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Abstract

Recent investigations into C-reactive protein (CRP) dynamics have shown that by evalu-
ating the change in CRP level in a patient over time, it is possible to distinguish between
bacterial and viral infections more accurately thereby guiding antimicrobial prescription
practices. Consequently, a biosensor targeted towards CRP was developed using a nano-
and microfiber mesh-based transducer. The produced transducers were functionalized
with streptavidin, after which a biorecognition element, anti-CRP antibodies, could be
bound to the sensor. Confirmation of the sensor production phases was obtained using
fluorescence microscopy. The sensors were evaluated using Electrochemical Impedance
Spectroscopy (EIS) and showed increasing changes in the impedance modulus correspond-
ing to increasing concentrations of CRP in solution following a parabolic trend line.
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1. Introduction

When prescribing antimicrobials, it is imperative that accurate diagnostic data are
available. Guided prescription practices improve patient outcomes and help fight the
development of antimicrobial resistance (AMR). Without diagnostic information, both
inappropriate antimicrobial prescription and prescription practices occur. These practices,
and an overreliance on broad-spectrum antibiotics, have been identified as key drivers of
the development of AMR [1-3]. With this in mind, obtaining data that help to differentiate
between bacterial and viral infections is of great value [2,3]. Recent studies have found
that, by evaluating human C-reactive protein (CRP) dynamics, it is possible to differentiate
between these two types of infection. Estimated CRP velocity (eCRPv) and CRP velocity
(CRPv) are parameters obtained by evaluating CRP level with respect to time. The data
show that patients with bacterial infections show significantly higher eCRPv and CRPv
values than those with viral infections [4,5]. To this end, a biosensor was developed for the
rapid quantification of CRP levels. This sensor used a nano- and microfiber mesh-based
transducer produced through electrospinning onto gold interdigitated electrodes (IDEs) [6].
This transducer was coupled with anti-CRP antibodies, after functionalization, as the
biorecognition element. This type of substrate has an increased surface-area-to-volume ratio
as compared to thin films or fixed electrodes, resulting in an increased number of potential
binding sites for the sensor, while the antibodies provide the required specificity. CRP
levels are considered normal below 3 ug/mL, slightly elevated at 3-10 ug/mL, moderately
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elevated at 10-100 ug/mL, and markedly elevated above 100 ug/mL [6]. To this end,
the sensors produced must at minimum be able to detect concentrations below 3 ug/mL.
Sensors with high sensitivity to low concentrations can be used with diluted samples.
In this study, sensors were produced, and a response profile was developed correlating
changes in CRP concentration to changes in the impedance modulus. Impedance was
measured using Electrochemical Impedance Spectroscopy (EIS).

2. Materials and Methods

The transducers were developed using the processes described in [7]. The polymer
blend consisted of poly (vinyl alcohol) (PVA) (MW 89,000-98,000 obtained from Merck,
Darmstadt, Germany), polyethylene oxide (PEO) (MW 1,000,000, obtained from Merck),
poly (3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) (Clevios PH1000,
obtained from Ossila, Sheffield, UK), and N,N-Dimethylformamide (DMF) (obtained from
Merck). Once the transducers had been made, it became necessary to functionalize them
to bind the biorecognition element. At this point, wells manufactured from laser-cut poly
(methyl methacrylate) were secured to the transducers by means of 3M double-sided tape.
The transducers were functionalized by incubating 50 uL of a 1:10 dilution of streptavidin-
HRP (obtained from Merck) in DI water in each well for 30 min. After incubation, the
wells were rinsed five times with phosphate-buffered saline (PBS). Initial confirmation
of functionalization was achieved with the application of 3,3,5,5' -tetramethylbenzidine
(TMB) (obtained from Merck) which changes color in the presence of HRP. Once this had
been confirmed, secondary testing was conducted using a biotinylated fluorophore, biotin
(5-fluorescein) conjugate (obtained from Merck). Fluorescence microscopy confirmed the
presence of viable streptavidin on the surface of the transducer.

The next phase of the study involved binding the antibodies to the substrate. A
biotinylation kit, Biotin Conjugation Kit (Fast, Type B) (sourced from Abcam, Cambridge,
UK), was used in conjunction with monoclonal antibodies sourced from Cloud-Clone
Corp., Wuhan, China (host species mouse). The kit yielded antibodies with a biotin tag
on the Fc portion of the antibodies. From the stock solution, biotinylated antibodies, at
a concentration of 20.833 ug/mL of PBS, were made. These antibodies were allowed to
incubate onto functionalized transducers (and a non-functionalized control transducer)
for 6 hin a dark room. After incubation, the sensors were rinsed five times with PBS to
remove any unbound antibodies. Afterwards, 50 uL of 40 ng/mL of secondary anti-mouse
antibody with an Alexa Fluor 488 tag was placed in the wells. This antibody was allowed
to incubate for 5 h in a dark room. After incubation, the wells were again rinsed five times
with PBS, after which the sensors underwent confocal fluorescence microscopy using a
Zeiss LSM780 (Zeiss: Oberkochen, Germany), the results of which show that the primary
antibodies successfully bound to the functionalized transducers (see Figure 1a). Note that
the control sample would have no antibodies bound to the nanofibers as the nanofibers
were not functionalized with streptavidin, meaning that no biotinylated antibodies would
bind to them. The absence of primary antibodies meant that no secondary antibodies
would bind, resulting in no fluorescent markers on the control. Figure 1b shows clean black
bands where no fluorescence is observed. These are the gold fingers of the IDEs. The lack
of fluorescence confirms that the nanofibers do not auto-fluoresce, unlike the FR4 substrate.
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(a) (b)
Figure 1. (a) Alexa Fluor 488 tagged antibodies confirming binding of anti-CRP antibodies to the nano-

and microfiber mesh-based substrate; (b) control with no streptavidin to bind anti-CRP antibodies.

Testing of the sensor response to antigen exposure was then conducted. Six con-
centrations were identified for testing: 100 ng/mL, 200 ng/mL, 400 ng/mL, 800 ng/mL,
1.6 pg/mL, and 3.2 ug/mL. The testing protocol was as follows: (1) the sensors were rinsed
and then allowed to incubate in PBS for 30 min to reach stability; (2) the first measurements
were taken using EIS; (3) the sensors were exposed to 50 uL of the antigen dilution; (4) the
antigen solution was incubated for 40 min; (5) the antigen solution was emptied, the well
rinsed and refilled with PBS; and (6) the final measurements were taken. EIS was performed
using a Digilent Analog Discovery 2. EIS was performed with a fixed 0V offset and an
applied AC amplitude of 10 mV. Tests were conducted using two separate sensors per
concentration. Five measurements were taken per sensor before and after antigen exposure.

3. Results and Discussion

The EIS spectra were obtained for the range 10 Hz to 10 MHz, after which a Savitzky—
Golay filter was applied to the data to compensate for noise in the system. Figure 2 shows
the bode plot of one measurement taken before and one measurement taken after antigen
addition (at 400 ng/mL). The raw data is overlaid with the filtered data. The filter had a
window length of 31 and a polynomial order of 1.

o —— 400 ng/ml 0 mins pass 0

R

400 ng/ml 0 mins pass 0 filtered
—— 400 ng/ml 40 mins pass 0
—— 400 ng/ml 40 mins pass 0 filtered

Impedance
)

5 \ AV - A A A MAAA
VIV AL AARTV T A
\ =2 Yy ~L§ﬁ,\:
Y
\\’\‘\ | |
= '\/«’.‘ . A\ J\ A
1 —Y R ’:'“.v,"' 1‘11/\) \
V \

v
v \AAA
V \

10! 102 108 104 105 108

Frequency [Hz]

Figure 2. A bode plot of measurements taken before and after antigen addition (at 400 ng/mL). The
raw data is overlaid with the Savitzky—Golay filtered data set.
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The spectra of the complete data set were then evaluated at 10 Hz, and the percentage
difference in the sensor responses (before and after exposure to the antigen) was calculated.
The spread of the data can be seen in a boxplot in Figure 3.

T

25 -

Q

o

c

il

2 204

g20

: = T
: 1
€ 15

€ 154

k7 = 1

a

°

J LT
B

100 ng/ml 200 ng/ml 400 ng/ml 800 ng/m! 1.6 ug/m! 3.2 ug/ml
Concentration

Figure 3. Box-and-whisker diagram of the percentage difference in the impedance modulus observed
at different concentrations of CRP in PBS.

This figure shows a trend of an increasing change in the impedance modulus, cor-
responding to an increase in antigen concentration. The data show a tight distribution
at lower concentrations. Plotting the medians of the data sets, to gain insight into the
trend of the data while accounting for outliers, on a linear plot shows a parabolic trend

(see Figure 4).
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Figure 4. Median sensor responses and trendline of different concentrations of CRP in PBS.

As the data reflect the behavior of small particles in media, it is appropriate to look to
the diffusion equation. In light of the parabolic nature of the diffusion equation, a parabolic
curve was fitted to the data, yielding a function that has an R-square rating of 0.9258 and
an adjusted R-square rating of 0.8763, which indicates that the plot fits the data well.
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4. Conclusions

A link between the medians and the change in the impedance modulus of the data
can be observed. It should also be noted that the variance in the data set increases to-
wards higher concentrations. The link shows a parabolic trend, which is in line with the
expected results as the sensor is expected to saturate at high concentrations as per the
diffusion equation. This sensor shows promise for future practical applications, owing to
its high sensitivity.
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