the fabrica-
tion of the desired matrix of precisely placed Ab spots using
volumes of solutions in the nL or pL range. Calibration of
FITC-labelled α-mouse IgG by fluorescence microscopy was
used for determining the surface density of the adsorbed Abs.
Labelled α-mouse IgGs were spotted in the microchannel at
varying concentrations. The fluorescence resulting from FITC
labels was measured in the spotted areas and the total number
of Abs immobilised (by physical adsorption) per unit area was
then calculated (a correlation between the total number of
IgGs in the spot and the intensity from the spot can be deter-
mined, as the initial concentration of the Ab in solution and
the spotted volume are known). In addition, a linear depen-
dence of the average fluorescence intensity as a function of the
spotted antibody concentration can also be obtained (ESI,
Fig. S2†). Fig. 2 shows the correlation between the fluorescence
signal measured in the spots and the relative surface coverage
of α-mouse Abs, which can be used to estimate the surface
density of the molecules used in the PSA-specific experiments.
The inset in Fig. 2 and the associated dotted lines show the
relative surface coverage values when PSA-specific Ab such as
Ab178776 is used, at the same concentration optimized in the
previous section. The microchannel was prepared according to
flow conditions described in the Methods section and the
inset image shows only one surface of the structure. The
surface density values are in agreement with those obtained by
Novo et al.,38 using the same α-mouse Abs, where it has been
suggested that the experimental saturation value of the probe
Ab surface density is at 30% of its maximum capacity. The

spotted area is estimated at ∼2.3 × 10−4 cm2. The calculated
area occupied by a single Ab molecule, assuming a hydrodyn-
amic radius (RH) of 5 nm, gives an area of ∼9.5 × 10−13 cm2;
this surface area occupied by the Ab, although dependent on
its orientation, could be enhanced for increased adsorption
using appropriate surface chemistries. A theoretical monolayer
threshold, based on the Ab dimensions and obtained spot
areas, is also indicated in Fig. 2, where the shaded region cor-
responds to a threshold band, considering the possible upper
and lower limits for the hydrodynamic radii relevant for Abs.41

Enhancements either by engineering the Abs for increased
adsorption20 or by employing suitable strategies (physical,
chemical or kinetic) to tailor the immobilisation33,34 might
help in moving towards this threshold band even at relatively
low concentrations in solutions.

After establishing the relationship between the surface
density and the corresponding fluorescence signal, the anti-
PSA (α-PSA) Ab spotted microchannels were sealed using corona
and a complete sandwich experiment was performed. The α-PSA
antibody was spotted using the optimized humidity (60%) and
glycerol (5%, v/v) conditions and a clear difference between
the control (containing no PSA) and the sample (containing
100 ng mL−1 of PSA) was noticed (ESI, Fig. S3†). The sealing
was performed using the corona method and not UVO as for
the other experiments, in order not to destroy the spotted pro-
teins in the open microchannel. By using the corona discharge
treater, the electrical discharge can be directed away from the
spots while with UVO, the full channel would be exposed to
the UV ozone. Nevertheless, corona and UVO sealing result in
the same final absolute signal after adsorbing FITC labelled
antibodies under flow conditions, thus providing comparable
surface densities (ESI, Fig. S4†).

Fig. 2 Nanospotting of α-mouse IgGs to estimate the surface density. A
correlation between the photoluminescence (PL) signal obtained using
the microscope and the IgG surface density is established from the
nanospotting experiment. The inset figure shows the optical micro-
graph of a microchannel adsorbing FITC labelled α-PSA antibody at
100 μg mL−1. The dotted lines relate to the PL signal obtained from the
channel and the corresponding surface coverage. The shaded region
represents the calculated theoretical monolayer threshold for IgGs on
the surface.
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Optimisation controls for fPSA detection

Before performing the complete fPSA assay, the individual
steps in the microfluidic assay were checked for specificity and
cross-reactivity, both being critical parameters when using an
immunoassay for biomedical detection.35 Fig. 3 summarises
the control experiments for fPSA assay.

Fig. 3 shows that when only the probe Ab was adsorbed on
the surface, there was no signal from the microchannel upon
flowing of the substrate (1) as there is no chemiluminescent
tag attached to the molecule, while the adsorption of only the
detector Ab labelled with HRP shows an elevated signal as
seen in (2). When the surface was blocked with BSA and then
the HRP-labelled detector is flowed, the microchannel showed
almost no signal (3), comparable to that obtained in (1), indi-
cating effective blocking. The blocking molecule (such as BSA
alone or casein alone or a mixture of both) as well as the time
of incubation of the blocking molecule in the microchannel
(5 min or 10 min) do not influence the final signal (ESI,
Fig. S5†). Hence, 4% BSA flowed for 5 min, to reduce the over-
all assay time, was chosen as the appropriate blocking con-
dition for the microfluidic immunoassays. After checking the
blocking effect, the signal resulting from non-specific adsorp-
tion was checked. For this, the capture molecule was adsorbed
on the surface, followed by the HRP-labelled detector Ab,
without any blocking in between. As expected, this gave rise to
a high signal (4) corresponding to the non-specific adsorption
of the detector molecules in the free space available in the
microchannel, both on the sensing surface as well as to the
walls of the microchannels, in the absence of blocking.
However, when a blocking step is introduced between the flow
of the capture and the detector Ab molecules, the signal is
drastically reduced (5), being only slightly higher than that in
(3). This signal from (5) also corresponds to the signal arising
due to the cross-reactivity between the capture and the detec-

tor Ab molecules used in the study. A complete sandwich
experiment, with the capture Ab adsorbed on the surface, fol-
lowed by blocking, then flowing the analyte and finally the
detector Ab molecule, with intermittent washing at the end of
every step, was performed to establish the difference between
the control (zero concentration) (6) and a finite concentration
of the analyte (7). The slightly higher signal in (6), which is
basically the same assay as (5) but with an extra 10 min of
washing (0 ng mL−1 PSA corresponds to just flowing PBS
buffer), suggests the possibility of erosion of certain molecules
(including BSA) upon prolonged incubation. In this context,
incubation and flow rate become critical for an immunoassay,
and in the current study the capture and detector Ab mole-
cules, as well as the analyte are flowed at a rate of Q = 0.5 μL
min−1 for 10 min, with intermittent PBS wash at a tenfold
higher flow rate for a minute. Tests were conducted to confirm
whether or not there is erosion of certain molecules during the
incubation and washing steps. It was observed that while the
drop in fluorescence for microchannel surface adsorbed anti-
mouse FITC and BSA-FITC was negligible for the relatively
short times of washing used (4 min), after 55 min of incu-
bation, the fluorescence of anti-mouse FITC drops approxi-
mately 20%, while the BSA-FITC remains unaffected (ESI,
Fig. S6†). The flow rate for blocking remains the same as that
of the other molecules, but with half the incubation time,
namely 5 min as described before (ESI, Fig. S5†).

In addition to the flow rate and incubation time that play a
key role in the microfluidic surface reactions,42 attention
needs to be paid to the washing steps, as inadequate washing
might result in a non-specific signal from weakly bound mole-
cules and excessive washing might result in the erosion of the
desired molecules, as described previously. In addition, the
buffer used for washing also becomes relevant, as the salt
content and concentration influence the adsorption and sub-
sequent reactions, governed by the charge overcompensation

Fig. 3 Optimisation of fPSA detection by systematically delineating the individual assay steps. (1) Adsorption of probe α-PSA Ab (Ab10187) on the
surface. (2) Adsorption of detector α-PSA Ab-HRP (Ab24466) on the surface. (3) Blocking the surface with 4% BSA, followed by the adsorption of
detector α-PSA Ab-HRP. (4) Check for non-specific adsorption by flowing the probe antibody and then the detector antibody used for the fPSA
assay. (5) Cross-reactivity check between the capture and detector antibodies, by the adsorption of capture α-PSA Ab, followed by BSA blocking and
then flowing detector α-PSA Ab-HRP. (6) A sandwich experiment with 0 ng mL−1 of fPSA. (7) A sandwich experiment with 100 ng mL−1 of fPSA, rep-
resented as a star – sandwiched between the capture and detector antibody.
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and masking effects.27,43 In this study, PBS with a phosphate
ion concentration of 10 mM was used for both dilution and
washing of the molecules (ESI, Fig. S7†). The pH of the solu-
tions was maintained under neutral conditions, as for PSA-
specific Abs, the highest antigen binding efficiency was
reported close to neutral pH, hence proving critical for mole-
cular recognition.27 Next, stringent specificity is crucial to
ensure accurate discrimination among the abundance of bio-
molecules found in a sample.30 To check the specificity of the
molecules used for the chosen immunoassay, IL6, a cytokine
and another promising biomarker for PCa, also detected in
serum,1,44 and IL6-specific Abs were stringently chosen. It was
noticed that neither the fPSA Ab cross-captured the IL6 nor
was the fPSA detected using IL6-specific Abs (ESI, Fig. S8†),
thus validating the specificity of the chosen analyte–Ab pairs.

Fig. 4 shows the effect of a biological matrix on the signal
obtained from a fPSA sandwich experiment. Since the assays,
when extended to PoC, would require measurements in bio-
logical matrices, experiments were performed with a 4%
human serum albumin (HSA) solution (since human serum
contains albumin as the major constituent protein) to
compare with the spiked buffer solutions. As can be seen from
the graph, the ratio of the signal from the sample, corres-
ponding to 100 ng mL−1 of fPSA, to that of the control remains
almost the same for both the PBS and HSA tests. The observed
drop in the absolute chemiluminescence value might be
related to the higher viscosity inherent to increased albumin
concentrations, which may pose constraints to the effective
diffusivity of the PSA molecules from the bulk of the solution
to the surface of the microchannel. Nevertheless, based on the
similarities in the obtained ratios, the actual assays were
further conducted in solutions with fPSA spiked in PBS.

Bio-affinity amplification-based fPSA detection

After optimizing the assay parameters using a systematic
approach, the goal was to detect fPSA in a clinically relevant

range using the microfluidic sandwich immunoassay. Fig. 5
summarises the assay design and the results obtained for fPSA
detection. (I) represents the sandwich assay without amplifica-
tion, where the analyte is captured between the probe
(Ab10187) and the detector Ab (Ab24466). The results of this
approach are represented in Fig. 1 by the open circles. The
LoD of this approach was approximately 21.4 ng mL−1, slightly
above the ‘gray zone’ (4–20 ng mL−1) of the clinical regime.1,37

Hence, it was necessary to push down the values of LoD in
order to be able to detect lower levels of fPSA that could be
used in PCa diagnostics.

To achieve lower values of LoD with this sandwich assay, we
developed an amplification strategy to be employed at the
detector end of the assay. The bio-affinity of streptavidin–
biotin was exploited for this purpose, thanks to the high
specific activity of streptavidin that helps in improving the
assay sensitivity. When the analyte is captured by the immobi-
lised probe Ab, instead of directly detecting the captured
analyte using a labelled detector Ab (such as Ab24466 or
Ab178776), we introduced a network of streptavidin and biotin
that binds to the biotinylated detector Ab specific for PSA
(such as Ab182031 or Ab182030). In this assay, we used a
network comprising of pre-incubated unlabelled streptavidin
and biotinylated BSA (owing to the very small molecular
weight of biotin, a conjugated version was employed for the
assay), which is then bound to HRP-labelled streptavidin to
enable chemiluminescence detection. Based on the high
affinity of the streptavidin–biotin complex as well as on the
high number of biotin binding sites available in the network,
a considerable decrease in the LoD with such amplification
was noticed. In Fig. 5, the triangles show that using the ampli-
fication strategy with Ab10187 as capture Ab, an LoD of 5 ng
mL−1 could be reached (although with a high background
signal); with a change in capture Ab to Ab10185 (stars in
Fig. 5), the LoD value was further decreased to 2.7 ng mL−1,
thus approaching the clinical window for PSA detection. Inter-
estingly, our previous studies with SPR for a sandwich
immunoassay model using the same set of antibodies indicate
that despite nearly identical dissociation constants for both
Ab10187 and Ab10185, kinetic parameters of binding revealed
a ten-fold higher kon and a ten-fold lower koff for Ab10185.45

Thus, in principle, Ab10185 should yield lower LoD values
than Ab10187 when used in a sandwich assay to capture the
analyte, and this is indeed what is observed in the
present results (with an almost 50% reduction in LoD with
Ab10185 compared to Ab10187). On the whole, the associated
changes in kinetic properties of the molecules used and the
assay design (with systematic optimisation of the surface as
well as microfluidic parameters) brought a ten-fold decrease in
LoD. The decrease of the LoD using an altered Ab also
suggests at the potential of further gains in sensitivity with
Ab engineering based on their kinetic parameters.20,33 Further-
more, the critical importance of surface engineering must be
balanced with the considerations of the kinetics of the chosen
molecules to maximise molecular recognition and biosensor
sensitivity.

Fig. 4 Matrix effect. Measurements of fPSA, along with the control,
spiked in PBS and 4% human serum albumin. The ratio of the sample to
the control remains almost a constant in both the buffer and the matrix
solutions.
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Although one could consider that increasing the chain in
this network would be expected to further enhance the signal,
in this work, we chose not to increase the number of steps for
two main reasons: (i) we were already able to reach the clini-
cally relevant regime; and (ii) minimizing the assay time is an
important consideration in developing a device for PoC appli-
cations. The parameters for signal acquisition were optimized
and summarized in the ESI (Table S1†) and these optimized
conditions were used for the signal generation and acqui-
sition, reflecting on the fact that the established difference in
the signal noticed for such lower limits of analyte results from
the molecular events only and not any redundancy or noise
from the signal measurement process.

Implications of surface kinetics and probe density in the
microfluidic assay

To have a clear picture of what happens in a surface-based
assay, it is critical to understand how the various parameters
(inherent and derived) contribute to the over-all assay
performance.

Table 3 shows the physical and chemical parameters calcu-
lated for the immunoassay described above and the corres-
ponding inference from the values obtained. From Table 2, it

is possible to conclude that the immunoassay is performed
under reaction limited conditions, where most of the analyte
molecules are swept downstream and not captured. This is a
consequence of the high Peclet number. When equilibrium
conditions are achieved, only a small fraction of the number of
probes is occupied, which is a direct consequence of the target
analyte concentration being more than one order of magni-
tude below the Kd of the probe. Thus, the optimization of such
physical and chemical parameters would help in achieving
higher levels of sensitivity.30 For instance, from the above
table, altering the beq by changes made either to the probe
surface density bm (by suitable surface engineering strategies)
or to the kinetic parameter such as Kd (by antibody engineer-
ing) would result in a simulated plot as shown in Fig. 6.
Surface engineering strategies range from classical covalent
chemistry to the recent use of 3D surfaces for enhanced
adsorption46 and antibody engineering focuses on improvising
the orientation and confirmation of Abs on sensor surfaces.32

For a 2D surface, using engineered Abs with increased Kd

(or using high affinity tags like biotin–streptavidin) to allow
reaching high probe saturation up to the maximum theoretical
monolayer threshold, the simulation yields an appreciable
gain in sensitivity, without any compromise in the dynamic

Fig. 5 Measurement of fPSA using a microfluidic sandwich immunoassay. (I) shows chemiluminescence measurements without amplification,
where PSA is captured between the probe and the detector antibodies. To bring down the values of the obtained LoD, methods (II) and (III) were
tried with two different capture antibodies, namely Ab10185 and Ab10187, respectively. (II) and (III) involve capturing of PSA by the immobilised
probe antibody, followed by detection using a biotinylated antibody (Ab182031). The signal generation was achieved by using a network of
unlabelled streptavidin→biotin labelled BSA→HRP labelled streptavidin, and flowing luminol in the microchannel. The channels were blocked with
BSA in all the cases. The optical micrographs of the microchannels for varied PSA concentrations, upon luminol flow, are also shown for visual com-
parison of the light intensities obtained. (Note that the schematic for (II) and (III) show biotinylated BSA (coupled to HRP labelled streptavidin mole-
cules) attached to only single unlabelled streptavidin for clarity purposes; however, in reality, this is a larger network as described in the text).
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range measured. However, it can be noticed from the plot that
when using novel engineered binding proteins47 or peptide
aptamers48 or affimers (non-Ab binding proteins) with very low
Kd (e.g., ≪1 × 10−11 M), altering only the Kd would cause the
system to become ultra-sensitive, resulting in a saturated
signal (indicated by beq = bm) even within the clinical range
(for example, PSA values higher than 0.1 ng mL−1 would yield
saturated signal for the described conditions from the plot).
On the other hand, manipulating the bm alone by altered
surface densities, which is more practical and simpler from an
experimental point of view, would serve as a potential alterna-
tive, however with inherent limitations on the monolayer
threshold as well as the dynamic working range. Fig. 6 also
suggests that the gain in amplitude for the fraction of probes
bound in equilibrium to the analyte is higher than the gain in
signal amplitude obtained by changing only the bm (indicated
in Fig. 6 by double arrows Kd and bm, respectively). Although

this discussion has been made for the capture Ab, the same
argument also holds true for the detector Ab.

Fig. 6 also details upon some conclusions to be drawn
about the threshold limits of the sensing per se. For instance,
it becomes evident that when there is probe saturation along
with a very small Kd, sample dilution might serve as an alterna-
tive for measurements in the desired lower ranges. Use of a
system with an increased number of HRP molecules (for
example, as resulting from the amplification experiments) or
enhanced probe adsorption might lead towards gain in beq,
thus aiding the detection. In practice, such amplification
mechanisms result in a broadening of the dynamic range, as
shown in Fig. 6 as the difference between the non-specificity
threshold and the amplification gain. One can intuitively
account for this gain as a virtual decrease in detectable beq,
emerging from having more than one HRP molecule per probe
molecule on the surface. Thus, the whole assay scenario is

Table 3 Optimisation and associated assay conditions for fPSA detectiona

Parameter Value Notes

(a) Physical
PeH 490 Peclet number relative to the channel height (PeH ≫ 1 indicates that δs ≪ H)
PeS 6.62 × 107 Peclet number relative to the sensor (PeS ≫ 1 indicates that δs ≪ L)
F 404 Sherwood number (F < PeH indicates that analyte molecules are swept downstream without

effective diffusion in H)
JD 6.34 × 105 s−1 Total flux, relates to the total number of analyte molecules impinging the sensor per unit time

(b) Chemical
Da 0.055 Damköhler number (Da ≪ 1 indicates a reaction limited regime, rather than a mass transport limitation)
C′ 0.009 Co/Kd ≪ 1 indicates that only a small fraction of the probes is bound to the analyte molecules

in equilibrium
beq 1.31 × 109 cm−2 Density of probes bound to analyte molecules in equilibrium
beq/bm 0.87% Fraction of the probes occupied by analyte molecules in equilibrium
NB
R 7.87 × 106 Effective number of probes bound to analyte molecules in equilibrium

τR 3.75 min Time to reach equilibrium conditions in a reaction-limited regime

a Assuming the detection of 4 ng mL−1 (153 pM) PSA in solution. δs refers to the thickness of the PSA depletion zone above the sensing area.

Fig. 6 Simulated beq plot for varied bm and Kd for different PSA concentrations. The Kd values were derived by fixing the bm (experimental con-
ditions) as indicated by a star. Kinetic parameters represented are for the capture antibody Ab10185.
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noticed as a close interplay and balance-seeking approach
between the surface and the kinetic parameters.

Conclusion

We present a novel, simple, passive adsorption-based diagnos-
tic immunoassay with bio-affinity amplification as a potential
platform for PoC analysis of PCa biomarkers, with fPSA as the
model system. This platform is generic and can be extended to
other biomarkers,1 and can also be developed into a multi-
plexed diagnostic system. We highlight this system as a simple
systematic and quantitative approach, with potential to effec-
tively measure the clinical range for PSA, avoiding the need for
complex assay designs or chemistry and economizing reagent
usage. Using the appropriate optimization of surface chemistry
and microfluidics, the LoD was brought down to 21.4 ng mL−1

and, upon an additional amplification strategy the system
yielded a further 10-fold reduction in LoD (2.7 ng mL−1), effec-
tively reaching the clinical grey zone. Our results highlight the
importance of a systematic optimisation, starting from the
simplest and fastest means of performing the assay and inte-
grating relevant amplification mechanisms, to reach the
desired sensitivity. The current study can potentially be
extended to tPSA measurement and performance of the immu-
noassay in a complex biological matrix containing a mixture of
proteins, integrating data acquisition on the chip,37 and using
a colorimetric mode of detection for a ‘sample-in, answer-out’
PoC tool for PCa. In short, this study took a systematic, multi-
disciplinary approach towards the optimization of both surface
and microfluidic parameters and coupled this with enhance-
ment strategies (such as the bio-affinity based amplification)
to demonstrate a potential simple system of a point-of-care
device for diagnostic and monitoring purposes.
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