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Human cytomegalovirus (HCMV) possess great threat to immunocompromised patients and pregnant
women since It can cause disability if left untreated. Especially for unborn babies, if the virus was not
detected at early stages, it can cause disabilities as the baby develops. Furthermore, the virus can be
asymptomatic, hence, low-cost and rapid detection techniques are desirable. Currently available detec-
tion techniques of the virus are labor intensive and demand experienced technicians. For these reasons,
new detection techniques are needed to overcome the current challenges associated with conventional

I(;JJ; ":tozr‘:ls;nin fork techniques. In this work, quartz tuning fork (QTF)-based biosensor was developed for the detection of
Biosensor & UL83-antigen of HCMV for the first time. Firstly, QTF coated with gold was functionalized with cys-
Cytomegalovirus teamine and glutaraldehyde for UL83-antibody immobilization at the QTF surface. Then, the biosensor
Label-free was tested against a variety of UL83-antigen concentrations. As the UL83-antigen concentration
Disability increased, the measured resonance frequency decreased due to increased mass loading at the QTF

surface. The sensitivity of the biosensor is 15.91 Hz/In(ng/mL). Whereas the limit of detection is

0.36 ng/mL. The biosensor showed comparable biosensing performances to those available in the litera-

ture. Furthermore, the biosensor demonstrated its selectivity towards UL83-antigen when tested against

samples containing a mixture of biomarkers. The reported work demonstrates a platform for the direct

and low-cost mass screening of diseases.

© 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction (MacDonald et al., 1997, Brown and Abernathy 1998, Britt 2010). It

exhibits the usual characteristics of other herpesviruses in terms of

Human cytomegalovirus (HCMV) is a widely spread virus that
can infect almost anyone. It was estimated that more than 80% of
world’s population may be infected with this virus (Britt 2008,
Rybachuk 2009, Turner et al., 2014, Zuhair et al., 2019). HCMV is
considered as the largest herpesvirus in comparison to other types
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the gene expression, the viral structure and life-long latency and
persistence. It consists of double helix DNA genome entrapped in
a capsid which is surrounded by a proteinaceous matrix called
the tegument (Hasan et al., 2021). The tegument and capsid are
covered by a glycoprotein-containing lipid bilayer, known as
envelope (Loomis et al.,, 2003, Mettenleiter et al., 2006, Liu et al.,
2021). The glycoproteins embedded in the viruses envelop play a
crucial rule in facilitating their interactions with the host cells
(Crough and Khanna 2009). The virus usually doesn’t cause any
symptoms, but it can be dangerous and life-threatening in some
cases such as in pregnant women and people with weakened
immune systems (Demmler-Harrison 2009). If a pregnant woman
contracts HCMV, there is an increased risk of childhood disabilities.
The elimination of HCMV by the immune system is relatively diffi-
cult, and the virus may stay dormant in the host until reactivation
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(Griffiths and Reeves 2021). The diagnosis of the virus based on its
symptoms is not trustworthy. Therefore, it is urgently necessary to
expand on existing diagnostic techniques and step up the fight
against this virus.

Conventionally, the diagnosis of HMCV rely on serological or
nucleic acid-based techniques (Gerna et al., 2000, Liu et al., 2017,
Razonable et al., 2020). One of the most prominent HCMV serolog-
ical tests is enzyme-linked immunosorbent assay (ELISA). Further-
more, polymerase chain reaction (PCR) is a commonly used nucleic
acid-based assay. However, the application of these techniques is
hindered by a number of issues, including the generation of
false-positives, the demand for expertise and the challenging pro-
cedure of DNA extraction (Huang et al., 2022). Biosensors have
opened new avenues of viral diagnosis that may replace the tradi-
tional techniques.

Biosensors are promising analytical techniques that can be used
in several fields such as clinical diagnostics, environmental moni-
toring and other disciplines that require quick and reliable results.
Some biosensing-based techniques have been successfully com-
mercialized. However, the majority require further improvement
to address flaws. Quartz crystal microbalance (QCM) was used in
the past as HCMV immunosensor (Susmel et al., 2000). The human
cytomegalovirus glycoprotein B (gB) epitope was detected with
1 pg/ml limit of detection (LOD). A magnetic particle-based
enzyme method was proposed as a sensor for determining gB of
HCMV (gB-HCMV) in real samples (Pires et al., 2018). Magnetic
particles were modified with protein G followed by monoclonal
antibody (mAb1) to facilitate the attachment of gB-HCMV. The
biosensor showed a linear response between 90 and 700 pg/ml
and a limit of detection of 90 pg/ml. Glycoprotein B was further
employed for HCMV diagnosis using an electrochemical sensor
(Pires et al., 2015). The electrode surface was functionalized with
anti-human cytomegalovirus glycoprotein B and then immersed
into a solution containing gB-HCMV and gold nanoparticles func-
tionalized with anti-HCMV glycoprotein B. The identification of
gB-HCMV using electrochemical stripping analysis resulted in an
LoD of 3.3 ng/ml. Azek et al. proposed an electrochemical biosensor
for detecting DNA sequences of HCMV and demonstrated an LoD of
0.6 amol/ml (Azek et al., 2000). Huang et al. utilized an electro-
chemical biosensor for the diagnosis of pp65-antigen of HCMV uti-
lizing pp65-antibodies (Huang et al., 2016). The biosensor’s
dynamic range was between 0.1 and 80 ng/ml with an LoD of
30 pg/ml. Furthermore, a microelectromechanical-based affinity
biosensor was used to detect UL83-antigen. The biosensor exhib-
ited an LoD of 84 pg/ml and a dynamic range between 0.3 and
300 ng/ml (Alzahrani et al., 2022). Despite the sensitivity and good
sensing performances demonstrated by the abovementioned
biosensing techniques, there are disadvantages associated with
these techniques. Electrochemical biosensors mainly require the
use of redox agents and multiple electrodes during detection
which will add an extra step towards detection, hence, limiting
the direct detection of HCMV. Furthermore, QCM-based biosensors
are bulky and sensitive to surrounding vibrations and extraneous
factors. Therefore, on-site detection using the QCM technique is
challenging. In this regard, easy to use, direct and rapid detection
techniques of HCMV are highly desirable. Quart tuning fork (QTF)
simple structure and detection means allow on-site and direct
detection of HCMV. The technique does not require extra steps
during detection and can be easily made portable. Hence, facilitat-
ing mass screening of the virus and subsequently manage the
spread of the virus or other diseases in case of epidemics.

Quartz tuning fork (QTF) is an acoustic resonator which consists
of quartz crystal-made two-pronged forks. Applying an oscillating
voltage causes the QTF to vibrate. The QTF resonance frequency is
mainly governed by its prong dimensions and quartz crystal prop-
erties (Lin et al., 2022). Usually, the commercially available QTF
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resonance frequency is approximately 32.7 KHz with a high quality
factor as high as 10,000 in the atmosphere (Friedt and Carry 2007).
QTF-based methods can potentially become powerful sensors in a
variety of applications due to their low cost, high precision, excel-
lent stability, low power consumption and compact size. QTFs can
be employed as mechanical sensors in different areas including
force spectroscopy (Barbic et al., 2007, Yamada et al., 2019), gas
sensing (Lang et al., 2021, Zhou et al., 2021), biological sensing
(Su et al,, 2002, Wei et al., 2021) and measurements of density
and viscosity (Gonzalez et al., 2017). QTF was employed as affinity
biosensor to detect antibody-antigen binding events. It was uti-
lized to sense the binding events between anti-human
immunoglobulin G (IgG) and human IgG (Su et al., 2002).

In this work, a low-cost, fast, sensitive, specific and simple QTF-
based biosensor was prepared and used for the detection of HCMV.
The QTF prongs were modified with UL83- antibody of HCMV
through standard bio-functionalization steps. Then, the biosensor
was tested against different concentrations of UL83-antigen. Fur-
thermore, the biosensor sensitivity, limit of detection (LoD), stabil-
ity and selectivity were investigated. In addition, the performance
of the QTF-based biosensor was compared to others reported in
literature.

2. Materials and methods
2.1. Materials

QTFs coated with 100 nm thick gold (Au) layer (see Fig. 1) were
supplied by Forien Inc., Edmonton, AB, Canada. The QTF load capac-
itance, spring constant and resonance frequency are 12.5 pF, 20 kN/
m and 32.768 kHz, respectively. Cysteamine and glutaraldehyde
were purchased from Sigma Aldrich. UL83-antibody was pur-
chased from Virusys-Corporation, USA. UL83-protein (antigen)
was purchased from Miltenyl Biotec Ltd., UK. Phosphate buffer sal-
ine (PBS) (pH 7.4) was obtained from Fisher scientific (USA). LDL-
antigen (Sino Biological, Chin), vitamin ¢ and vitamin D were used
for selectivity experiments.

2.2. QTF biofunctionalization

For biofunctionalization, The Au coating at the QTF (see Fig. 1)
was functionalized with cysteamine by immersing the QTF in an
ethanolic solution of 100 pL of 10 nM cysteamine for 60 min. Then,
the surface was subsequently washed using ethanol and followed
by drying with air. The QTF was then immersed in 2.5% of
100 pL glutaraldehyde in PBS for 60 min. Rinsing with DI water
was then applied at the QTF surface. Finally, UL83-antibody attach-
ment was conducted by immersing the QTF in 100 pL of 10 pig/mL
UL83-antibody diluted in DI water for a time period of 60 min.
Rinsing with DI water was then performed at the Au-coated QTF
followed by drying. Fig. 1 shows the functionalization steps per-
formed at the QTF’s Au coating.

2.3. Sensor testing

After biofunctionalization, the QTF-based biosensor was tested
against four concentrations of UL83-antigen (0.3 ng/mL, 3 ng/mL,
30 ng/mL and 300 ng/mL). Firstly, the biosensor was immersed
in 100 pL of PBS solution for 15 min. Then, it was connected to
Quester Q10 instrument (Fouiren Inc.,, Edmonton, AB, Canada)
and submerged in 100 pL of DI water where the baseline resonance
frequencies of the QTF were measured. Note that during measure-
ments, the QTFs were submerged at a 25 um depth into 100 pL DI
water. Hence, only the Au-coated part of the QTF (see Fig. 1) is
immersed in the PBS droplet. After measuring the baseline, the
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Fig. 1. UL83-antibody biofunctionalization steps applied at the Au-coating on the QTF.

QTFs were disconnected from the Quester Q10 and washed with DI
water, followed by incubation in UL83-antigen for 15 min. Then,
the same process performed to measure the baseline resonance
frequencies was performed in order to determine the resonance
frequencies of the different concentrations of UL83-antigens. Sim-
ilarly, each biofunctionalization step resonance frequency was
measured using the same process applied to measuring the reso-
nance frequencies for both, the baseline and the UL83-antigen con-
centrations. Frequency sweeps were carried out via integrated
impedance analyzer in the Quester Q10. Furthermore, the real part
and the imaginary part of the impedance response are measured
by the impedance analyzer. To resonate the QTF at specific fre-
quencies, the proportional integrated differential technique was
utilized. MATLAB or Origin Lab program were utilized to analyze
the output data. All experiments were repeated three times.

3. Results and discussion
3.1. Biofunctionalization
In this study, the effect of each functionalization step on the res-

onance frequency was investigated. The QTF frequency was swept
between 31,000 to 39000 Hz and each cycle lasted for 30 s.
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Fig. 2a shows the resonance frequency responses as a result of
functionalization steps. Initially, the Au-coated QTF resonance fre-
quency was 32.832 Hz. Then, the resonance frequency decreased to
32.790 Hz after cysteamine functionalization. Similarly, the reso-
nance frequency decreased after functionalization with glutaralde-
hyde and UL83-antibody to 32.724 Hz and 32.655 Hz, respectively.
The resonance frequency shift (Af) for each functionalization step
is presented in Fig. 2b. The resonance frequency shift (Af) for each
functionalization step is presented in Fig. 2b and was calculated by
subtracting the measured resonance frequency of baseline from
the functionalization steps measured resonance frequency.

The change in resonance frequency of QTF is mainly attributed
to mass loading change and effective stiffness of the substance
which are denoted as (Am) and (Ak), respectively, as illustrated
in Eq. (1) (Alshammari et al., 2020).

o~ GE-5)

where ko, f,, and m, are the spring constant, resonance frequency
and mass of the QTF, respectively. It is well documented in the lit-
erature that the molecular or chemical interactions cause a change
in the resonance frequency of the QTF or in its spring constant.
(Friedt and Carry 2007). Therefore, the downfield shift of resonance

(1)

(b)

180

160

Cysteamine Glutaraldehyde UL83- antibody

Biofunctionalization steps

Fig. 2. (a) resonance frequency responses with functionalization steps. (b) A f as a result of biofunctionalization steps.
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frequency with functionalization steps (see Fig. 2) is attributed to
the mass increase at the QTF surface.

3.2. QTF-based biosensor performance

After biofunctionalization, the QTF-based biosensor was tested
against different concentrations of UL83-antigen. Firstly, the base-
line frequency was measured. The QTF-based biosensor was then
incubated with 0.3 ng/mL, 3 ng/mL 30 ng/mL and 300 ng/mL of
UL83-antigen. The frequency decreased due to UL83-antigen con-
centrations incubations at the QTF-biosensor (see Fig. 3). The mea-
sured frequency due to testing the biosensor against UL83-antigen
was normalized to the measured frequency of baseline. Fig. 3b
shows the shift in resonance frequency (Af) of the UL83-antigen
concentrations. Incubating the biosensor against 0.3 ng/mL of
UL83-antigen resulted in Af of 19.1 + 1.5 Hz. Af increased to
41 + 2.3 as the biosensor was incubated in 3 ng/mL of the antigen.
The values of Af were 72 + 2.8 Hz and 131 % 3.5 Hz when the
biosensor was tested against 30 ng/mL and 300 ng/mL of UL83
antigen, respectively. This increase in Af is related to the increased
mass loading at the QTF surface with increased UL83-antigen con-
centration. Similarly, Af against series incubations of PBS was cal-
culated. Af is 7.2 + 2.8 Hz after introducing the biosensor with PBS
four times. The change in Af as a result of testing against the PBS
(blank) sample could be due to the deposition of PBS contents at
the surface of the QTF. The biosensor demonstrated larger change
in Af when tested against the UL83-antigen as compared to testing
against only blank samples (PBS).

Fig. 4 illustrates the reported biosensor calibration curve. The
linear fitting of the of the UL83-antigen concentrations from
0.3 ng/mL to 300 ng/mL is represented by the red solid line. The
sensitivity of the QTF-based biosensor which can be found from
the calibration curve is 15.91 Hz/In(ng/mL), whereas the LoD is
0.36 ng/mL. The LoD was obtained using Eq. (2) (Chiavaioli et al.,
2017, Cardona-Maya et al., 2018).

Xiop = f ' (yblank + 30) (2)

where the inverse function of the linear fitting is f ' and is shown in

Fig. 4. y blank and & are the mean value of the readout and the stan-
dard deviation of the PBS (i.e. blank) samples, respectively. The LoD
can be obtained by finding the intersection between the linear fit-

ting and yblank + 3¢ as illustrated in Fig. 4. According to Fig. 4,
the LoD is 0.36 ng/mL. Table 1. Compares the LoD of the biosensor
reported in this work with others.
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Fig. 4. Calibration curve of the QTF-based biosensors.
Table 1
List of HCMV detection techniques.
HCMV Biosensor LoD Refs.
Imaging Ellipsometry 0.024 ng/mL (Sun et al., 2015)
Differential pulse voltammetry  0.03 ng/mL (Huang et al., 2016)
Colorimetric biosensor 0.03 ng/mL (Alba-Patifio et al., 2020)
Microelectromechanical 0.084 ng/ml (Alzahrani et al., 2023)
system-based biosensor
Enzymatic biosensor 0.09 ng/mL (Pires et al., 2018)
QTF-based biosensor 0.36 ng/mL This work
Anodic stripping voltammetry 2.225 ng/mL (Authier et al., 2001)

Selectivity is an important factor in biosensors. The biosensor
reported here was tested against two samples, positive and nega-
tive samples. The positive sample consists of UL83-antigen, LDL-
antigen, vitamin D and vitamin C. The negative sample, however,
consists of LDL-antigen, vitamin D and vitamin C without UL83-
antigen. All biomarkers were diluted in PBS and the concentration
of each was 30 ng/mL. The change in measured resonance fre-
quency against the positive sample (83 Hz) is larger than the
change in measured frequency against the negative sample

(b)
140 -
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[ Af due to UL83-antigen incubation

- [ Af due to PBS (blank) incubation

80

Af (Hz)

0.3 3
UL83-Antigen concentration (ng/mL)

30 300

Fig. 3. (a) Resonance frequency measurements with different UL83-antigen concentrations. (b) A f when biosensing was performed against UL83-antigen and blanks samples.
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Fig. 5. Biosensor selectivity when tested against positive and negative samples.

(20.08 Hz) which demonstrates the selectivity of the biosensor
against UL83-antigen (see Fig. 5).

4. Conclusion

In this work, a simple QTF-based biosensor for the simple detec-
tion of HCMV ULS83-antigen is demonstrated. The study demon-
strates that QTF can be used in future for the mass screening of
diseases. The biosensor demonstrated here is suitable for on-site
detection of biomarkers without the need to send samples to
trained personnel in central laboratories. Furthermore, the simplic-
ity of the device working principle allow early detection of HCMV
and hence allow clinicians to make early medical interventions to
avoid any disability to new-born babies in future. The detection
limit obtained for the QTF-based biosensor is 0.36 ng/mL with a
sensitivity of 15.91 Hz/ln (ng/mL). In addition, the biosensor
demonstrated its selectivity towards UL83-antigen which is an
important factor to consider in diagnostic devices.
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