A novel split mode TFBAR devices for quantitative measurements
of prostate specific antigen in a small sample of whole blood.
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Easy monitoring of prostate specific antigen (PSA) directly from blood samples would present a significant improvement as

compared to conventional diagnostic methods. In this work, a split mode thin film bulk acoustic resonator (TFBAR) device

was employed for the first time for label-free measurements of PSA concentrations in the whole blood and without sample

pre-treatment. The surface of the sensor was covalently modified with anti-PSA antibodies and demonstrated a very high

sensitivity of 101 kHz mL ng* and low limit of detection (LOD) of 0.34 ng mL* in model spiked solutions. It has previously

been widely believed that significant pre-processing of blood samples would be required for TFBAR biosensors. Importantly,

this work demonstrates that this is not the case, and TFBAR technology provides a cost-effective means for point-of-care

(POC) diagnostics and monitoring of PSA in hospitals and in doctors’ offices. Additionally, the accuracy of the developed

biosensor, with respect to a commercial auto analyser (Beckman Coulter Access), was evaluated to analyse clinical samples,

giving well-matched results between the two methods, thus showing a practical application in quantitative monitoring of

PSA levels in the whole blood with very good signal recovery.

Introduction. Prostate cancer is the most common cancer in
men and one of the largest cancer demographic burdens in the
world.! The incidence is continuously rising, and many men still
present with late stage and incurable disease by the time of
diagnosis. According to the National Prostate Cancer Audit
(NPCA) over 47,000 men are diagnosed with prostate cancer
each year in the UK and over 11,000 men die because of the
disease. This makes prostate cancer the second most common
cause of cancer-related death for men in the UK, where one in
eight men will develop prostate cancer in their lifetime and
approximately 400,000 men are now living with the disease.
Additionally, the NPCA’s latest report also suggests that the
number of men with locally advanced disease and their
potential “under-treatment” have increased, as compared to
previous years.2 Therefore, like in diabetes management,
encouraging men to self-test for prostate specific antigen (PSA)
using a point-of-care (POC) testing kits is emerging as a
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significant health care need. This is particularly important for
many men in whom the cancer is likely to be indolent but
requires surveillance or regular monitoring rather than
immediate treatment.3

Prostate cancer is one of the few cancers with a known
biomarker used for screening, diagnosis and monitoring after
treatment.* PSA is a 34 kDa glycoprotein expressed
predominantly by the prostate gland and present in large
amounts in its tissue and semen. Although, PSA is not prostate
specific and it can be present in other body fluids and tissues in
healthy men as well as in women, it is still a very important
biomarker in prostate cancer diagnostics.> In female ejaculate
PSA levels are almost as high as in male, but its high
concentrations can further be found in breast milk and amniotic
fluid. PSA is also present in the serum of women with breast,
lung, or uterine cancer and in some patients with renal cancer.
Thus, PSA as a single biomarker cannot be always directly linked
to prostate cancer only, but undoubtedly testing for its elevated
levels in the blood (> 4 ng mL1) can increase the chances for
finding cancer in its earliest, most curable stage.® Most
importantly, by monitoring levels of PSA in the blood indicates
how well cancer treatment has worked and it helps significantly
in further cancer treatment and prognosis. Typically, PSA should
drop to very low levels after surgery or radiation treatment for
prostate cancer.” Despite PSA testing being already widely
available, it still largely relies on sample processing in clinical
laboratories, which makes it impractical and too expensive for
many applications. Thus, the need for a POC self-testing system
has led to constant development of novel detection strategies
that are suitable for miniaturisation as well as easy, rapid and
accurate PSA measurements. Many different types of detection
systems for PSA analysis from serum or blood samples have
been previously reported in the literature, i.e. optical,
electrochemical or mass-based methods.®13 However, these



are yet to be implemented in a regular POC test for rapid and
inexpensive monitoring of PSA levels that is clinically accepted.
They also tend to give PSA ranges rather than absolute values
and are more used for detection of high levels rather than give
granularity on actual measure levels. This is crucial if the disease
is to be monitored accurately. Some commercially available PSA
testing kits include home screening tests e.g. the SELFCheck® or
PRIMA®, and lab testing kits, such as ELISA. However, most
hospital laboratories measure total PSA by 2-site immunoassay
on large automated analysers (Siemens Centaur, Beckman
Coulter Access, Roche Elecsys, etc.). An important issue is how
well these tests work in the context of a POC or patient
administered test i.e. measurements made using whole human
blood from a pin prick sample.

TFBAR gravimetric sensors can recognise biological species by
detecting a very small change in mass attached to their sensing
surface. A general structure of this device is presented in the
Figure 1; the device fabrication and operation was described in
detail elsewhere.’* The essence of the device is that two
resonant frequencies are produced in a single structure. The
first resonator (R1) with an anti-PSA antibody modified gold
surface responds to the biomolecule (antigen) attachment,
whilst the second resonator (R2) without the gold layer is not
sensitive to it. Yet, they both respond to any other influences
(e.g. temperature, humidity). This means that the difference
between these two resonant frequencies A(f> - f1) can be used
to quantitatively measure the target analyte specifically from a
sample. Key features of TFBAR devices include their very small
size (the sensing area is typically ~100 x 100 um), low power
consumption, ease of multiplexing on a single, small chip and
low cost.’> These characteristics make TFBAR devices very
attractive for POC immunotesting.®
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Figure 1. (A) A schematic of the split-mode TFBAR biosensor
with the functional gold layer only on a pentagonal section of
the molybdenum top electrode, illustrating the regions
corresponding to the first (R1/fi) and second (R2/f2)
resonances; the enlargement shows the sensing surface (thiol +
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blocking + anti-PSA antibody) and target (PSA antigen)
detection; (B) Optical image of 5x5 chip array of the TFBAR
devices.

In general, there are many difficulties that various sensing
systems still need to overcome, when using a fresh whole blood
samples for testing, even the existing commercial finger prick
tests for blood glucose monitoring in diabetics. Whole blood has
one of the most complex matrices as compared to other body
fluids, containing many various matrix components that can
easily affect response of bioanalytical processes. Most notably,
measurements performed on real samples from patients often
create major difficulties in sample handling as well as data
interpretation due to patient/to/patient variability and a
multitude of interfering analytes that need to be either
removed or ignored by a selective enough sensor. There are
often major sample preparation steps involved in removing
interfering entities from the sample, such as red and white
blood cells or lipids.17-20 Therefore, it has widely been believed
that non-specific surface interactions would mean that also
TFBAR devices would require complex fluids, like blood, to be
pre-processed for successful biosensing. This would be
rendered impractical for POC testing and it would result in
increased associated costs. In this work, a previously reported
acoustic split mode resonator has been used for the first time
for direct measurements of PSA levels in whole blood from
patients in a hospital setting. To demonstrate a proof-of-
concept for this novel detection method based on TFBAR
technology, a simple bioassay for total PSA detection was used.
This type of biosensor demonstrated high sensitivity and low
LOD and most importantly, it was done without sample pre-
processing. Results were compared with those from the
commercial Beckman Coulter Access analyser.

Experimental.

All reagents used in this work are described in the supporting
information.

Biofunctionalisation of the TFBAR devices and total PSA
measurements. The formation of self-assembly monolayer
(SAM) of alkanethiol on the gold layer on the TFBAR devices was
done by immersing them in a freshly prepared (5 mM) 11-
mercaptoundecanoic acid for 24 h at 4 °C. Next, the modified
surface was extensively washed with ethanol to remove any
unbound molecules. The formation of SAMs was followed by
additional surface-blocking step using 6-mercapto-1-hexanol
(0.1 M) for 1 h at room temperature (RT). For antibody coupling,
treatment of water-soluble carbodiimide and succinimide
compounds was performed immediately by immersing the
TFBAR devices in a freshly prepared solution of EDC (0.2 M) and
NHS (50 mM) for 30 min, what activated the carboxylic acid end
groups on thiol molecules. Anti-PSA polyclonal antibodies were
covalently linked to the activated SAMs by spotting with 10 pL
of a 0.5 mg mL! solution for 1 h at RT. The remaining active
ester sites were blocked with 1.0 M ethanolamine (pH 8.5) for
30 min at RT. The surface optimisation related to the
concentrations of the thiol and capture antibody is described in
the supporting information (Figure S3). Functionalised TFBAR
devices were subsequently used for the PSA antigen detection
from buffered and whole blood samples.

For the TFBAR detection system, a small volume (10 pL) of
either PSA in buffered solution or a fresh blood sample (from 7
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patients) was spotted on the antibody-modified gold active
surface and left to incubate for 5 min and 15 min in the humidity
chamber, respectively (section 2.2, Sl). These allowed the
recognition of the target protein by the immobilised receptors.
All samples were taken as part of an ethically approved study
(Ethics 03/018, DIAMOND study) in our centre with informed
consent obtained from all participants. After extensive rinsing
with MilliQ water and drying with nitrogen, the devices were
measured using 150 um pitch ground-signal-ground (GSG)
probes connected to a network analyser (NA-E5062A, Keysight
Technologies, Santa Rosa, CA, USA), see sections 1 and 2, SI. To
assess the reproducibility, the measurements were repeated 5
times for each sample concentration. The devices were cleaned
with an argon plasma using a rf (13.56 MHz) Reactive lon
Etching (RIE) tool and checked for its reusability (SI, Figure S4).

Total PSA measurements with commercial chemiluminescent
immunoassay (Beckman Coulter Access). For the Access assay, the
sample was added to a reaction vessel containing a mouse
monoclonal anti-PSA antibody conjugated to alkaline
phosphatase and paramagnetic particles coated with a second
mouse monoclonal anti-PSA antibody. After incubation,
materials bound to the paramagnetic particles were held in a
magnetic field while other unbound materials were washed
away. A chemiluminescent substrate (Lumi Phos 530) was
added to the vessel. Light was generated by reaction with the
PSA-alkaline phosphatase conjugate. The intensity of the light
generated is proportional to the PSA concentration in the
sample. The PSA concentration in the sample was then
determined from a factory-generated stored multi-point
calibration curve. Calibration is traceable to WHO Reference
Preparation 96/670.

Results and discussion.

Gravimetric performance and characterisation of TFBAR biosensor
using spiked solutions. The potential of the split mode TFBAR
biosensor as a platform for developing a sensitive and specific assay
for PSA early detection is demonstrated below. Figure 2A shows an
example of the TFBAR biosensor response to the attachment of the
(1) thiol (11-MUA) + blocking (6-mercapto-1-hexanol), (2) anti-PSA
antibody and (3) PSA antigen. This response was monitored by
measuring the real part of the electrical admittance (Y) in the
frequency range from 0.5 GHz to 3.0 GHz. As can be seen, when each
new layer of molecules is attached to the active surface of the TFBAR
biosensor, the distance between the two frequencies A(f, - fi)
increases. By measuring these changes while increasing the
concentration of the analyte (PSA antigen), we obtained a calibration
plot (see Figure 2B), see also sections 6 and 7 in the SI. The calibration
plot showed excellent linearity (R2 = 0.9984) and the limit of
detection (LOD) was found to be 0.34 ng mL, calculated as 3 times
the standard deviation of the y-intercept of the regression line
divided by the slope. At the dynamic range observed in Figure 2B, the
assay lies in the clinically relevant range of PSA with label-free and
rapid detection. Sensitivity of the assay reported from the slope of
the calibration curve was 101 kHz mL ng?, highlighting the
effectiveness of the developed acoustic sensor in the screening of
this important biomarker. The reproducibility of the TFBAR devices
for quantifying PSA was investigated over the entire linear range and
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data showed that the relative standard deviation (RSD) was less than
12%, for five independent experiments (from 1 to 10 ng mL1).
Selectivity and specificity of the TFBAR biosensor is crucial to its
successful application for a direct blood screening. It was confirmed
by performing measurements in the absence of the anti-PSA
in both buffered and whole blood
demonstrated in Figure S5 in the supporting information, no
response was observed. This showed high specificity of the anti-PSA

antibody samples. As

modified surface to the PSA antigen and excellent surface coverage
against other non-specific interactions. This was further confirmed
by performing measurements in the presence of human serum
albumin, which is the most abundant protein in human blood
(section 5, SI). The recovery of PSA in this case was found to be 104%
and 106% in buffered and whole blood samples, respectively. Thus,
further confirming that the TFBAR biosensors are selective and
specific for the detection of PSA antigen.

The great advantages of the TFBAR technology over other
conventional methods are: (i) it is simpler and less costly compared
to ELISA-type assays (i.e. Access immunoassay), (ii) it does not
require additional labelling for the detection, (iii) it can be performed
in a single reaction without additional reagents and (iv) it is compact
and therefore, portable.
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Figure 2. (A) An increase in the difference between the two
resonances f - f1 observed in a split mode TFBAR biosensor due
to the attachment of subsequent molecules onto Au active
surface: (1) thiol + blocking; (2) thiol + blocking + anti-PSA; (3)
thiol + blocking + anti-PSA + PSA antigen; (B) Corresponding
calibration curve y = 0.063 + 0.1x; R = 0.9984.
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TFBAR application for the detection of PSA from clinical
samples. One of the main limitations of most conventional
methodologies involving biological samples is the need to
include pre-treatment steps in order to minimise possible
matrix interference effects. Herein, the target is to allow a direct
sample analysis, without any sample pre-treatment. Thus, the
developed split-mode TFBAR biosensor was used in the
gravimetric detection of the total PSA in the whole blood
samples from patients in the hospital. Fresh samples were taken
and divided into aliquots, one for the Access immunoassay and
one for the TFBAR detection.

The TFBAR measurements (A(f; - f1)) were performed using a
portable network analyser (FieldFox, Model: N9913A from
Keysight Technologies) and the unknown concentrations of PSA
antigen in the whole blood samples were determined using the
calibration plot obtained from the buffered solutions (Figure
2B). The results acquired from both methods (TFBAR detection
and commercial Access immunoassay) are summarised in the
Table 1.

Table 1. PSA levels measured in EDTA whole blood samples in
ng mL?! with the developed TFBAR biosensor and standard
Access immunoassay.

Sample TFBAR TFBAR Access
from biosensor biosensor immunoassay

patients | (ng mL?+SD) % RSD (ng mL1)

1 1.81+0.86 47.5 0.47

2 4.20+0.35 8.3 3.25

3 4.50+0.70 155 3.90

4 6.00 £ 0.86 14.3 5.29

5 6.30+0.51 8.0 5.70

6 6.40 £0.82 12.8 5.73

7 9.15+0.42 4.5 9.60

The obtained values of PSA concentration in blood were in
majority higher from TFBAR sensor than those obtained by
Access immunoassay. Also, the reproducibility of the TFBAR
responses compared to those from buffered solutions showed
higher RSD values (up to 15.5%) for five independent
experiments (from 1 to 10 ng mL1). At concentrations below 1
ng mL! the TFBAR sensor showed very high RSD of 47.5%,
however this does not have high clinical impact as in general,
PSA levels that are below 4.0 ng mL! are considered as normal.
Furthermore, these differences in the measurements may be
due to insufficient blocking of the surface of the TFBAR sensor
to prevent all non-specific interactions from a complex matrix
such as whole blood and/or insufficient washing cycles of the
device after the last step of incubation with the whole blood
samples. Additionally, the use of polyclonal antibodies for
capture could increase false positives due to sample
contamination.

It may be possible to achieve even higher performance of the
TFBAR sensor through further optimisation of its surface and
immobilisation techniques. Our recent findings indicate that the
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sensitivity of the split mode TFBAR sensor depends on the
thickness and roughness of the vacuum-deposited gold film.
it also depends on the uniformity of the
immobilisation layer and cleanliness of the sensing surface prior
to functionalisation.222 |t should be noted that whilst high
sensitivity of 101 kHz mL ng?t PSA
measurements in buffered solutions, the sensitivity in actual

However,

was achieved for

human whole blood samples decreased to 80 kHz mL ng1. This
could be due to the fact that analyte detection in a complex
matrix such as blood is extremely difficult. Since blood contains
thousands of various competing biomolecules and many of
them at much higher concentrations than the target analyte,
there is a high probability of false positives due to binding of the
capture antibody to a non-target molecule that has a similar
structural motif.

The possible effect of the serum matrix on target detection
using the TFBAR biosensor was also studied by spiking blood
samples with different amounts of PSA antigen (Table S1, SI). As
the signal recovery was close to 100% it indicated the
applicability of the system to the analysis of a real clinical
samples.

Accuracy validation of the developed TFBAR biosensor with
commercial Access immunoassay. The best way to compare
the performance and effectiveness of the two analytical
methods is to show their correlation and to determine their
level of agreement. A correlation plot between the TFBAR
biosensor and Access immunoassay is presented in Figure 3A.
The slope value of 0.81 (from a theoretical value of 1) indicates
a good positive correlation between the PSA levels obtained by
both methods. However, even though two methods have good
correlation, it does not necessarily mean that they are in a good
agreement. Therefore, we used the Bland-Altman method?3 to
assess the agreement between these two techniques. In Figure
3B, the difference between Access immunoassay and TFBAR
results (the bias) are plotted against the average of the two
measurements. The these
quantitative measurements can be evaluated by constructing

agreement between two
limits of agreement. The limits of agreement were calculated by
using the mean and standard deviation (SD) of the differences
between two measurements (mean bias + 1.96 times its SD).
Furthermore, the Bland-Altman method recommends that 95%
of the data points should lie within the calculated limits of
agreement. As can be seen in Figure 3B, the average of the
differences shows a bias of 0.66 ng mL! and all measurements
lie within the area defined by the calculated limits of agreement
— which are clinically relevant. Therefore, a good agreement
between the TFBAR sensor and commercial immunoassay was
obtained.

This journal is © The Royal Society of Chemistry 20xx
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Figure 3. (A) Correlation between PSA levels measured in a whole
blood samples using the developed TFBAR biosensor and commercial
Access immunoassay results; (B) Bland-Altman plot comparing the
results of the gravimetric measurements with Access immunoassay
results.

Consequently, more work is needed to develop an integrated
microfluidic system, which can further improve the performance of
the TFBAR biosensor. Making this system fully automated with
embedded electronics can minimise or even eliminate the “human
error” during the experiment. The development of additional
receptors and immobilisation methods for multiplexed assays could
also help to improve the detection reproducibility of the TFBAR
device. However, it is notable that the difference in TFBAR readings
and Access immunoassay is in the sub 1 ng mL range which is a very
acceptable error margin in the context of utility in clinical practice.
Particularly so, as PSA readings are known to fluctuate with normal
biological variations.?* Alternatively, a standard correction can be
applied to TFBAR reading, and so a future POC test could have an
error of 1 ng mL1 built in its system.

Conclusions

A split mode TFBAR biosensor offers distinct advantages over
conventional methods for PSA monitoring, including a simple
and label-free PSA detection with fewer manipulative steps,
which speeds up the whole process. A low detection limit of
0.34 ng mL 1 was achieved with a very high sensitivity of 101 kHz
mL ngl. This highly reproducible sensor platform was easily
adapted for gravimetric detection of clinically relevant PSA
levels in very small volumes of blood (10 piL) and without sample

This journal is © The Royal Society of Chemistry 20xx

pre-treatment. The capability to detect PSA directly from the
complex matrix such as whole blood containing hundreds of
thousands of competing proteins show a tremendous
advantage over conventional detection techniques. This sensor
platform could be easily multiplexed for a detection of a panel
of PSA isoforms for even more effective patient screening and
large patient sample analysis towards early detection of
prostate cancer.?> The measurements can be done rapidly, at a
very low cost and in a fully portable and automated format — a
POC relevance. Furthermore, since the turnaround times for
TFBAR sensing are much shorter, substantial savings are
possible in diagnostic workup schedules. Ultimately, all those
advantages, including the application to early cancer detection
and disease monitoring, will have significant implications in
reducing the cost to healthcare providers whilst improving the
quality of care to patients. Efforts are currently underway to
develop a multiplexed biomarker array with integrated
microfluidic system for a real time, fast analysis.
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