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ABSTRACT

Leakage of human cerebrospinal fluid (CSF) caused by trauma or other reasons presents exceptional challenges in clinical analysis and can have
severe medical repercussions. Conventional test methods, including enzyme-linked immunosorbent assay and immunofixation electrophoresis
testing, typically are performed at a few clinical reference laboratories, which may potentially delay proper diagnosis and treatment. At the same
time, medical imaging can serve as a secondary diagnosis tool. This work presented here reports the use of a point-of-care electrochemical
sensor for detection of beta-2-transferrin (B2T), a unique isomer of transferrin that is present exclusively in human CSF but is absent in other
bodily fluids. Limits of detection were examined via serial dilution of human samples with known B2T concentrations down to 7 x 107'2 g B2T/ml
while maintaining excellent sensitivity. Nine human samples with varying levels of B2T were compared using up to 100 times dilution to confirm

the validity of sensor output across different patient samples.

Published under an exclusive license by the AVS. https://doi.org/10.1116/6.0001576

I. INTRODUCTION

Cerebrospinal fluid (CSF) is an extracellular fluid present
uniquely in the brain and spinal cord, and it provides critical physi-
ological functions such as shock absorption and waste
transport.'~"" It also serves as the direct linkage for the extracranial
space to the subarachnoid space.” A large variety of reasons could
lead to the leakage of human CSF, for example, trauma, surgery,
tumors, or congenital defects.'” Spontaneous CSF leak also occurs
with increased likelihood due to obesity, increased intracranial
pressure (ICP), and obstructive sleep apnea (OSA)."”™"”
Cerebrospinal leaks can be manifested in clinical symptoms such as
rhinorrhea (through the nose) and otorrhea (through the ear). If
not diagnosed and treated properly, they can potentially result in
life-threatening conditions such as meningitis, intracranial infec-
tion, and death. Enzyme-linked immunosorbent assay (ELISA) and
immunofixation electrophoresis (IFE) testing are the golden stand-
ards for testing of CSF leaks. However, such biochemical assays
need to be done offsite in clinical reference laboratories with

trained personnel and have relatively long processing times of at
least hours due to labor-intensive analysis. The turnaround time
may run into days when including transportation and sample back-
logs."" Depending on the method for sample collection and local
concentration of CSF present, samples sent for testing may also
require being concentrated up to tenfold to reach the minimum
detection limit of ELISA and IFE. Therefore, it is vital to develop a
rapid cerebrospinal fluid test with minimal turnaround time,
capable of point-of-care use, and high sensitivity and specificity.
Beta-2-transferrin (B2T) is an isomer of human transferrin
present uniquely in human cerebrospinal fluid but absent in other
body fluids and tissues such as blood, tears, or mucus. Although
transferrin of different variants can be found in other bodily fluids,
such as tear and ear secretion, the pattern of isomer concentration
differs between CSF and other bodily fluids and lays the foundation
for the B2T assay for CSF leakage detection.’ Therefore, biochemi-
cal detection of traces of beta-2-transferrin by various assays with
high sensitivity and specificity, such as ELISA and IFE, has become
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the primary standard for clinical diagnosis, along with some secon-
dary methods such as high-resolution computed tomography (CT)
and magnetic resonance imaging (MRI) that facilitates localization
of a leak'” but often fails to locate the specific site of the leakage. In
the particular case that consistent clinical history and imaging find-
ings have been observed as an indicator, the time-consuming B2T
test might not be necessary.”” Kita et al. developed point-of-care
CSF detection devices using lateral-flow immunoassay utilizing
antibodies for beta-trace protein; however, the detection limit only
ranges from 0.3 to 90 mg/l, which is higher than the range in com-
mercially available products and could result in false negatives due
to this high limit of detection (LOD)."' It is possible to utilize
various electrochemical methods to amplify the signal of biomolec-
ular interaction.'®"” Detection utilizing the double drain/gate pulse
method with Si metal-oxide-semiconductor field-effect transistor
(MOSFET) has been employed®”'®*" but requires the use of
complex fabrication techniques with metal lines on glass slides and
complex readout setup requiring an external oscilloscope with a
detection limit down to 10™'° g CSF/ml with unspecified B2T con-
centration” due to the lack of the ELISA assay. At the same time,
biomarker detection using costly high electron mobility transistors
(HEMTs) has been demonstrated in previous works;””' ™
however, the use of inexpensive Si-based MOSFETs has been
shown to be sufficient for detection down to femtograms per milli-
liters for other biomarkers.'® This work presents the recent progress
on the pulsed electrochemical detection of CSF with affordable
plastic strips in a battery-powered handheld device with a low limit
of detection.

Il. MATERIAL AND METHOD

Disposable glucose test strips with carbon electrodes were
used for functionalization with B2T antibody. The method for
functionalization was described previously.4’18’2[’ In brief, the sensor
strip was treated in ozone for 15 min to remove surface hydrocar-
bons and other contaminants. Then, the front electrode was subse-
quently electroplated with gold using a gold plating solution (Gold
Plating Services, Kaysville, UT). The Au-plated electrodes were
immersed for 4h in 10 mM thioglycolic acid (TGA) in ethanol to
form Au-S bonding. The binding efficacy for Au-S bonding with a

TABLE I. Human CSF sample B2T concentrations.
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similar procedure was verified with electrical measurement and
x-ray photoelectron spectroscopy, described previously.'">> The
test strips were then rinsed with acetonitrile, blow-dried, and
immersed in equimolar N,N’-dicyclohexylcarbodi-imide (DCC,
0.1 mM) and N-hydroxysuccinimide (NHS, 0.1 mM) for 2h
and followed by isopropyl and DI water rinses. B2T antibody
(mybiosource.com, San Diego, CA) was applied within the
microfluidic channel and incubated for 18h in a refrigerator
at 4 °C. A self-assemble layer with carboxylic group terminal was
formed on the Au electrode upon TGA incubation, and
N-hydroxysuccinimide(NHS) esters were formed on top of this
layer upon DCC/NHS incubation. Lysine and other terminal
amine group reacts with the aforementioned NHS ester to form
stable amide bonds.”°™*" Human samples were diluted in 1%
bovine serum albumin (BSA) in phosphate buffer solution (PBS)
for all measurements.

Electrical measurements were made with an enhancement
mode Silicon MOSFET (STMicroelectronics STP200N3LL) to
amplify the electrical signal and provide the raw analog voltage for
digital readout. The gate electrode of the MOSFET was externally
connected to the sensor strip with a functionalized electrode, while
a synchronous pair of electrical pulses were applied (~1.1 ms)
between the drain electrode of the MOSFET and an auxiliary elec-
trode on the sensor strips. An agilent infiniiVision DSO7054B
oscilloscope was used to collect the analog drain waveform between
the pull-up resistor and MOSFET, and the voltage at 750 us was
extracted as an analog reading to calculate voltage gain between
samples. A voltage-controlled oscillator (SN74S124N) was used to
convert this analog waveform into discrete square waves of various
frequencies with analog voltage as the input signal. A 12-bit asyn-
chronous binary counter (SN74HC4040N) was used to record the
number of pulses from the VCO output during the pulse dura-
tion. A built-in microcontroller was used to convert the 12-bit
output into a digital reading on a liquid crystal display (LCD).
Capacitance-voltage measurements of the strip were made using
an Agilent 4284A precision LCR meter.

Human cerebrospinal fluid samples were collected from
lumbar drains of nine patients in the Neurological Intensive Care
Unit at the University of Florida Health Shands Hospital, and their
B2T concentration is shown in Table I.

Human sample Concentration (ug/ml)

Concentration (ug/ml)

Average concentration Standard deviation concentration

No. No. 1 No. 2 (ug/ml) (ug/ml)
1 19 17 18 1.4
2 24 20 22 2.8
3 9 8 8.5 0.7
4 5 6 5.5 0.7
5 9 9 0.0
6 1 1 1 0.0
7 4 1 2.5 2.1
8 70 75 72.5 35
9 0 1 0.5 0.7
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I1l. DISCUSSION

Figure 1(a) shows the basic layout of the handheld device with
a sensor strip installed. Unlike the previous model,'® the printed
circuit board used in this work can be powered by a commercially
available 9V battery. The compact design allows handheld opera-
tion with a digital reading generated by a manual trigger.
Standardized FFC/FPC connectors were used as strip connectors.
Figure 1(b) shows the layout of the gold working electrode
(1035 x 1500 um?) and the auxiliary electrode (450 x 1500 um?)
adjacent to the working electrode. The scanning electron micro-
scope (SEM) images in Fig. 2 show the gold surface formation after
electrode-plated the graphite sensing electrode within the microflui-
dic channel.

To optimize the transistor gate voltage to use in this test and
maximize the sensitivity, the effect of the gate voltage applied to
the sensor (and ultimately to the gate electrode of the transistor)
was studied using undiluted, tenfold, and 100-fold diluted CSF
samples from patient No. 8. Figures 3(a) and 3(b) show the

ot Paktierh iy Sl
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FIG. 1. Photograph of the printed circuit board during operation powered by a
commercially available 9V battery (a) and photograph of microfluidic channels
with the functionalized Au surface (b).
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sensor’s analog and digital response. At gate voltage above 1.7V,
both readings are relatively insensitive to this CSF sample for this
particular transistor type, and desired changes in a linear fashion
have been observed across this concentration range using a gate
voltage of around 1.67 V. Therefore, this voltage has been used
throughout this work.

Figure 4 shows biofunctionalized sensor strips’ small-signal
capacitance-voltage measurement using an Agilent 4284A precision
LCR meter. The working electrode was DC-biased from 0 to +2V
with an oscillator frequency of 1kHz at 0.1 V,,,. From 1% BSA
solution (reference) to the highest tested concentration (~0.7 ug
B2T/ml), there is a consistent decrease from around 17 to 12 nF.
This is direct proof of the self-assembled antibody layer reactivity
without the use of MOSFET amplification and shows the capaci-
tance variation due to the binding of antigen and antibody layer on
the Au electrode surface.”” The transistor’s input (gate) capacitance
was 5.2 nF with gate resistance of 100 M. Given the resistance of
the sensor strip varies between 6000 and 8500 €, the variation of
resistance between different concentrations becomes insignificant
to this analysis. Therefore, the sensor (17-12 nF) and MOS struc-
ture (5 nF) can be considered as two capacitors connected in series.
With decreased small-signal capacitance due to an increase in the
B2T concentration, the overall capacitance decreases and, therefore,
reduces the gate capacitance charging time and improves the speed
of transient response of the gate pulse.

To establish a correlation between analog and digital reading
in our sensor system, a human sample (patient No. 8) serially
diluted down to 7.25 x 10™'? ug/ml was used. As shown in Fig. 5, a
higher B2T concentration led to a faster transient response as a
steeper drop in the drain voltage response. Note that the voltage at
750 us was extracted from the oscilloscope waveform to calculate
the gain in the analog signal. The respective analog voltage value

Carbon 30 seconds gold-plating

1000x

50 pm

5000x

FIG. 2. Scanning electron microscope (SEM) images of surface morphology for
graphite sensing electrode before and after 30 s of gold plating.
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Fig. 6(a) shows that the analog voltage (extracted at 750 us within
waveform such as in Fig. 5) decreased linearly. Between reference 00 02 04 06 08 10 1.2
(no B2T) to 7.25x 107'* g/ml, a net voltage drop of 929 mV was Time (ms)

observed with a sensitivity of 111 mV/dec within the range
7.25x 107° to 7.25 x 107"* g/ml (a 767 mV drop in analog voltage),
with standard deviation ranges from 9 to 47 mV among tested con-
centrations. Figure 6(b) shows the digital reading for the same

FIG. 5. Typical MOSFET drain waveform used for digital reading conversion for
B2T concentration range from 7.25 x 10~° to 7.25 x 10~"2g B2T/ml.
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FIG. 6. Average voltage drop (AV) extracted at 750 us from drain waveform for
various concentrations of B2T in 1% BSA using human sample No. 8 (a) and
average digital readings (b) using test strip functionalized with B2T antibody.

magnitude lower than the limit of detection compared to commer-
cially available ELISA kits. This wide dynamic range capability
makes it suitable for direct testing of clinical samples without the
need of further concentration.

Figure 7 shows data for pure, tenfold, and 100-fold dilution of
all nine clinical samples to confirm the validity of the aforemen-
tioned system. The 27 data points were collected from all nine
patients’ samples. The sensitivity for such detection was 93.8/dec,
which is similar to the sensitivity for that of Fig. 6(b) for individual
patient samples after serial dilution. This result demonstrates that
(1) the positive correlation has been proven between all nine
samples’ B2T values and digital readouts from the circuit board
and (2), as seen by similar sensitivity in digital reading between
Fig. 6(b) (one patient, 86.7/dec) and Fig. 6 (nine patient, 93.8/dec),
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FIG. 7. Average digital readings for all nine human samples with known B2T
level as-is, after tenfold, and 100-fold dilution in 1% BSA using test strip func-

tionalized with the B2T antibody.

the sensitivity of digital readout can be maintained even when mea-
sured across different patient samples and potentially exposed to
various background ions, proteins, and contaminations such as
blood and other bodily fluids. A summary table for comparison

TABLE II. Comparison of various available detection methods for cerebrospinal fluid
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leak.

Detection
Method Detection limit time Reference
Enzyme-linked 1.25-80ug/ml  1-5h assay 31,32
immunosorbent time
assay (ELISA). 1-4 days

turnaround
time for
commercial
lab
Immunofixation 2 ug/ml 25h 33
electrophoresis
(IFE)
Computed Non-quantitative N/A 2-5,7,8,13,34
tomography
(CT) and
magnetic
resonance
imaging (MRI)
Electrical double 7 ng/ml to Less than 1s  This work
pulse 73 pug/ml
measurement
(this work)
40, 023202-5
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across different detection methods for CSF has been shown in
Table 11, showing the advantage for pulse measurement for bio-
marker detection, exemplified by B2T detection in this work.

IV. CONCLUSION

This work presents the detailed development of a handheld
rapid biomarker detection system with transistor-based signal
amplification. When applied in human biomarker detection, for
example, human cerebrospinal fluid in this work, an actual limit of
detection of 5 orders of magnitude lower than the currently avail-
able ELISA test has been achieved. The specificity has been studied
by comparing cerebrospinal fluid across different patient samples
and showed an excellent correlation between digital readout and
their respective beta-2-transferrin values.
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