:' frontiers ‘ Frontiers in Bioengineering and Biotechnology

ORIGINAL RESEARCH
published: 22 July 2022
doi: 10.3389/fbice.2022.957271

OPEN ACCESS

Edited by:
Noureddine Raouafi,
Tunis El Manar University, Tunisia

Reviewed by:

Amal Rabti,

Tunis El Manar University, Tunisia
Alfredo De La Escosura-Mufiiz,
University of Oviedo, Spain

Amal Raouafi,

Tunis El Manar University, Tunisia
Abdellatif Ait Lahcen,
NewYork-Presbyterian, United States

*Correspondence:
Ismaeil Haririan
ismaeil.haririan97@yahoo.com

Specialty section:

This article was submitted to
Biosensors and Biomolecular
Electronics,

a section of the journal
Frontiers in Bioengineering and
Biotechnology

Received: 071 June 2022
Accepted: 21 June 2022
Published: 22 July 2022

Citation:

Mohajeri S, Moayedi S, Azimi L,
Akrami M, Rad-Malekshahi M,

Fazeli MR, Fallah F and Haririan | (2022)
Nanobiosensor Based on Sugar
Code-AuNPs Aggregation: A Key to
Opening New Gates in Rapid
Diagnosis of

Streptococcal Pharyngitis.

Front. Bioeng. Biotechnol. 10:957271.
doi: 10.3389/fbice.2022.957271

®

Check for
updates

Nanobiosensor Based on Sugar
Code-AuNPs Aggregation: A Key to
Opening New Gates in Rapid
Diagnosis of Streptococcal
Pharyngitis

Sahar Mohajeri', Saeed Moayedi’, Leila Azimi?, Mohammad Akrami’,
Mazda Rad-Malekshahi’, Mohammad Reza Fazeli®, Fatemeh Fallah? and Ismaeil Haririan"*

"Department of Pharmaceutical Biomaterials, Faculty of Pharmacy, Tehran University of Medical Sciences, Tehran, Iran,
2Pediiatric Infections Research Center, Research Institute for Children’s Health, Shahid Beheshti University of Medical Sciences,
Tehran, Iran, 3De;:)an‘mem‘ of Drug and Food Control, Faculty of Pharmacy, Tehran University of Medical Sciences, Tehran, Iran

Streptococcal pharyngitis is mainly caused by Streptococcus pyogenes (GAS), which if left
untreated can lead to rheumatic heart disease. The accurate diagnosis of streptococcal
pharyngitis is a challenge for clinicians because several symptoms of streptococcal
pharyngitis are similar to viral pharyngitis. There are some commercially available
biosensors for the rapid diagnosis of streptococcal pharyngitis. Nevertheless, they are
not widely used by physicians, mainly because of their high price and dependence on the
instrument. Serotype M1 GAS is the most prevalent cause of streptococcal pharyngitis
and binds to H-1 antigen, a sugar code found on oral epithelial cells. Here, we present a
nanobiosensor based on aggregation of H-1 antigen-conjugated gold nanoparticles for
the rapid, qualitative, and quantitative detection of M1 GAS, which is inspired by the sugar
code-lectin interaction. It is noteworthy that M1 GAS was detected in a wide concentration
range (1 x 10°-1x10° CFU/ml) with a linear response and a short detection time of 20 min.
Good reproducibility, easy-to-use, and relatively low production cost are among other
attractive features of this nanobiosensor. This work provides a strategic roadmap for
developing a new generation of biosensors via targeting the sugar code-lectin interaction in
future studies.

Keywords: nanobiosensor, gold nanoparticles, streptococcal pharyngitis, gas, diagnosis

INTRODUCTION

Streptococcus pyogenes (GAS) is a Gram positive bacterium that causes a wide variety of clinical
conditions, ranging from acute pharyngitis to severe invasive diseases (Cole et al, 2011). The
prevalence of streptococcal pharyngitis is approximately 5%-15% in adults and 20%-30% in children
(Frost et al., 2019; Luo et al,, 2019). An autoimmune response to streptococcal pharyngitis causes
acute rheumatic fever. Cardiac involvement during acute rheumatic fever can lead to rheumatic heart
disease (Cunningham, 2012).

A common method for the diagnosis of streptococcal pharyngitis is a physical examination by a
physician and then a bacterial culture of throat swab. The accurate diagnosis of streptococcal
pharyngitis is difficult for physicians since some symptoms of both streptococcal and viral
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pharyngitis overlap. Furthermore, the misdiagnosis of
streptococcal pharyngitis by clinicians can lead to the
unnecessary prescription of antibiotics, which increases the
risk of antibiotic resistance. On the other hand, the bacterial
culture of throat swab is the gold standard for the diagnosis of
streptococcal pharyngitis. However, this method has some
limitations like the need for an experienced microbiologist and
1-2 days delay in obtaining results, which may cause a delay in
the treatment or unnecessary use of antibiotics. Hence,
developing rapid detection tests can help in the early and
accurate diagnosis of streptococcal pharyngitis (Luo et al,
2019; Dubois et al., 2021).

Until now, various types of biosensors were developed to
diagnose streptococcal pharyngitis, which only some of them
were approved by the U.S. FDA for clinical use. Sofia, BD Veritor,
and ID NOW are among the most famous commercially available
products (US FDA approved). They are rapid tests for the
qualitative detection of GAS that are instrument-dependent.
Sofia and BD Veritor are based on antibody-antigen
interaction, and ID NOW is based on isothermal nucleic acid
amplification technology. Owing to their high specificity and
sensitivity, these products can help in the accurate diagnosis of
streptococcal pharyngitis (Bulut et al,, 2020; Thompson and
McMullen, 2020; Quidel Corporation 2015; U.S. Food and
Drug  Administration 2013; U.S. Food and Drug
Administration 2018; Abbott Diagnostics Scarborough 2020).
Nevertheless, they are not widely used by clinicians worldwide,
which may be in terms of their high price and dependence on the
instrument.

If a biosensor is developed that not only aids in the quick and
qualitative detection of GAS without using a specialized
instrument, but also has a cheap manufacturing cost and the
capacity to do quantitative analysis, it might be a game-changer in
the diagnosis of streptococcal pharyngitis. It is important to note
that M1 GAS is among the most frequently isolated serotypes
from streptococcal pharyngitis. M1 protein (a main virulence
factor of M1 GAS) binds to H-1 antigen, a sugar code present on
oral epithelial cells. M1 protein is regarded as a type of lectin
(Cole et al., 2011; De Oliveira et al., 2017; Poole et al., 2018).
Several cellular functions ranging from recognizing the pathogen
to cell adhesion are mediated through lectins. They distinguish
carbohydrates bound to lipids and proteins within the
extracellular matrix and on the «cell surface. These
carbohydrates are considered as sugar codes (Vasta, 2009).

On the other hand, gold nanoparticles (AuNPs) exhibit the
intense absorption peak around 520 nm in terms of so-called
surface plasmon resonance (SPR). AuNPs are of particular
interest for broad use in medicine and biology, mainly because
of their ease of synthesis, chemical inertness, and tunable physical
properties (De et al., 2008; Yan et al., 2012). The nanobiosensors
based on the aggregation of AuNPs have recently found a lot of
diagnostic applications especially in the diagnosis of pathogens,
where the presence of a specific antigen in a colloidal medium
containing bioreceptor—AuNPs conjugates results in the
aggregation of nanoparticles (Cao et al., 2009; Liu et al., 2009;
Chi et al,, 2010; Wang et al., 2010; Mou et al., 2019; Pramanik
et al,, 2021). This study aimed to detect M1 GAS using a novel
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nanobiosensor. In this study, we developed a relatively affordable
nanobiosensor based on the aggregation of H-1 antigen-
conjugated AuNPs for the rapid, qualitative, and quantitative
detection of M1 GAS. Due to easy-to-use for qualitative detection
without reliance on the specialized equipment, and relatively low
production cost, H-1 antigen-conjugated AuNPs can be
considered a novel nanobiosensor for the detection of
M1 GAS that may result in a strategic breakthrough in the
diagnosis of streptococcal pharyngitis.

MATERIALS AND METHODS

Materials and Instruments

Tetrachloroauric(IlT) acid trihydrate (HAuCls.3H20, 99.5%),
trisodium citrate (CeHsNasOz, 99.0%), avidin from egg white,
and biotin-4-fluorescein were purchased from Sigma-Aldrich
(Germany). Lacto-N-fucopentaose I-biotin (H-1-biotin) was
purchased from Dextra Laborator@ies (United Kingdom).
Streptococcus pyogenes M1 (ATCC 700294), Streptococcus
pyogenes M6 (ATCC BAA-946), Streptococcus pyogenes M12
(ATCC® BAA-1315), and E. coli O157:H7 (ATCC35150) were
purchased from ATCC (United States). UV-Vis absorption
spectrophotometer (CE7500, United States), Transmission
Electron Microscope (Zeiss EM 900, Germany), Dynamic

Light Scattering (Scatteroscope I, South Korea), and
fluorescence  spectrometer (PerkinElmer, United States)
were used.

Synthesis of AUNPs

AuNPs were synthesized by reduction of HAuCls with trisodium
citrate (Turkevich et al., 1951). Briefly, 250 ul of 140 mM solution
of trisodium citrate was rapidly added to 50 ml of 0.25 mM
solution of HAuClsa under vigorous stirring and reflux
conditions. After 10 min, the solution was slowly cooled down
to room temperature. Characterization of AuNPs was carried out
using UV-Vis absorption spectroscopy, Transmission Electron
Microscope (TEM), and Dynamic Light Scattering (DLS).

Preparation of Avidin-Conjugated AuNPs

Avidin-biotin interaction was used to bind AuNPs to biotinylated
H-1 antigen. Avidin, a glycoprotein from egg white, has a positive
charge at pH below its isoelectric point (about 10) and citrate-
reduced colloidal AuNPs have a negative charge. AuNPs were
electrostatically bound to avidin (Petronzelli et al, 2010;
Montenegro et al, 2013; Ahmed et al, 2014; Bajpayee et al.,
2016; Jain and Cheng, 2017). The pH of synthesized colloidal
AuNPs was in the range of 4-5. The pH of colloidal AuNPs was
set to 6-7 by adding NaOH solution. In the next step, 100 pl of
avidin with concentrations of 50, 75, 100, 125, and 150 pg/ml was
added individually to 900 pl of colloidal AuNPs. All samples were
incubated for 1 h at 25°C, and then were centrifuged at 8,500 rpm for
20min and the supernatant containing unbound avidin was
removed. Assessment of AuNPs binding to the avidin was
performed using Zigmondy’s test (Slot and Geuze, 2007; Rios-
Corripio et al, 2013). 80 ul of NaCl solution of 10% w/v was
added to 1ml of avidin-conjugated AuNPs (avidin-AuNPs)
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prepared in previous step. Photography and UV-Vis absorption
spectroscopy were applied to determine the best conjugation
condition. All experiments were carried out in triplicates.

Preparation of H-1 Antigen-Conjugated

AuNPs

100 pl of H-1-biotin with concentrations of 10, 20, 30, and 40 pug/ml
was individually added to 900 pl of avidin-AuNPs. All samples were
incubated for 1h at 25°C and then centrifuged at 8,500 rpm for
20 min and the supernatant containing unbound H-1-biotin was
removed. Biotin-4-fluorescein was applied to evaluate the avidin-
AuNPs’ binding to the H-1-biotin. Biotin-4-fluorescein is used to
detect biotin-binding sites by fluorescence spectroscopy (McMahon,
2008; Waner and Mascotti, 2008; Chivers et al., 2010; Mittal and
Bruchez, 2011; Sun et al,, 2012). 100 ul of biotin-4-fluorescein with
concentration of 50 ug/ml was individually added to 900 pl of H-1
antigen-conjugated AuNPs (H-1-AuNPs). All samples were
incubated for 1 h at 25°C, and then were centrifuged at 8,500 rpm
for 20min and the supernatant containing unbound biotin-4-
fluorescein was removed. Assessment of avidin-AuNPs’ binding to
the H-1-biotin was performed using fluorescence spectroscopy (Aex
494nm; Aem 522nm) on supernatant to determine the best
conjugation condition. All experiments were carried out in triplicates.

Detection Assay of M1 GAS

To biomimic natural saliva medium, a saliva sample was collected
after a physical examination of a healthy individual by the physician.
To ensure no bacterial contamination of this sample with GAS,
microbial evaluation was performed by Pouya Gene Azma Company
(Tehran, Iran). This saliva sample was used as a medium for the
detection assay of M1 GAS. In the next step, M1 GAS was recovered
from the stocks on Blood agar with 5% sheep blood and then the
plates were incubated under 5% CO, at 37°C for 1 day. Colonies were
counted via the OD measurement at 600 nm after 1 day of growth.
Streptococcus pyogenes M6 (M6 GAS), Streptococcus pyogenes M12
(M12 GAS), and E. coli O157:H7 were considered as controls.
M6 GAS and MI12 GAS were treated at the same mentioned
conditions. (Camara et al.,, 2013; Parvizi et al., 2014; Kebede et al.,
2021). E. coli O157:H7 was recovered from the stocks on Nutrient
Broth and then the plates were incubated at 37°C for 1 day. Colonies
were counted through the OD measurement at 600 nm after 1 day of
growth (Sagdic et al,, 2002; Banerjee et al,, 2016; Li et al,, 2017).
Then, saliva samples infected with M1 GAS, M6 GAS, M12 GAS,
and E. coli O157:H7 at concentrations of 1 x 10% 1 x 10°, 1 x 10% 1 x
10°, 1 x 10°% and 1 x 10’ CFU/ml were prepared and 100 ul of
samples were added individually to 900 ul of H-1-AuNPs. All
samples were incubated for 20 min at 25°C. The samples were
assessed using photography and UV-Vis absorption
spectroscopy. All experiments were carried out in triplicates.

RESULTS AND DISCUSSION

Characterization of AuUNPs
UV-visible absorption spectrum and transmission electron
micrograph of AuNPs are presented in Figure 1A. Based on
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FIGURE 1 | UV-Vis absorption spectrum of AUNPs and transmission
electron micrograph of the same (inset) (A). The particle size distribution of
AuNPs measured by DLS (B).

this spectrum and the size estimation method presented by Haiss
et al. (2007), the average size of AuNPs was estimated at 20 nm,
which is in good agreement with the transmission electron
micrograph of the particles. The particle size distribution of
AuNPs measured by DLS is presented in Figure 1B. The
result of DLS measurement showed a median hydrodynamic
diameter (D50) of 21.5 nm, which is in good agreement with the
UV-visible absorption spectrum and transmission electron
micrograph of the particles.

Assessment of the Binding of AuNPs to
Avidin

The color change in the samples and red-shift in the absorption
spectra of samples were the criteria to distinguish the stable
samples from unstable ones. Color variation in avidin-AuNPs
after adding NaCl is presented in Figure 2A. The color of the
samples prepared with avidin at concentrations of 125 and
150 pg/ml remained unchanged. The color of the sample
prepared with avidin at concentration of 100 ug/ml showed
slight change and the samples prepared with avidin at
concentrations of 50 and 75 pg/ml underwent an evident color
change. The UV-Visible absorption spectra of avidin-AuNPs
following addition of NaCl are presented in Figure 2B.
Absorption spectra of the samples prepared with avidin at
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FIGURE 2 | The photographic images (A) and UV-Visible absorption spectra (B) of avidin—~AuNPs after adding NaCl.

concentrations of 125 and 150 pg/ml exhibited a smaller red-shift
than other samples.

Citrate-reduced colloidal AuNPs have a negative charge, and
their stability is of electrostatic type. These nanoparticles are sensitive
to the electrolyte concentration. When the concentration of the
electrolyte increases, the nanoparticles quickly aggregate, with a color
change of the colloid from red to purple or blue. When
macromolecules such as proteins cover the surface of AuNPs,
polymeric stability is developed. In polymeric stability, the
colloidal AuNPs are less sensitive to the rise in the electrolyte
concentration. Thus, if the electrolyte concentration increases, no
color change can be observed (Chi et al, 2010; Yokota, 2010;
Halliwell and Gwenin, 2013; Rios-Corripio et al., 2013).

The most common method of evaluating the electrostatic binding
of AuNPs to protein is Zigmondy’s test. In brief, various
concentrations of the protein solution are mixed with samples of
the colloidal AuNPs. Then, NaCl solution is added to these samples.
The stable sample is the one that does not change color with a
minimum concentration of protein. UV-visible absorption
spectroscopy can be used for a more in-depth investigation in a
way that, the sample which exhibits least red-shift in SPR position is
considered the one with best polymeric stability (Slot and Geuze,
2007; Rios-Corripio et al., 2013). The criteria of selecting the stable
conjugates included the sample with a minimal concentration of
avidin for developing suitable polymeric stability. Thus, based on the
photographic images presented in Figure 2A and the spectra
presented in Figure 2B, the sample prepared with avidin at
concentration of 125 pg/ml was selected as a stable sample.

1000
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=10 ug/ml
e 20 g /ml
600 ——30 pg/ml

40 pg/ml

600

400

200

Fluorescence intensity (a. u.)

500 550 600 650
Wavelength (nm)

FIGURE 3 | The fluorescence emission spectra of biotin-4-fluorescein
after adding various concentrations of H-1-biotin. Reference (Biotin-4-
flourescein).

Assessment of the Binding of Avidin-AuNPs
to H-1-Biotin

Biotin-4-fluorescein was applied to evaluate the avidin-AuNPs’
binding to the H-1-biotin. When H-1-biotin molecules cover the
surface of avidin-AuNPs, biotin-4-fluorescein cannot bind to
avidin-AuNPs, and  consequently,  biotin-4-fluorescein

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

July 2022 | Volume 10 | Article 957271


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Mohajeri et al.

Nanobiosensor Based on Sugar Code-AuNPs Aggregation

A Concentration (CFU/ ml) 0 1x102 1x103 1x104 1x105 1x10¢ 1x107
Photographic images
B Concentration (CFU/ ml) 0 1x10? 1x103 1x104 1x10% 1x106 1x107
Photographic images
c Concentration (CFU/ ml) 0 1x102 1x103 1x104 1x105 1x106 1x107
Photographic images
D | Concentration (CFU/ ml) 0 1x102 1x103 1x10* 1x10°5 1x106 1x107
Photographic images
FIGURE 4 | The photographic images of H-1-AuNPs before and after adding saliva samples infected with M1 GAS (A), M6 GAS (B), M12 GAS (C), and E. coli
0157:H7 (D) at concentrations of 1x102, 1x10%, 1x10% 1x10°, 1x10°, and 1 x 107 CFU/ml. Concentration of 0 CFU/ml (as reference, H-1-AuNPs containing
uninfected saliva sample). H-1-AuNPs could detect M1 GAS in a concentration range of 1 x 10°-1x10% CFU/mI based on color changes.

molecules enter the supernatant during centrifugation. The
fluorescence emission spectra of biotin-4-fluorescein after
adding various concentrations of H-1-biotin are presented in
Figure 3. The criteria for selecting the optimized sample included
the sample with a minimal concentration of H-1-biotin that has
minimal decreased fluorescence intensity at 522 nm. Therefore,
based on the spectra presented in Figure 3, the sample prepared

with H-1-biotin at concentration of 30 pg/ml was selected as an
optimized sample. It is worth mentioning that the biotin-avidin
complex is the strongest non-covalent interaction between a
ligand and a protein. The bond formation between avidin and
biotin is fast, and once formed, is not affected by organic solvents,
extremes of pH, and other denaturing agents (Bender, 2003;
Liebesa and Marksa, 2014).
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FIGURE 5 | UV-visible absorption spectra of H-1-AuNPs before and after adding saliva samples infected with M1 GAS (A), M6 GAS (B), M12 GAS (C), and £. coli
0157:H7 (D) at concentrations of 1x102, 1x10%, 1x10%, 1x10° 1x10° and 1 x 107 CFU/ml. Reference (H-1-AuNPs containing uninfected saliva sample). H-1-AuNPs
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Detection Assay of M1 GAS

The no bacterial contamination of saliva sample of a healthy
individual with GAS was confirmed by Pouya Gene Azma
Company (Confirmation certificate NO: 140011-272). Then,
this saliva sample was used as a medium for the detection
assay of M1 GAS. The color change in the samples and the
value of red-shift in the absorption spectra of samples were the
criteria to assess the functionality of H-1-AuNPs. Color variation
in H-1-AuNPs before and after adding saliva samples infected
with M1 GAS, M6 GAS, M12 GAS, and E. coli O157:H7 at
concentrations of 1 x 10, 1 x 10°, 1 x 10%, 1 x 10°, 1 x 10%,and 1 x
107 CFU/ml is presented in Figure 4. The color of the sample
prepared with M1 GAS at concentration of 1 x 10* CFU/ml
remained unchanged. The color of the samples prepared with
M1 GAS at concentrations of 1 x 10° and 1 x 10* CFU/ml showed
slight change and the samples prepared with M1 GAS at
concentrations of 1 x 10°> and 1 x 10° CFU/ml underwent an
evident color change from red to purple. The color of the sample
prepared with M1 GAS at concentration of 1 x 10”7 CFU/ml was
similar to the concentration of 1 x 10° CFU/ml (Figure 4A).

Furthermore, the color of the samples prepared with M6 GAS,
M12 GAS, and E. coli O157:H7 at concentrations of 1 x 10% 1 x
103 1 x 10%4 1 x 10° 1 x 105 and 1 x 10’ CFU/ml remained
unchanged (Figures 4B-D). These results indicated that H-1-
AuNPs could specifically and qualitatively detect M1 GAS in a
concentration range of 1 x 10°~1x10° CFU/ml based on color
changes.

On the other hand, the UV-Visible absorption spectra of H-
1-AuNPs before and after adding saliva samples infected with
M1 GAS, M6 GAS, M12 GAS, and E. coli O157:H7 at
concentrations of 1 x 10% 1 x 10%, 1 x 10% 1 x 10°, 1 x
10°,and 1 x 10" CFU/ml are presented in Figure 5. The criteria
for quantitative detecting M1 GAS included the value of red-
shift in the absorption peak position. The SPR position of the
sample prepared with M1 GAS at concentration of 1 x
10> CFU/ml remained unchanged. The samples prepared
with M1 GAS at concentrations of 1 x 10, 1 x 10% 1 x
10%, and 1 x 10° CFU/ml showed red-shifts of 14, 27, 41, and
56 nm in SPR position, respectively. The SPR position of the
sample prepared with M1 GAS at concentration of 1 x
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1x10%, 1x10% 1x10% 1x10° and 1 x 10° CFU/ml of M1 GAS in terms of
variations in the red-shift. Calibration curve shows a linear trend.

107 CFU/ml was similar to the concentration of 1 x 10° CFU/
ml (Figure 5A). Moreover, The SPR position of the samples
prepared with M6 GAS, M12 GAS, and E. coli O157:H7 at
concentrations of 1 x 10%, 1 x 10,1 x 10%, 1 x 10°, 1 x 10%, and
1 x 107 CFU/ml remained unchanged (Figures 5B-D). These
results showed that H-1-AuNPs could specifically and
quantitatively detect M1 GAS in a concentration range of
1 x 10°-1 x 10° CFU/ml based on the value of red-shift in
SPR position.

Based on the value of red-shift in SPR position, a calibration
curve for detection of M1 GAS at concentrations of 1 x 10%, 1 x
10°,1 x 10%, 1 x 10°, and 1 x 10° CFU/ml was plotted (Figure 6).
It is noteworthy that this calibration curve shows a linear trend,
which indicates the good functionality of H-1-AuNPs for the
detection of M1 GAS.

The results of the detection assay showed a short detection
time (20 min), which is in good agreement with the detection
time of previously reported studies (5-10 min), as well as a
wide detection range (1 x 10°-1 x 10° CFU/ml) in comparison
with previously reported studies (9 x 10°-1 x 10> CFU/ml)

Nanobiosensor Based on Sugar Code-AuNPs Aggregation

(Quidel Corporation 2015; U.S. Food and Drug
Administration 2013; Wang et al.,, 2010). The comparison
of H-1-AuNPs with previously reported biosensors for
detection of GAS is presented in Table 1. Although, the
commercially available products (US FDA approved) such
as Sofia, BD Veritor, and ID NOW can help in the accurate
diagnosis of streptococcal pharyngitis (Bulut et al., 2020;
Thompson and McMullen, 2020; Quidel Corporation 2015;
U.S. Food and Drug Administration 2013; U.S. Food and Drug
Administration 2018; Abbott Diagnostics Scarborough 2020),
they are not widely used by clinicians worldwide, mainly
because of their high price. Besides, the functionality of
these products is dependent on the instrument, making
them difficult to use. As a result, a novel biosensor for
quick diagnosis of streptococcal pharyngitis with cheap
manufacturing costs and no reliance on the specialized
equipment in qualitative detection is urgently needed. It is
worth mentioning that sugar codes usually have relatively low
price and high structure stability and on the other hand,
nanobiosensors based on aggregation of AuNPs have
various Dbenefits like high sensitivity, easy-to-use for
qualitative detection without dependence on the specialized
instrument, and high speed in analyses. Hence, the
development of nanobiosensors that target sugar code-lectin
interactions in pathogens might be a promising option for
diagnosing infectious disorders such as streptococcal
pharyngitis.

Due to wide linear detection range (1 x 10°-1 x 10° CFU/
ml), short detection time (20 min), good reproducibility, easy-
to-use for qualitative detection without dependence on the
specialized instrument, and relatively low production cost, H-
1-AuNPs can be regarded as an affordable nanobiosensor for
the detection of M1 GAS that may lead to a strategic
breakthrough in the diagnosis of streptococcal pharyngitis.
However, detection assay using the standard strain of M1 GAS
was one of the main limitations of our study. For this reason, it
will be important in future studies to perform detection assay
using clinical strains of M1 GAS before the clinical application
of H-1-AuNPs. Another limitation of the present study was
that H-1-AuNPs could detect only M1 GAS (the most common
cause of streptococcal pharyngitis), but not all serotypes.
Owing to great benefits (especially high sensitivity and easy-
to-use for qualitative detection without dependence on the
specialized instrument), design of nanobiosensor based on the

TABLE 1 | Comparison of H-1-AuNPs with previously reported biosensors for detection of GAS.

Bioreceptor Analysis Limit of
detection
Antibody Qualitative 9 x 10° CFU/ml
Antibody Qualitative 1 x 10° CFU/ml
Nucleic acid Qualitative Not Reported
Carbohydrate Qualitative and quantitative 1.5 x 10% CFU/ml

Detection time

Target serotypes References

5 min All Quidel Corporation .(2015)

5-10 min All U.S. Food and Drug Administration (2013)
6 min All Abbott Diagnostics Scarborough (2020)
20 min M1 This work
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FIGURE 7 | A schematic illustration of nanobiosensor based on the aggregation of sugar code-AuNPs for the rapid detection of M1 GAS.
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aggregation of AuNPs to detect other important serotypes of
GAS, such as M6 GAS and M12 GAS can be considered in
future studies.

CONCLUSION

In summary, we have successfully developed a relatively
affordable nanobiosensor based on the aggregation of H-1-
AuNPs for the rapid, qualitative, and quantitative detection of

M1 GAS (Figure 7). The results of the detection assay
represented a wide detection range (1 x 10°-1 x 10° CFU/
ml) with linear response, indicating the good functionality of
this nanobiosensor for the specific detection of M1 GAS. The
other attractive features of this nanobiosensor include a short
detection time of 20 min, good reproducibility, easy-to-use for
qualitative detection without dependence on the specialized
instrument, and relatively low production cost. Consequently,
this work can be considered a key to opening new doors in the
rapid diagnosis of streptococcal pharyngitis in future studies.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

July 2022 | Volume 10 | Article 957271


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Mohajeri et al.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be
directed to the corresponding author.

AUTHOR CONTRIBUTIONS

ShM: conceptualization, methodology, investigation, and
writing—original draft; SeM: methodology, investigation, and

REFERENCES

Abbott Diagnostics Scarborough (2020). ID NOW™ STREP A 2. Available at:
https://www.alere.com/en/home/product-details/id-now-strep-a-2.html.

Ahmed, K. K., Geary, S. M., and Salem, A. K. (2014). Micro-and Nanoengineering of
the Cell Surface. Amsterdam, Netherlands: Elsevier.Engineering the Surface of
Cells Using Biotin-Avidin Chemistry

Bajpayee, A. G., Quadir, M. A., Hammond, P. T., and Grodzinsky, A. J. (2016).
Charge Based Intra-cartilage Delivery of Single Dose Dexamethasone Using
Avidin Nano-Carriers Suppresses Cytokine-Induced Catabolism Long Term.
Osteoarthr. Cartil. 24 (1), 71-81. doi:10.1016/j.joca.2015.07.010

Banerjee, T., Sulthana, S., Shelby, T., Heckert, B., Jewell, ., Woody, K., et al. (2016).
Multiparametric Magneto-Fluorescent Nanosensors for the Ultrasensitive
Detection of Escherichia coli O157:H7. ACS Infect. Dis. 2 (10), 667-673.
doi:10.1021/acsinfecdis.6b00108

Bender, D. A. (2003). Nutritional Biochemistry of the Vitamins. Cambridge,
United Kingdom: Cambridge University Press.

Bulut, M. E., Kina, N., Biiyiikyanbolu, E., Ozer, V. Y., Aktas, E., and Bayraktar, B.
(2020). A Highly-Sensitive Rapid Test for the Diagnosis of Streptococcal
Pharyngitis: BD Veritor System. Int. J. Pediatr. Otorhinolaryngology 133,
109980. doi:10.1016/j.ijpor].2020.109980

Camara, M., Dieng, A., and Boye, C. S. (2013). Antibiotic Susceptibility of
streptococcus Pyogenes Isolated from Respiratory Tract Infections in Dakar,
senegal. Microbiol. Insights 6, 71-75. doi:10.4137/MBI.S12996

Cao, Q., Yuan, H., and Cai, R. (2009). Homogeneous Detection of Human IgG by
Gold Nanoparticle Probes. J. Wuhan. Univ. Technol.-Mat. Sci. Ed. 24, 772-775.
doi:10.1007/s11595-009-5772-3

Chi, H,, Liu, B., Guan, G., Zhang, Z., and Han, M.-Y. (2010). A Simple, Reliable and
Sensitive Colorimetric Visualization of Melamine in Milk by Unmodified Gold
Nanoparticles. Analyst 135, 1070-1075. doi:10.1039/c000285b

Chivers, C. E., Crozat, E., Chu, C., Moy, V. T., Sherratt, D. J., and Howarth, M.
(2010). A Streptavidin Variant with Slower Biotin Dissociation and Increased
Mechanostability. Nat. Methods. 7 (5), 391-393. doi:10.1038/nmeth.1450

Cole, J. N, Barnett, T. C., Nizet, V., and Walker, M. J. (2011). Molecular Insight
into Invasive Group A Streptococcal Disease. Nat. Rev. Microbiol. 9 (10),
724-736. doi:10.1038/nrmicro2648

Cunningham, M. W. (2012). Streptococcus and Rheumatic Fever. Curr. Opin.
Rheumatol. 24 (4), 408-416. doi:10.1097/bor.0b013e32835461d3

De, M., Ghosh, P. S., and Rotello, V. M. (2008). Applications of Nanoparticles in
Biology. Adv. Mat. 20, 4225-4241. doi:10.1002/adma.200703183

De Oliveira, D. M., Hartley-Tassell, L., Everest-Dass, A., Day, C. J., Dabbs, R. A,,
Ve, T., et al. (2017). Blood Group Antigen Recognition via the Group A
Streptococcal M Protein Mediates Host Colonization. mBio 8 (1), e02237-16.
doi:10.1128/mBi0.02237-16

Dubois, C., Smeesters, P. R., Refes, Y., Levy, C., Bidet, P., Cohen, R,, et al. (2021).
Diagnostic Accuracy of Rapid Nucleic Acid Tests for Group A Streptococcal
Pharyngitis: Systematic Review and Meta-Analysis. Clin. Microbiol. Infect. 27
(12), 1736-1745. doi:10.1016/j.cmi.2021.04.021

Frost, H. M., Fritsche, T. R., and Hall, M. C. (2019). Beta-hemolytic Nongroup A
Streptococcal Pharyngitis in Children. J. Pediatr. 206, 268-273. doi:10.1016/j.
jpeds.2018.10.048

Nanobiosensor Based on Sugar Code-AuNPs Aggregation

writing—original draft; LA, MA, and MR-M: investigation and
formal analysis; MRF and FF: methodology and Writing—review
and editing; TH: conceptualization, methodology, supervision,
and writing—review and editing.

FUNDING

This work was financially supported by Tehran University of
Medical Sciences (Grant No. 56942).

Haiss, W., Thanh, N. T. K., Aveyard, J., and Fernig, D. G. (2007). Determination of
Size and Concentration of Gold Nanoparticles from UV-Vis Spectra. Anal.
Chem. 79, 4215-4221. doi:10.1021/ac0702084

Halliwell, J., and Gwenin, C. (2013). A Label Free Colorimetric Assay for the
Detection of Active Botulinum Neurotoxin Type A by SNAP-25
Conjugated Colloidal Gold. Toxins 5 (8), 1381-1391. doi:10.3390/
toxins5081381

Jain, A., and Cheng, K. (2017). The Principles and Applications of Avidin-Based
Nanoparticles in Drug Delivery and Diagnosis. J. Control. Release 245, 27-40.
doi:10.1016/j.jconrel.2016.11.016

Kebede, D., Admas, A., and Mekonnen, D. (2021). Prevalence and Antibiotics
Susceptibility Profiles of Streptococcus Pyogenes Among Pediatric Patients
with Acute Pharyngitis at Felege Hiwot Comprehensive Specialized Hospital,
Northwest Ethiopia. BMC Microbiol. 21 (1), 135-210. doi:10.1186/s12866-021-
02196-0

Li, T., Zhu, F,, Guo, W., Gu, H,, Zhao, J., Yan, M,, et al. (2017). Selective Capture
and Rapid Identification of E. coli O157:H7 by Carbon Nanotube Multilayer
Biosensors and Microfluidic Chip-Based LAMP. RSC Adv. 7 (48), 30446-30452.
doi:10.1039/c7ra04583b

Liebesa, Y., and Marksa, R. S. (2014). in Viral Diagnostics: Advances and
Applications (Florida, United States: Pan Stanford Publishing Pte. Ltd), 2,
343.0ptical Fiber Immunosensors and Genosensors for the Detection of Viruses

Liu, Y., Liu, Y., Mernaugh, R. L., and Zeng, X. (2009). Single Chain Fragment
Variable Recombinant Antibody Functionalized Gold Nanoparticles for a
Highly Sensitive Colorimetric Immunoassay. Biosens. Bioelectron. 24,
2853-2857. doi:10.1016/j.bi0s.2009.02.016

Luo, R,, SicKler, J., Vahidnia, F., Lee, Y. C., Frogner, B., and Thompson, M. (2019).
Diagnosis and Management of Group a Streptococcal Pharyngitis in the
United States, 2011-2015. BMC Infect. Dis. 19 (1), 193-199. doi:10.1186/
$12879-019-3835-4

McMahon, R. J. (2008). Avidin-biotin Interactions: Methods and Applications.
Berlin, Germany: Springer Science & Business Media.

Mittal, R., and Bruchez, M. P. (2011). Biotin-4-fluorescein Based Fluorescence
Quenching Assay for Determination of Biotin Binding Capacity of Streptavidin
Conjugated Quantum Dots. Bioconjugate Chem. 22 (3), 362-368. doi:10.1021/
bc100321c

Montenegro, J.-M., Grazu, V., Sukhanova, A., Agarwal, S, de la Fuente, ]. M.,
Nabiev, I, et al. (2013). Controlled Antibody/(bio-) Conjugation of Inorganic
Nanoparticles for Targeted Delivery. Adv. Drug Deliv. Rev. 65 (5), 677-688.
doi:10.1016/j.addr.2012.12.003

Mou, X.-Z., Chen, X.-Y., Wang, J., Zhang, Z., Yang, Y., Shou, Z.-X,, et al. (2019).
Bacteria-instructed  Click Chemistry between Functionalized Gold
Nanoparticles for Point-Of-Care Microbial Detection. ACS Appl. Mat.
Interfaces 11, 23093-23101. doi:10.1021/acsami.9b09279

Parvizi, E., Nateghian, A., Ahmadi, A., Mirsaeedi, K., and Irajian, G. (2014).
Antibiotic Susceptibility of Streptococcus Pyogenes Isolated from Throat
Cultures of Healthy Children Aged between 5-15 Years. Int. J. Mol. Clin.
Microbiol. 4 (2), 411-416.

Petronzelli, F., Pelliccia, A., Anastasi, A. M., Lindstedt, R., Manganello, S., Ferrari,
L. E,, et al. (2010). Therapeutic Use of Avidin Is Not Hampered by Antiavidin
Antibodies in Humans. Cancer Biotherapy Radiopharm. 25 (5), 563-570.
doi:10.1089/cbr.2010.0797

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

July 2022 | Volume 10 | Article 957271


https://www.alere.com/en/home/product-details/id-now-strep-a-2.html
https://doi.org/10.1016/j.joca.2015.07.010
https://doi.org/10.1021/acsinfecdis.6b00108
https://doi.org/10.1016/j.ijporl.2020.109980
https://doi.org/10.4137/MBI.S12996
https://doi.org/10.1007/s11595-009-5772-3
https://doi.org/10.1039/c000285b
https://doi.org/10.1038/nmeth.1450
https://doi.org/10.1038/nrmicro2648
https://doi.org/10.1097/bor.0b013e32835461d3
https://doi.org/10.1002/adma.200703183
https://doi.org/10.1128/mBio.02237-16
https://doi.org/10.1016/j.cmi.2021.04.021
https://doi.org/10.1016/j.jpeds.2018.10.048
https://doi.org/10.1016/j.jpeds.2018.10.048
https://doi.org/10.1021/ac0702084
https://doi.org/10.3390/toxins5081381
https://doi.org/10.3390/toxins5081381
https://doi.org/10.1016/j.jconrel.2016.11.016
https://doi.org/10.1186/s12866-021-02196-0
https://doi.org/10.1186/s12866-021-02196-0
https://doi.org/10.1039/c7ra04583b
https://doi.org/10.1016/j.bios.2009.02.016
https://doi.org/10.1186/s12879-019-3835-4
https://doi.org/10.1186/s12879-019-3835-4
https://doi.org/10.1021/bc100321c
https://doi.org/10.1021/bc100321c
https://doi.org/10.1016/j.addr.2012.12.003
https://doi.org/10.1021/acsami.9b09279
https://doi.org/10.1089/cbr.2010.0797
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Mohajeri et al.

Poole, J., Day, C. J., von Itzstein, M., Paton, J. C., and Jennings, M. P. (2018).
Glycointeractions in Bacterial Pathogenesis. Nat. Rev. Microbiol. 16, 440-452.
doi:10.1038/s41579-018-0007-2

Pramanik, A., Gao, Y., Patibandla, S., Mitra, D., Mccandless, M. G., Fassero, L. A.,
et al. (2021). The Rapid Diagnosis and Effective Inhibition of Coronavirus
Using Spike Antibody Attached Gold Nanoparticles. Nanoscale Adv. 3,
1588-1596. doi:10.1039/d0na01007¢c

Quidel Corporation (2015). Sofia Strep A FIA. Available at: https://www.quidel.
com/sites/default/files/product/documents/EF1243801ENO1.pdf.

Rios-Corripio, M., Garcia-Pérez, B. E., Jaramillo-Flores, M. E., Gayou, V., and
Rojas-Lopez, M. (2013). UV-Visible Intensity Ratio (Aggregates/single
Particles) as a Measure to Obtain Stability of Gold Nanoparticles
Conjugated with Protein A. J. Nanoparticle Res. 15 (5), 1-7. doi:10.1007/
s11051-013-1624-3

Sagdig, O., Kuseu, A., Ozcan, M., and Ozgelik, S. (2002). Effects of Turkish Spice
Extracts at Various Concentrations on the Growth of Escherichia coli 0157: H7.
Food Microbiol. 19 (5), 473-480. doi:10.1006/fmic.2002.0494

Slot, J. W., and Geuze, H. J. (2007). Cryosectioning and Immunolabeling. Nat.
Protoc. 2, 2480-2491. doi:10.1038/nprot.2007.365

Sun, S., Huang, X., Ma, M., Qiu, N., Cai, Z,, Luo, Z,, et al. (2012). Systematic
Evaluation of Avidin-Biotin Interaction by Fluorescence Spectrophotometry.
Spectrochimica Acta Part A Mol. Biomol. Spectrosc. 89, 99-104. doi:10.1016/j.
5aa.2011.12.003

Thompson, T. Z., and McMullen, A. R. (2020). Group A Streptococcus Testing in
Pediatrics: the Move to Point-Of-Care Molecular Testing. J. Clin. Microbiol. 58
(6), €01494-19. doi:10.1128/JCM.01494-19

Turkevich, J., Stevenson, P. C., and Hillier, J. (1951). A Study of the Nucleation and
Growth Processes in the Synthesis of Colloidal Gold. Discuss. Faraday Soc. 11,
55-75. doi:10.1039/df9511100055

U.S. Food and Drug Administration (2013). Decision Summary. Available at:
https://www.accessdata.fda.gov/cdrh_docs/reviews/k122718.pdf.

U.S. Food and Drug Administration (2018). Decision Summary. Available at:
https://www.accessdata.fda.gov/cdrh_docs/reviews/K173653.pdf.

Nanobiosensor Based on Sugar Code-AuNPs Aggregation

Vasta, G. R. (2009). Roles of Galectins in Infection. Nat. Rev. Microbiol. 7 (6),
424-438. doi:10.1038/nrmicro2146

Waner, M. ], and Mascotti, D. P. (2008). A Simple Spectrophotometric
Streptavidin-Biotin Binding Assay Utilizing Biotin-4-Fluorescein. J. Biochem.
Biophysical Methods 70 (6), 873-877. doi:10.1016/j.jbbm.2007.06.001

Wang, S., Singh, A. K, Senapati, D., Neely, A., Yu, H,, and Ray, P. C. (2010). Rapid
Colorimetric Identification and Targeted Photothermal Lysis ofSalmonellaBacteria
by Using Bioconjugated Oval-Shaped Gold Nanoparticles. Chem. - A Eur. ]. 16 (19),
5600-5606. doi:10.1002/chem.201000176

Yan, X, Blacklock, J., Li, J., and Méhwald, H. (2012). One-Pot Synthesis of
Polypeptide-Gold Nanoconjugates for In Vitro Gene Transfection. ACS
Nano 6, 111-117. doi:10.1021/n1n202939s

Yokota, S. (2010). Preparation of Colloidal Gold Particles and Conjugation to
Protein A, IgG, F (Ab’) 2, and Streptavidin, Immunoelectron Microscopy. Berlin,
Germany: Springer.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Mohajeri, Moayedi, Azimi, Akrami, Rad-Malekshahi, Fazeli,
Fallah and Haririan. This is an open-access article distributed under the terms of the
Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and
the copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

10

July 2022 | Volume 10 | Article 957271


https://doi.org/10.1038/s41579-018-0007-2
https://doi.org/10.1039/d0na01007c
https://www.quidel.com/sites/default/files/product/documents/EF1243801EN01.pdf
https://www.quidel.com/sites/default/files/product/documents/EF1243801EN01.pdf
https://doi.org/10.1007/s11051-013-1624-3
https://doi.org/10.1007/s11051-013-1624-3
https://doi.org/10.1006/fmic.2002.0494
https://doi.org/10.1038/nprot.2007.365
https://doi.org/10.1016/j.saa.2011.12.003
https://doi.org/10.1016/j.saa.2011.12.003
https://doi.org/10.1128/JCM.01494-19
https://doi.org/10.1039/df9511100055
https://www.accessdata.fda.gov/cdrh_docs/reviews/k122718.pdf
https://www.accessdata.fda.gov/cdrh_docs/reviews/K173653.pdf
https://doi.org/10.1038/nrmicro2146
https://doi.org/10.1016/j.jbbm.2007.06.001
https://doi.org/10.1002/chem.201000176
https://doi.org/10.1021/nn202939s
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

	Nanobiosensor Based on Sugar Code-AuNPs Aggregation: A Key to Opening New Gates in Rapid Diagnosis of Streptococcal Pharyngitis
	Introduction
	Materials and Methods
	Materials and Instruments
	Synthesis of AuNPs
	Preparation of Avidin-Conjugated AuNPs
	Preparation of H-1 Antigen-Conjugated AuNPs
	Detection Assay of M1 GAS

	Results and Discussion
	Characterization of AuNPs
	Assessment of the Binding of AuNPs to Avidin
	Assessment of the Binding of Avidin-AuNPs to H-1-Biotin
	Detection Assay of M1 GAS

	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	References


