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Point-of-care monitoring of chemical biomarkers in real-time holds great potential in rapid disease diag-
nostics and precision medicine. However, monitoring is still rare in practice, as the measurement of bio-
markers often requires time consuming and labour intensive assay procedures such as enzyme linked
immunosorbent assay (ELISA), which pose a challenge to an autonomous point-of-care device. This
paper describes a prototype device capable of performing ELISA autonomously and repeatedly in a high
frequency using droplet microfluidics. Driven by a specially designed peristaltic pump, the device can
collect liquid samples from a reservoir, produce trains of droplets, complete magnetic bead based ELISA
protocols and provide readouts with colourimetric measurement. Here, cortisol was chosen as a target
analyte as its concentration in the human body varies on a circadian rhythm which may be perturbed by
disease. The prototype device draws in and analyses 350 nL of the sample containing free bioactive corti-
sol every 10 seconds, with a sample-to-signal time of 10 minutes, and measures favourably in the analyti-
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cal range of 3.175-100 ng ml™, with reliably lower variability compared with the well plate based assay. As
most ELISA type assays share similar procedures, we envisage that this approach could form a platform
technology for measurement or even continuous monitoring of biomarkers in biological fluids at the
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Introduction

Real-time and continuous monitoring of biomolecule concen-
trations and levels of therapeutic drugs at the point-of-care
(PoC) is of importance in physiology, diagnostics and treat-
ment of diseases.' In recent decades, there has been wide
research interest in developing PoC methods for measurement
and monitoring of fast-changing biomarkers.>™

Implanted electrochemical sensors utilise highly selective
recognition elements coupled with electrochemical transdu-
cers to directly measure tissue biochemistry. They can provide
much greater temporal resolution than traditional laboratory
methods.” However, sensor materials can trigger an immune
response® and sensor sensitivity and output may drift over
long-term deployment.”®
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Microfluidics allows for the precision handling of liquid
samples and miniaturisation of laboratory assays and detec-
tion technologies. While microfluidics is still largely seen as a
laboratory tool to be supported by bulky equipment such as
syringe pumps, valves and microscopes, recent advances in 3D
printing®'® and miniaturisation'""'* have led to more portable
platforms™ and wearable microfluidic systems'® for sensing
and monitoring.

Compared to implanted electrochemical sensors, microflui-
dic sensors can measure biomarkers ex vivo with a low risk of
foreign body response and signal drift.">'® Importantly, for
many biomarkers and therapeutic drugs that we are interested
in, biochemistry or molecular biology assays already exist
either commercially or in research and clinical laboratories.
These assays could be readily miniaturised and thus dramati-
cally reduce the time and cost required for developing new
microfluidic sensors.

Recently, Nightingale et al. have demonstrated a wearable
microfluidic sensor employing a droplet flow regime integrat-
ing mix-and-read assays for glucose and lactate monitoring."”
Here we further expand the capabilities of this droplet micro-
fluidics sensor to the measurement of protein molecules using
more complex assays such as enzyme-linked immunosorbent
assay (ELISA), one of the workhorses in biomedical studies.
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The potential of the magnetic bead based ELISA in droplet
microfluidics has been studied earlier, either by moving mag-
netic beads between ‘static droplets’ trapped in ‘slip chips’,'®
or by moving beads between droplets pre-generated by a
syringe pump and 3-axis robot.'”?' This enables the
implementation of heterogeneous assays including sample
purification and multiple washing and assay steps. However,
previously reported systems rely on large instrumentation and
complex operation of pumps and valves*>*' making them less
suitable for PoC applications. Here we present an autonomous
and portable sensor device prototype for continuous ELISA
assays, and apply the device for high frequency cortisol
measurement as an example application.

Cortisol, as a type of glucocorticoid, can increase glucose
production for energy and metabolic needs, thereby playing an
important role in the homeostasis of cardiovascular, immune,
renal, skeletal and endocrine systems.**”>> In the body, cortisol
exists in two formats: free bioactive cortisol, which makes up
3-5% of the total with the remainder bound to the plasma
protein corticosteroid binding globulin (CBG or transcortin) or
albumin. Both forms of cortisol (bound and unbound) are
present in blood serum, while saliva and urine only contain
the unbound form along with its metabolites.**

Like many hormones in the body, cortisol secretion varies
on a 24-hour circadian rhythm, mediated by changes in meta-
bolic activity. In humans, total serum cortisol can range up to
600 ng mL~" with standard levels of 140.60 + 9.62 ng mL ™" in
males and 101.03 + 8.61 ng mL "' in females.”® Under normal
conditions, cortisol levels peak in the early morning
(30 minutes after waking), are at half of the peak levels by late
afternoon, and become negligible by midnight.*”

Other than the day-night cycle, controllable factors such as
eating patterns and physical activity can also affect cortisol
levels in the body. Psychological/emotional stress is recognised
as one of the biggest factors triggering systemic cortisol vari-
ation and hence cortisol is popularly called a “stress-
hormone”.”® Ongoing stress may cause continuous stimulation
of the hypothalamic pituitary adrenal (HPA) axis function, by
overriding the inhibitory action of cortisol and may even elim-
inate the cyclic nature of cortisol causing it to remain elevated
throughout the day.® Although moderate homeostatic altera-
tions in the HPA axis are beneficial for physiological and
psychological development,®® a prolonged abnormal increase
of cortisol could inhibit inflammation, depress the immune
system, increase fatty and amino acid levels in blood, and even
lead to chronic fatigue syndrome, fibromyalgia and many auto-
immune disorders. Excessive cortisol levels contribute to the
development of Cushing’s disease (symptoms: obesity, fatigue
and bone fragility)** while continuous low levels of cortisol
lead to Addison’s disease (symptoms: weight loss, fatigue, and
darkening of skinfolds and scars).*> In sports science, cortisol
is also an important biomarker indicating body condition and
training effects in elite athletes.*

Currently cortisol is commonly measured using immuno-
assay protocols in single time snapshots.>> However, this does
not provide the full picture due to the circadian rhythm or a
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true representation of cortisol levels in a normal or stressed
state. When more intensive continuous monitoring is required
for diagnosis or monitoring of treatments, the current pro-
cedures are particularly cumbersome requiring patient admis-
sion for the time of the study and labour-intensive sample
(blood/saliva/urine) collection and offline analysis,**® which
is also prone to introduce additional errors in the pre-analyti-
cal stage,”’™° especially when patients collect their own
samples.

The portable sensor prototype presented here will miniatur-
ise and automate the whole cortisol assay process from sample
collection to the magnetic bead based ELISA and measure-
ment, thereby providing a high frequency readout of cortisol
levels in biological samples. The sensor is built around a
‘flowing droplet’ approach, integrating a novel droplet train
generator, a magnetic trap, an optical detector and a control
system into one single device. This forms a platform techno-
logy that can also be used for the measurement and monitor-
ing of other biomarkers requiring multiple step assays.

Assay and methods
Functionalizing magnetic beads with antibodies

Magnetic microparticles (Tosylactivated Dynabeads MyOne,
purchased from Invitrogen, UK) were coated with anti-cortisol-
3-BSA antibody (Calbioreagents, CA, US). Briefly, 250 uL of
original magnetic bead suspension (100 mg mL™") were rinsed
twice with 1 mL of coating buffer (0.1 M sodium borate buffer,
PH 9.5). The beads were re-suspended in 100 pL coating buffer
and mixed thoroughly using a vortex mixer. 500 pg of coating
antibody were reconstituted in 12.1 pL of phosphate buffered
saline (PBS), and then mixed with 722.9 pL of coating buffer,
100 pL of prepared bead suspension and 415 pL of 3 M
ammonium sulphate solution. The mixture was incubated at
room temperature with a slow tilt rotation for 24 hours. The
beads were then removed from the coating buffer and sus-
pended in 1250 pl of blocking buffer (PBS with 2% w/v bovine
serum albumin and 0.05% Tween) and incubated for another
24 hours with a slow tilt rotation. Finally, the beads were
washed twice and re-suspended in storage buffer (PBS, 0.1%
bovine serum albumin and 0.05% Tween), giving a final con-
centration of 1 mg mL™" assuming a 100% recovery. The bead
suspension can be used directly or stored in a fridge at 5 °C
for preservation. All reagents, unless otherwise stated, were
purchased from Sigma Aldrich. A set of neodymium magnets
were used to retain the beads when washing and re-suspend-
ing them.

Competitive heterogeneous cortisol assay in the well plate

Before integrating into the droplet microfluidics platform, the
cortisol assay was first developed for a standard well plate pro-
cedure as illustrated in Fig. 1a to generate a calibration curve.
0.1 mg of the antibody-conjugated beads were dispensed into
individual wells within a 96-well skirted PCR plate and placed
onto a magnetic plate stand for 2 minutes. The resultant

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 Schematic of competitive heterogeneous cortisol assay in both the well plate (a) and droplet flow (b). From left to right, (a) depicts the
process of adding sample cortisol and cortisol-HRP mixture to the antibody functionalised bead suspension. Sample cortisol competes with corti-
sol-HRP to form the final assay complex. After washing in PBS to remove any unbound cortisol and cortisol-HRP, tetramethylbenzidine (TMB) was
further added and catalysed by HRP from its native diamine form into a blue-green, one electron oxidation state product. (b) Similar assay steps
achieved in a train of droplets containing 4 droplets (shown in the dashed box). The first droplet of the train contains the sample, magnetic beads
and cortisol-HRP. The second and third droplets are washing droplets containing only PBS. The fourth droplet contains the TMB indicator. As the
droplet train passes the magnetic trap (from left to right), the beads are captured and washed and finally re-dispersed in the final TMB indicator

droplet where HRP catalyses colour changes.

supernatant from each reaction well was removed by manual
pipetting, and the pellet of magnetic beads in each well was
subsequently re-suspended by repeated gentle manual pipet-
ting with each cortisol calibrant and cortisol-HRP. The plate
was placed in a plate shaker for 15 minutes at 37 °C with
shaking at 1200 rpm. Following this incubation step, the
beads were recovered and then subjected to a wash step with a
phosphate buffer. The beads were re-suspended with a TMB
substrate (ThermoScientific, 1-Step Ultra TMB ELISA) followed
by the addition of 2 M sulphuric acid after 30 seconds. The
reaction vessel was then placed on the magnetic plate stand,
the resultant supernatant from each well was transferred to
individual wells of a fresh clear flat-bottomed plate, and the
absorbance was measured at 450 nm.

Portable droplet microfluidic platform for miniaturising ELISA

Fig. 1b shows the heterogeneous assay steps carried out in a
train of droplets. The droplet train contains four droplets for
each measurement, i.e. a sample droplet (also containing the
antibody coated beads and the competitor, cortisol-HRP), two
washing droplets, and an indicator droplet containing the col-
orimetric indicator. One key design consideration of the
droplet platform is the automation of the whole process, from
sample collection, droplet generation, washing steps to optical
detection and data logging.

This journal is © The Royal Society of Chemistry 2021

We designed and fabricated a droplet microfluidic system
to complete these procedures as illustrated in Fig. 2a. A 3D-
printed 12-line peristaltic micropump (Fig. 2b) was designed
to drive all of the liquids and to produce the droplet trains.
The sample liquid was aspirated via a cannula which can be
inserted into a liquid cuvette or other sampling sites (e.g
saliva or blood vessel). The other liquids (magnetic bead sus-
pension, cortisol-HRP solution, fluorocarbon oil (FC-40), TMB
solution and PBS buffer) were also aspirated by the same
pump from their separate storage sachets into a microfluidic
chip. Sedimentation of magnetic particles from suspensions is
a prevalent challenge in microfluidic systems.** Here glycerol
was added to the magnetic bead solution as an inert thicken-
ing agent (50 : 50 glycerol : PBS) which can decrease the rate of
sedimentation without interfering with the bead chemistry.

The pump utilises a pulsed droplet generation technique
presented earlier by Nightingale et al'> but altered for the
generation of four-droplet trains. The pulsed droplet gene-
ration technique has the advantage of robust generation of
droplets with the designed droplet volume, contents and
spacing invariant from changes in flow rates, viscosity and
interfacial tensions, as demonstrated in Fig. S1.7

In this device the grooves on the rotorhead of the pump
and pump-line structures shown in the inset of Fig. 2b deliver
fluids in eight separate phases within one turn of the rotor-
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Fig. 2 Schematics of (a) the fluidic conduits and (b) the pump used to generate the four-droplet trains. (c) The design of the droplet generation
chip. In (a), the magnetic bead suspension, C-HRP solution, FC-40 oil, TMB solution and PBS are stored in separate sachets in the fluid cartridge. PD:

photodetector and amplifier.

head of the pump. The 1st phase is co-flow of the sample,
bead suspension and cortisol-HRP, 2nd FC-40 oil, 3rd PBS, 4th
FC-40 oil, 5th PBS, 6th FC-40 oil, 7th TMB, and 8th FC-40 oil.
After the 2nd phase, the three aqueous inputs of the sample,
magnetic beads and cortisol-HRP (represented by red food
dye) are segmented into a droplet (called sample droplet) by
the oil at a T-junction and finally moved into the main output
channel of the chip. Then at the 4th and 6th phases, two PBS
washing droplets are produced and enter the main outlet
channel. Phase 8 produces the indicator droplet which is the
last in a droplet train.

This whole process of droplet train production can be
autonomously repeated with the rotation of the motor shaft of
the pump. The droplet volume and oil gap can be ‘hardcoded’
from the design of the rotorhead and selection of inner dia-
meters of the pump tubing.

The droplets the chip into a
polytetrafluoroethylene (PTFE) tubing maintaining the
sequence of the train and flow for 8 minutes to allow the com-
pletion of anti-cortisol binding with cortisol/cortisol-HRP.
These droplets then pass into the magnetic trap as shown in
Fig. 2a. The magnetic tweezers extract the magnetic beads
from the sample droplet, hold them in place to be washed by
the following two buffer droplets, and finally re-disperse them
into the reporter droplet. After two minutes of further reaction

exit microfluidic
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time, the reporter droplet is detected using an absorbance
flow cell,"* with an absorbance inversely proportional to the
cortisol concentration in the sample liquid. Finally, all of the
droplets and oil flow into a waste sachet.

The microfluidic pump was designed and modelled using
CAD software (SolidWorks), and 3D-printed in the VeroClear
material using an Objet500 Connex3 polyjet printer (Stanford
Marsh Ltd). A DC motor (499:1 Metal Gearmotor, 6V,
RobotShop, UK) was attached to the chassis via M3 plastic
screws and used to drive the rotorhead.

Peristaltic micropump and droplet train generation

The rotorhead of the pump was designed to deliver the four
droplets in a train with approximate volumes: 1060 nL for dro-
plets 1 and 3, and 550 nL for droplets 2 and 4, as the rotorhead
pumps the tubing symmetrically on the top and bottom pump
beds (Fig. 2b). The device was firstly tested for reproducible
droplet generation at a low flow rate and low generation fre-
quency (in this case <1 Hz for each junction). Our pulsed
droplet generation method can pump fixed volumes of
aqueous and oil phases alternatively into each junction; there-
fore reproducible droplets can be generated at various flow
rates and low generation frequency.'” Droplets generated were
recorded both directly in the chip and off-chip at the PTFE
tubing. The videos were further analysed using the Droplet

This journal is © The Royal Society of Chemistry 2021


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1an00671a

Open Access Article. Published on 26 mai 2021. Downloaded on 26.01.2026 11.06.25.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

[{ec

Analyst

View Article Online

Paper
Droplet 1 Droplet 2
Droplet 3 Droplet 4
20 40 60 0 20 40 60

Flow rate (ul.min™)

Fig. 3 Calibration of the droplet generation. (a) Step by step (0 to 10 s) images of the droplet generation showing the microfluidic chip and exit
PTFE tubing. (b) Droplet volume vs. flow rate of the droplet sequence (later used to carry out cortisol assay in droplets), demonstrating the droplet
volume invariance to changes in the mean volumetric flow rate of the pulsed droplet generation regime.

Morphology and Velocimetry (DMV) software*” to characterise
the droplet volume, generation rate and flow rate (up to 60 pL
min~') as shown in Fig. 3. Fig. 3a shows the snapshots from a
whole droplet train generation taking about 10 s in total.
Further analysis of over 100 droplet trains at each tested flow
rate is shown in Fig. 3b. The average volumes are 1060 nL for
droplets 1 and 3 and 550 nL for droplets 2 and 4. Coefficients
of variation between droplet trains are consistently less than
2% (as indicated by the error bars in Fig. 3b) which compares
favourably with previously reported droplet generation
methods.**™*> This low coefficient of variation in the droplet
volume was repeatable across many experiments (including
varied viscosity of the fluids and different surface tensions by
changing the concentration of the surfactant, as shown in the
ESI in Fig. S1t) indicating the robust nature of the sampling
and droplet generation method and ensuring synchronisation
during the assay with our automatic magnetic tweezers. This
method of pumping and droplet generation requires only a DC
motor to drive all of the fluidics which leads to a small foot-
print of the device.

Magnetic trap

Once droplets are generated and the sample cortisol and corti-
sol-HRP complete the competitive binding process, an auto-
mated magnetic trap, shown in Fig. 4 (fabrication detailed in
the ESIf), is used to collect and shift the magnetic beads
between droplets. As previously described by Pamme et al.,*®
extracting magnetic beads from a droplet requires a magnetic
field strong and focused enough to overcome hydrodynamic
and interfacial forces. Here the magnetic trap employs a pair
of custom-made electromagnetic tweezers. The ferrite cores of
the tweezers are located in two micro-machined groves and
pinpoint to the PTFE tubing to focus the magnetic field. The
choice of magnetic beads and the composition of the washing
solution are also important which can affect the purification
efficiency of the magnetic beads. Superparamagnetic particles
(Dynabeads MyOne) are used because they do not retain “mag-
netic memory”*® in comparison to ferromagnetic particles
which are permanently magnetized making resuspension

This journal is © The Royal Society of Chemistry 2021

during washing steps of the assay impossible.'® A detailed cali-
bration was carried out on the magnetic field strength required
to fully collect the magnetic particles, as shown in Fig. S2 in
the ESL{ The capturing of magnetic beads at different cur-
rents, flowrates and bead quantities has also been quantified
in Fig. S3 of the ESL.{ An electric current of 0.7 A with a mag-
netomotive force of 140 ampere-turn, applied to a ferrite mag-
netic core of 3 mm diameter and 25 mm length, resulted in an
approximate field strength of 11.2 mT at the focusing area.
This field strength was tested to be strong enough to collect
the beads in the droplet or to break up the pellet from the
droplet at a flow rate of < 40 pL min~' as seen under a
microscope.

Accurate timing to trigger the magnetic trap is critical for
the capture and re-dispersion of the magnetic beads. Here a
pair of ‘light gates’ (Fig. 4a) and its control circuit were used to
determine when to activate the electromagnetic tweezers to
extract beads and when to deactivate to re-disperse the beads
into the next droplet. These light gates are based on the pre-
viously described miniaturised in-line spectrophotometer.*!
When a droplet passes through the PTFE tubing between the
LED and photodetector, the light intensity measured by the
optical detector shows a step change, which can trigger the on/
off of the magnetic field via an electronic circuit. Fig. 4b shows
a photograph of the automated magnetic trap mounted atop
its control board, and Fig. 4c illustrates the system’s operation,
with raw data from a one-minute period of automated function
(shorter period shown in Fig. 4d). The blue and green plots
show the transmitted light reaching the inlet and outlet photo-
detectors, respectively (PD1 & PD2). The electric current in the
coils is represented by the red plot situated at the bottom of
both Fig. 4c and d. As shown in Fig. 4c, to assist in bead
capture the tweezers were activated immediately after its detec-
tion by the inlet detector and before the droplet arrived in the
trap. The beads were then captured at the focusing point and
two wash droplets were allowed to pass through to wash the
beads. When the reporter droplet reached the trap, the beads
were released for re-dispersion. As the beads must overcome
the surface tension of the droplet interface to re-disperse

Analyst, 2021, 146, 4535-4544 | 4539
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Fig. 4 Autonomous magnetic bead trap. (a) Schematics of the magnetic bead trap with a flow cell featuring two ‘light gates’ (spectrophotometers)
which are used to determine when to activate the trap to capture or deactivate to re-disperse the beads into a new droplet. The top inset shows the
capture, retention and re-distribution of the magnetic beads. (b) Photograph of the fabricated magnetic bead-trap. (c) Light intensities detected by
photodetectors 1 and 2 (PD1 and PD2). The red line shows the actuation (high level) and de-actuation (low level) of the magnetic field. (d) Close up
of the data trace in (c). Detector 1 (blue trace) determines when to activate the trap and photodetector 2 (green trace) determines when to de-
activate the trap, re-dispersing the bead pellet in a droplet. (€) Washing efficiency of the magnetic beads. Here highly concentrated Rose Bengal dye
was used to indicate the colour change of the droplet after washing. FC40 oil with 0.1% PFPE-PEG surfactant was used as the carrier phase (to aid

the breakup of bead pellets from the first droplet).

safely, releasing of the beads was only triggered when the
outlet detector senses the approaching of the reporter droplet,
while it still fills the centre of the trap.

Washing efficiency

In a competitive ELISA, removal of the unbound analyte is
necessary as otherwise they will interfere with the following
measurement. This step is equally necessary for a droplet flow
based assay. There are different approaches to achieving these
washing steps. One approach is to collect the magnetic beads
with the magnetic tweezers into the next washing droplets and
re-disperse them, and then re-collect and send them to
another washing or indicator droplet. However for a flowing
train of droplets, this will require multiple pairs of tweezers to

4540 | Analyst, 2021, 146, 4535-4544

collect the beads at different points along the fluidic paths.
The 2nd approach is to collect the magnetic beads into a pellet
and hold the pellet at the focus of the magnetic field while the
washing droplets pass and remove the unbounded analyte,
and then release the bead pellet to the final indicator droplet.
This approach uses fewer pairs of tweezers and is easier to
control, which leads to a simpler overall device, but may have
lower washing efficiency as there is no re-dispersion of the
beads to the washing buffer. An experiment was carried out to
determine the washing efficiency of the 2nd approach. Rose
Bengal dye was added to the magnetic bead suspension in the
first droplet of the train as a surrogate of the unbound analyte.
The magnetic trap was energised as the first droplet
approached and magnetic beads were captured. The tweezers

This journal is © The Royal Society of Chemistry 2021


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1an00671a

Open Access Article. Published on 26 mai 2021. Downloaded on 26.01.2026 11.06.25.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Analyst

remained energised and the bead ‘pellet’ was held stationary
while washing droplets passed through the trap. As the
washing droplets passed through the bead pellet, the bead
pellet was observed to deform indicating partial re-dispersion.
Four varieties of droplet trains with varying washing volumes
were tested (Fig. S5 in the ESIt) with the absorbance of the re-
dispersed purified beads shown in Fig. 4e (red line) as com-
pared to the pure washing droplet (blue line). In train 1 the
beads were simply captured from the first droplet and re-dis-
persed (0 nL wash volume) into the indicator droplet. For
trains 2 and 3 the beads were washed in a single droplet of 550
nL and 1060 nL, respectively. In train 4, two wash droplets
totalling 1610 nL volume were used. This experiment indicated
that purification regimes 3 and 4 provide thorough washing
with negligible remaining dye in the indicator droplet.
Calculations from the absorbance change from regime 4 in
Fig. 4e indicate that the loss of beads is about 50 ng per train
after two washing steps, equivalent to 16% of the total weight
of magnetic beads. The loss of beads will reduce the strength
of the signal in the final indicator droplet. However as the pro-
portion of bead loss was consistent for all of the droplet trains
once the washing scheme was fixed, the accuracy of final
results was not affected as discussed later in Fig. 6.

Inline spectrophotometer for absorption detection

An inline spectrophotometer, shown schematically in
Fig. 5a, """ was used to characterise the colour change in
the indicator droplet, where TMB was catalysed by the cortisol-
HRP from yellow-green to blue-green. A 456 nm blue LED
(Cree PLCC4 1-in-1 SMD LED CLM4B-BKW/GKW) and a photo-
detector (PD, TSL257. Farnell, UK) pair was installed in a
micro-milled PMMA holder forming the spectrophotometer to
quantify the absorbance. The concentration can then be calcu-
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lated from a pre-determined calibration curve. Fig. 5b and ¢
show the intensity of light from the inline spectrophotometer
as a function of time for cortisol standards from 3.175 ng
mL™" and 100 ng mL ™" respectively. The reporter droplet con-
taining 100 ng mL ™" cortisol (Fig. 5¢) showed less colour devel-
opment than 3.175 ng mL™" ones (Fig. 5b) as should be for a
competitive heterogeneous assay. It is to be noted that the dro-
plets were carried by oil which can prevent direct contact from
the magnetic beads or molecules in the droplet to the optical
surface in the spectrophotometer; therefore the spectrophoto-
meter can be used continuously without cleaning and there is
no cross-contamination between samples.

Comparison of bulk assay and droplet microfluidics

The assay was first carried out in triplicate in a 96-well plate
procedure (‘bulk assay’) with standard calibrants consisting of
cortisol from 3.175 ng mL™" to 100 ng mL~" in PBS buffer.
Fig. 6a shows the final assay results as a calibration curve of
absorbance versus cortisol concentration. The basal serum free
cortisol level in healthy individuals is typically 4.7125 ng mL ™"
+0.725 ng mL " as estimated by Coolens’ method.*® The assay
carried out by the 96-well plate procedure was designed to
display a good linear range between 3.175 ng mL ™" and 50 ng
mL~" with a distinct increase in variability at 100 ng m1™". As
expected from a competitive assay, the measured absorbance
in Fig. 6a is inversely proportional to the concentration of cor-
tisol in the sample. The colour intensity began to reach the sat-
uration state for sample cortisol concentrations lower than
3.175 ng mL™". However, the relative standard deviation (RSD)
of the assay is particularly large for some of the points (as
high as 80%) even after repeated assays. This may be due to
human factors such as varied mixing in the well plate. Also
note this procedure took a considerable amount of time to

b) =800
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-'E Sample Wash Reporter
é 200} droplet droplets  droplet 3.175 ng/mL o
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Fig. 5
containing cortisol standards 3.175 ng mL™* in (b) and 100 ng mL™* in (c).

This journal is © The Royal Society of Chemistry 2021

Inline spectrophotometer for absorption detection. (a) Schematics of the flow cell. (b) and (c) Light intensity readout of the droplet trains
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Fig. 6 Calibration curves for the competitive cortisol assay. (a) Results from the bulk laboratory procedure (FLUOstar Omega; BMG LABTECH) and
(b) results from the droplet microfluidic platform constructed from a PBS buffer. The noted dotted line shows that basal serum free cortisol levels in
healthy individuals are typically 4.7125 ng ml™ + 0.725 ng ml™* as estimated by Coolens’ method.*®

complete (~4 hours for each assay) due to multiple washing
and mixing steps as well as lengthy incubation times.

After bulk testing, the assay was transferred to the droplet
platform. Serial dilutions of cortisol were generated from 100
ng mL™' to 3.175 ng mL™" in a PBS buffer. The cortisol-HRP
was kept constant at 100 ng mL™'. During the test the pump
was controlled to aspirate the sample, reagents and oil as
described in the Assays and methods section. The device pro-
duces one droplet train every 10 s (each train corresponding to
one measurement point).

The droplet trains flow in the tubing at room temperature
for a first incubation time of 8 min, which was found
sufficient for the competitive binding process to complete.
This incubation time is much shorter than required in a bulk
assay of around 30 min. We attribute it to the continued and
thorough mixing by vortex advection in droplets. The beads
were then extracted by the magnetic tweezers, washed with
buffer droplets and re-dispersed in the final TMB droplet with
the cortisol-HRP catalysing the colour change for 2 min (in the
flowing droplets). This colour change was then measured
using an inline spectrophotometer with measurement from
example droplet trains shown in Fig. 5b and ¢ and collectively
shown in Fig. 6b with each concentration containing 10
repeats of droplet trains.

The absorbance value in Fig. 6b is systematically lower than
the reading from the well plate in Fig. 6a, due to the very
different light path lengths used in the two detectors (0.5 mm
in droplet device versus 5 mm in a well plate reader). However
both the results in Fig. 6a and b show a qualitatively similar
trend over the concentration ranges measured. In Fig. 6b, the
RSD is much lower (less than 1%) than that of the well plate
based assay, due to the automated process, accurate volu-

4542 | Analyst, 2021, 146, 4535-4544

metric control of the fluids and enhanced mixing. Additional
samples (containing 12.5 ng ml™" and 100 ng ml™" cortisol)
were tested and given the recovered value from the standard
curve of 14.96 ng ml~" with a standard deviation of 1.33% and
102.8 ng ml™" with a standard deviation of 1.05%, meaning
that the error is 19.7% for the former and less than 2.8% for
the latter. The total volume of all fluids required for each assay
carried out in the droplet platform is ~3 pL for each measure-
ment. As a comparison, a lab-based assay requires a working
volume of 150 pL each for sample and reagent, and equal or
more volumes of washing buffer.

Discussion and conclusions

We designed, fabricated, and tested the prototype of a droplet
microfluidic device capable of performing an autonomous and
continuous ELISA in droplets. A multi-line peristaltic pump
enabled sample collection and continuous generation of
droplet trains without the need for complicated valves or a
robotic pipetting system. This device can collect samples
directly from a reservoir or potentially from tissue/bloodstream
via a microdialysis probe, requiring a small sample volume for
each analysis (350 nl), and providing a near real time assay
and results. We have demonstrated that the device can
perform high frequency measurement for cortisol and has the
potential to run assays continuously, with a detection range
comparable to those of well plate-based assays and with
smaller errors by obviating human operation.

The droplet platform is capable of forming a droplet train
approximately every 10 seconds. The sample-to-signal time is
about 10 min at room temperature determined by the competi-

This journal is © The Royal Society of Chemistry 2021
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tive binding process, which is significantly lower than those of
well plate based assays where one measurement takes about
4 h and requires intensive manual handling. The low volume
of reagent consumption is particularly important for multiple
time measurements required for long-term monitoring.
Overall, the device has a small footprint and consumes low
power, and contains modular and adaptable components,
making it a platform technology to perform complex assays
and for monitoring at the point-of-care.
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