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dy immobilization on natural
silica-based nanostructures for the selective
detection of E. coli†

Diaz Ayu Widyasari,ab Anis Kristiani,a Ahmad Randy, c Robeth V. Manurung,de

Rizna Triana Dewi,c Agustina Sus Andreani,ad Brian Yuliarto bd

and S. N. Aisyiyah Jenie *ad

This study reports for the first time the surface modification of fluorescent nanoparticles derived from

geothermal silica precipitate with Escherichia coli (E. coli) antibody. The immobilization of biomolecules

on the inorganic surface has been carried out using two different pathways, namely the silanization and

hydrosilylation reactions. The former applied (3-aminopropyl)triethoxysilane (APTES) as the crosslinker,

while the latter used N-hydroxysuccinimide coupled with N-ethyl-N0-(3-dimethyl aminopropyl)

carbodiimide hydrochloride (EDC/NHS). Fourier transform infrared (FTIR) spectroscopy, field emission

scanning electron microscopy with energy dispersive X-ray spectroscopy (FESEM-EDX), and

fluorescence spectroscopy were used to confirm the chemical, physical, and optical properties of the

surface-modified fluorescent silica nanoparticles (FSNPs). Based on the results of the FTIR, fluorescence

spectroscopy and stability tests, the modified FSNPs with EDC/NHS with a ratio of 4 : 1 were proven to

provide the optimum results for further conjugation with antibodies, affording the FSNP-Ab2 sample.

The FSNP-Ab2 sample was further tested as a nanoplatform for the fluorescence-quenching detection

of E. coli, which provided a linear range of 102 to 107 CFU mL�1 for E. coli with a limit of detection (LoD)

of 1.6 � 102 CFU mL�1. The selectivity of the biosensor was observed to be excellent for E. coli

compared to that for P. aeruginosa and S. typhimurium, with reductions in the maximum fluorescence

intensity at 588 nm of 89.22%, 26.23%, and 54.06%, respectively. The inorganic nanostructure–

biomolecule conjugation with optimized coupling agents showed promising analytical performance as

a selective nanoplatform for detecting E. coli bacteria.
Introduction

Fluorescent silica nanoparticles (FSNPs) are desirable because
of their abundant potential use in diagnosis and detection. This
nanostructure has been applied in describing tumors,1 probing
ligand–receptor interactions,2,3 deoxyribonucleic acid (DNA)
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microarrays,4 immunouorescence techniques,5 analog uo-
rescent detection,6 network imaging,7 cell imaging,8 and path-
ogen detection.9–11 The uorescent nanostructure provides
excellent performance for optical-based detection since it
possesses improved photostability and uorescence lifetime
compared to uorogenic organic compounds such as rhoda-
mine B12. Silica generated from the precipitate of geothermal
power plants has been used as one of the precursors in the
development of uorescent silica nanoparticles. As reported in
our previous work, FSNPs were synthesized from amorphous
silica precipitate by the sol–gel method, followed by incorpo-
rating an organic dye, which is conducted at low temperature.13

This process gives added value to the amorphous silica as it is
converted into cost-efficient and environmentally friendly
advanced nanomaterials. Nature-based nanomaterials serve as
perfect substitutes compared to those derived from commercial
precursors.

Biosensors (e.g., DNA sensors and antibody-based biosen-
sors) have been considered an alternative to cope with the
problems of conventional assay methods,14–18 providing advan-
tageous properties such as rapid response time, high sensitivity
© 2022 The Author(s). Published by the Royal Society of Chemistry
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and selectivity in various environments. FSNPs modied with
the appropriate receptor have been widely developed as nano-
platforms for biosensors.19,20 The surface chemistry of the silica
surface can be easily ne-tuned prior to the immobilization of
biomolecules, generating biosensors with enhanced selectivity.
Hence, the presence of various functional groups such as
amino, carboxyl, thiol, and methacrylate on the silica surface is
mandatory. In addition, surface modication is required to
reduce the oxidative hydrolysis of FSNPs by water, as sensing
experiments are mostly carried out in aqueous solutions.21

Silanization and hydrosilylation reactions are widely used for
silica surface modication prior to the conjugation of biomol-
ecules. Silanization allows for surface functionalization through
the covalent bond between the silanol groups on the surface
and a coupling agent. This reaction signicantly reduces the
oxidative hydrolysis of the FSNPs, thereby increasing their
stability in aqueous solutions.12 Silane coupling agents (e.g.,
APTES) are commonly used to provide a stable bond between
the surfaces of FSNPs and organic molecules or biomolecules.
The silanization reaction on the surface of FSNPs is carried out
at room temperature and lasts from a few minutes to hours.22,23

The amino-silane APTES is used to prepare a silane layer on
a silanol surface to immobilize biomolecules with a linker such
as glutaraldehyde (GTA) to generate aldehyde functional
groups.11,24 The aldehyde group at one end of GTA reacts with
the amine group from the silane layer on the nanostructure
surface. In contrast, the other aldehyde group of GTA reacts
with the amine group of biomolecules such as antibodies.25

A previous study used APTES as a silane agent to produce
alumina monoliths.26 The sol-gel method was used in this work
by optimizing the silanization parameters such as temperature,
pH, humidity (% RH), initial precursor concentration, and the
number of coatings to obtain a monolith with the most
preferred characteristics. The resulting alumina monolith was
used for protein separation. Alias et al. (2018) also investigated
the effect of APTES silanization on the surface roughness of
silicon-on-insulator (SOI) wafers.27 Their work aimed to explore
the surface roughness due to the good hydrophilic effect of
APTES on SOI wafers. Gold nanoparticles (AuNPs) attached to
the surface of SOI wafers were used to conrm the presence of
APTES.

The surface modications of FSNPs by silanization are
promising for modifying antibodies on the surface for further
bacterial detection applications.15,28 Chen et al. (2015) reported
a rapid E. coli detection method based on uorescent nano-
particles using ow cytometry.10 Silica nanoparticles (SNPs)
were modied with uorescein isothiocyanate (FITC) dye and
APTES and subsequently polymerized with carboxyethylsilane-
triol sodium salt. The modied SNPs were functionalized with
rabbit E. coli O157:H7 antibody to recognize E. coli O157:H7
selectively. This method detected E. coli O157:H7 in buffer and
bacterial mixture. E. coli O157:H7 detection was also carried out
by Song et al. (2021) by developing carbon dot-encapsulated
silica nanospheres (CSNs) using a facile one-pot synthetic
method.9 The CSN surface was also modied using APTES, and
the limit of detection (LoD) of E. coli O157:H7 was 2.4 CFU
mL�1.
© 2022 The Author(s). Published by the Royal Society of Chemistry
Hydrosilylation is a reaction involving the attachment of an
alkene or alkyne to an inorganic surface, referring to the addi-
tion of a silicon–hydrogen bond across a carbon–carbon double
bond and forming both valid hydrogen–carbon and silicon–
carbon bonds.29 This reaction is carried out via the thermal,
catalytic, or photochemical reaction of alkene or alkyne chains
with a hydride-terminated silicon surface.30 To avoid the
formation of silicon oxide during the monolayer formation, the
hydroxylation reaction must be performed in an inert atmo-
sphere with completely deoxygenated and dried reagents. The
hydrosilylation reaction generally involves a subsequent reac-
tion with NHS coupled with EDC.31

Khaldi et al. (2017) immobilized the acetylcholinesterase
(AChE) enzyme on the surface of porous silicon (pSi) using EDC/
NHS.30 The pSi surface was activated with EDC/NHS and then
reacted with the amino group of the lysine residue of AChE by
amide bonds. FTIR spectroscopy conrmed the efficiency of the
pSi surface aer modication with EDC/NHS. Enzyme immo-
bilization was also studied by Lasmi et al. (2018) on pSi
surfaces.32 The tyrosinase enzyme was used to detect the pres-
ence of phenol. pSi was reacted with undecylenic acid via
hydrosilylation to obtain pSi-COOH, which was subsequently
activated by EDC/NHS to form succinimidyl esters (pSi-
COOSuc). Furthermore, this compound reacts with the amine
group of the lysine residue in tyrosinase, and an amidase
reaction occurs.

The surface modication of the nanostructured surface
through the hydrosilylation reaction provides a different
approach for bacterial detection. Carrillo-Carrion et al. (2011)28

synthesized CdSe/ZnS QD (Colis-QD) nanoparticles, which
uoresced brightly and were used as E. coli-sensitive sensors.
The surface modications of carboxylic-capped QDs with
colistin through an amide bond were performed using EDC,
NHS, and Colis-QDs. Under the optimum conditions, this
method resulted in a LoD of 28 E. coli cells per mL with an
analysis time of less than 15 minutes.

Studies on the selectivity towards E. coli using antibody
modied nanoplatforms have been carried out previously. Song
et al. (2021) fabricated carbon dot-encapsulated silica nano-
spheres9 to measure the disturbance intensity associated with
seven foodborne pathogen varieties, including L. mono-
cytogenes, S. enteritidis, S. aureus, S. paratyphi B, S. typhimurium,
and C. albicans, each present at a concentration of 103 CFU
mL�1. Only the E. coli O157:H7 sample produced strong and
signicant uorescence intensity using the same capture anti-
bodies. Meanwhile, Thakur et al. (2018) reported the fabrication
of a thermally reduced graphene oxide-based eld-effect tran-
sistor (rGO FET) passivated with an ultrathin layer of Al2O3 for
the real-time detection of E. coli bacteria and used gold nano-
particles (AuNPs) as the anchoring sites.33 The E. coli antibody
anchored on the surface of AuNPs selectively captured E. coli
cells. This study employed mixed bacteria such as S. typhimu-
rium and S. pneumonia with E. coli. The presence of bacteria
other than E. coli did not inuence the signal; hence, the sensor
is specic to E. coli.

This study aims to modify uorescent silica nanoparticles
(FSNPs) derived from geothermal power plant precipitate with
RSC Adv., 2022, 12, 21582–21590 | 21583
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E. coli antibodies through two pathways: the silanization and
hydrosilylation reaction using the crosslinkers APTES/GTA
(Scheme 1) and EDC/NHS (Scheme 2), respectively. The chem-
ical, physical and optical properties of the modied nano-
particles were compared and optimized. Subsequently, the
modied FSNPs were conjugated with E. coli antibodies and
further applied for the selective detection of E. coli bacteria. The
methodology is elaborated in the ESI.†
Scheme 2 Reaction mechanism of the FSNPs modified with anti-
bodies via hydrosilylation with undecylenic acid and EDC/NHS.
Results and discussion
Optical and morphological properties of uorescent silica
nanoparticles (FSNPs)

The synthesis of FSNPs follows the synthesis of silica nano-
particles (SiNPs) with the addition of a uorescent substance,
i.e., rhodamine B (RB), by the sol–gel method.21 The silica
precursor used in this study was derived from amorphous
geothermal silica, and the FSNPs were obtained using the sol–
gel synthetic method, as previously reported.13 The maximum
uorescence intensity of the FSNPs was measured at an exci-
tation wavelength of 545 nm in a wavelength range of 550–
750 nm. The optical properties of the FSNPs were compared
with those of unmodied silica (SiNPs) and RB with the same
concentration of 5 � 10�5 M. The maximum intensities of the
FSNPs and RB at 588 nm were observed at 635.9 and 101 a.u.,
respectively (Fig. 1a). The results show that the FSNPs have a 6-
fold higher emission than RB. The results of the surface area
analysis using the BET calculation method show that the FSNPs
were mesoporous with an average size of 43.84 nm, a surface
area of 136.84 m2 g�1, a pore volume of 1.23 cm3 g�1, and a pore
size of 36.10 nm (ESI, Fig. S1†). The XRD pattern of the FSNPs
showed a SiO2 amorphous peak at 2q ¼ 22� and a SiO2 cristo-
balite peak at 2q ¼ 45�. The SiO2 amorphous peak indicated the
presence of an organic compound bound to silica oxide, namely
RB (ESI, Fig. S2†).
Scheme 1 Reaction mechanism of the FSNPs with antibodies via
silanization with APTES and GTA (FSNP-Ab1).

21584 | RSC Adv., 2022, 12, 21582–21590
Fig. 1b shows a FESEM image of the FSNPs in this study. The
synthesized FSNPs were spherical and had a narrow size
distribution below 100 nm, conrming the results from the BET
calculation. Similarly, several studies also obtained silica
nanoparticles with a size range of 50–200 nm.11,34,35 The EDX
results (ESI, Fig. S3†) conrm strong signal features of
elemental silica (84.3 wt%). The silica nanoparticles displayed
an optical absorption band peak at approximately 1.8 keV. The
EDX results reveal the presence of oxygen (10.4 wt%), carbon
(5.3 wt%), and nitrogen (0.1 wt%), conrming the elements
from RB.
Surface passivation of the FSNPs with crosslinking agents

The surface modication of FSNPs in this study was optimized
by comparing two different surface reactions, as previously
mentioned in the methodology (ESI†). The silanization and
hydrosilylation reactions were applied with the appropriate
crosslinkers to further anchor the E. coli antibody onto the
surface of the silica nanostructures.

The FTIR results for the modied FSNPs via silanization
reaction are shown in Fig. 2. The black spectrum corresponds to
the FSNPs, where absorption at 468 cm�1 derived from the
siloxane group, Si–O–Si, is observed. This conrms that silica
Fig. 1 Fluorescence spectra of the FSNPs (black), RB (red), SiNPs (blue)
(a); and FESEM micrograph of the FSNPs (b).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 FTIR spectra of the fluorescent silica nanoparticles, FSNPs
(black), FSNPs after silanization, FSNP-APTES (blue), and silanized
FSNPs after reaction with glutaraldehyde, FSNP-APTES-GTA (red).

Fig. 3 FTIR spectra of the fluorescent silica nanoparticles, FSNPs
(black), FSNPs after hydrosilylation, FSNP-COOH (blue), and FSNPs
after reaction with crosslinkers, FSNP-EDC/NHS (red).

Fig. 4 FTIR spectra of FSNP-APTES (a) and FSNP-EDC/NHS (b) at
different concentrations.
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View Article Online
was formed in the sample. The absorption peak at 800 cm�1 was
assigned to the Si–O asymmetric vibration of siloxane, while the
absorption at 1631 cm�1 indicated the presence of O–H vibra-
tions from the silanol group. The FSNP-APTES spectrum (blue
spectrum) showed absorption in the area of 2800–2890 cm�1,
indicating CH2 bonds, and an area of 1400–1700 cm�1 assigned
to the NH2 bond, both conrming that aminosilane was
modied onto the surface of the nanoparticles. The peak at
1154 cm�1 was assigned to the APTES polymerization. The
FSNP-APTES-GTA spectrum (red spectrum) showed a specic
peak in the range of 1200–1500 cm�1, indicating the presence of
the C–N, C–O, and C–C groups of glutaraldehyde, related to the
formation of amide bonds between APTES and
glutaraldehyde.22,36

Fig. 3 shows the FTIR spectrum of the FSNPs modied
through the hydrosilylation reaction. The black spectrum
exhibits bands at 2100 cm�1, which is attributed to the Si–H
stretching mode of the FSNPs. The successful reaction with
undecylenic acid to gra the carboxylic acid functional group on
the silica surface was indicated by a peak at 1712 cm�1 in the
FSNP-COOH spectrum (blue spectrum) associated with the
presence of the C]O stretching bond of carboxylic acid. In
addition, the peaks at 2854 and 2927 cm�1 indicated the pres-
ence of the C–H stretching group derived from undecylenic
acid. The peak at 3669 cm�1 revealed the existence of oxygen-
related bonding. Aer the reaction with EDC and NHS, the
same peak remained visible despite the decreasing intensity of
the N–O peaks at 1108 cm�1 shown in the FSNP-EDC/NHS
spectrum (red spectrum). This indicated that the carboxylic
acid group had reacted with the EDC and NHS crosslinkers.31,37

We further optimized the concentration of the crosslinkers
on the surface of the FSNPs by varying the concentrations of
APTES and EDC/NHS in both reactions. The FTIR spectra for
FSNP-APTES at different concentrations in the range of 1400–
© 2022 The Author(s). Published by the Royal Society of Chemistry
1700 cm�1 assigned to the NH2 bond were compared. Fig. 4a
shows that APTES at a concentration of 10% w/v had the
sharpest NH2 transmittance peak compared to the other
concentration variations. Thus, APTES 10% w/v was used to
immobilize E. coli antibodies in the subsequent reaction.

For the optimization of EDC/NHS on the silica surface, it was
expected that the N–O peaks from succinimidyl ester at
1108 cm�1 disappeared as the ratio increased (Fig. 4b). An
absorption peak appeared at 1200 cm�1, attributed to the C–O
of EDC/NHS. The absorption peaks at 2854 and 2927 cm�1

attributed to the C–H bond and the peak at 1712 cm�1 assigned
to C]O were still observed.

The uorescence intensity at 588 nm of the FSNP-APTES and
FSNP-EDC/NHS samples at different concentrations was then
examined prior to reaction with the E. coli antibody. The uo-
rescence spectra of both samples are shown in Fig. 5. Aer
modication with APTES, the FSNP-APTES sample obtained the
highest intensity when modied with an APTES concentration
of 10% w/v (Fig. 5a). The uorescence intensity decreased when
the APTES concentration was increased over 10% w/v. Hence,
RSC Adv., 2022, 12, 21582–21590 | 21585

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra03143d


Fig. 5 Fluorescence spectra of the FSNPs with the modification of
APTES (a) and EDC/NHS (b) at various concentrations.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
A

ug
us

t 2
02

2.
 D

ow
nl

oa
de

d 
on

 6
/9

/2
02

6 
6:

17
:1

0 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
this result corroborates the optimized FTIR results of the FSNP-
APTES samples above.

As shown in Fig. 5b, the uorescence intensity of the FSNPs
slightly changed aer functionalization with EDC/NHS from
90.03 a.u. to 62.06 a.u., meaning that the EDC/NHS crosslinker
addition maintained the optical properties of the FSNPs. From
Fig. 5, it can be seen that the uorescence intensity of the FSNPs
functionalized with EDC/NHS was preferable to that function-
alized with APTES. Moreover, the results of the uorescence
spectrophotometry analysis show that EDC/NHS with a ratio of
4 : 1 had the highest uorescence intensity compared to the
other ratios, which justies the FTIR results of FSNP-EDC/NHS
in Fig. 4.

The uorescence stability of the modied nanostructured
silica was further observed before being applied as a uores-
cence-based biosensor. The uorescence stability experiment
was carried out at room temperature, and the uorescence
intensity at 588 nm was measured for 120 minutes with an
increment of 15 minutes. The uorescence intensity of FSNP-
APTES with a concentration of 10% w/v showed a slight
change aer 120 minutes (Fig. 6a). The results of the uores-
cence intensity were compared to those of APTES with ratios of
1.25, 2.5, 5 and 20% w/v (ESI, Fig. S4†). The uorescence
intensity at 588 nm of FSNP-APTES decreased aer 60–75
minutes; hence, less photostability occurred on the samples.

In contrast, the uorescence intensity at 588 nm of FSNP-
EDC/NHS was observed to be stable at all ratios (ESI,
Fig. S4†). EDC/NHS with a ratio of 4 : 1 showed the best stability
result compared to the other ratios aer 120 minutes, as shown
in Fig. 6b. This indicates that EDC/NHS with a ratio variation
Fig. 6 Fluorescence spectra of FSNP-APTES (10%) (a) and FSNP-EDC/
NHS (4 : 1) (b) over 120 minutes with an increment of 15 minutes. The
inset shows the fluorescence intensity at 588 nm over 120 minutes.

21586 | RSC Adv., 2022, 12, 21582–21590
was preferable to APTES as a crosslinker in terms of uores-
cence stability.

Immobilization of antibodies

Having successfully modied the FSNPs with two different
crosslinkers, the FSNP-APTES and FSNP-EDC/NHS samples
were subsequently immobilized with E. coli antibodies
following Schemes 1 and 2, respectively. The purpose of anti-
body attachment on the nanoparticle surface was to increase
the selectivity and sensitivity of E. coli detection.35 As shown in
Scheme 1, the aldehyde group on the FSNP-APTES/GTA sample
reacted with the amine group of the antibody and formed FSNP-
Ab1. Fig. 7a shows the FTIR spectra of FSNP-APTES before and
aer immobilization with the E. coli antibody. The FSNP-Ab1
spectrum (green spectrum) shows peaks assigned to the
amide group in the range of 1630–1697 cm�1, indicating that
the antibody was covalently bound to the FSNP-APTES/GTA
surface.

In contrast to silanization, the hydrosilylation reaction with
the assistance of undecylenic acid produced a carboxylic acid
group on the FSNP surface (FSNP-COOH), as shown in Scheme
2. With the EDC/NHS activation, the succinimidyl ester was
reacted with the amine group on the E. coli antibody to form
FSNP-Ab2. The formed conjugate had a stable amide bond,
releasing NHS as a by-product. Fig. 7b shows the spectra of
FSNP-EDC/NHS before and aer conjugation with the antibody.
The immobilization was successful, as shown in the FSNP-Ab2
spectrum (green spectrum), which showed the presence of an
amide (N–H) covalent bond with absorption peaks at 1600 cm�1

and 1550 cm�1.38

Application of FSNP-Ab2 for E. coli detection

Based on the results of surface modication, intrinsic proper-
ties, and photostability tests of the modied FSNPs, the FSNP-
Ab2 sample was applied as a biosensing nanoplatform to
detect E. coli. The detection mechanism of FSNP-Ab2 in the
presence of E. coli bacteria follows that of our previous work.21

Optical detection was observed due to the uorescence-
quenching effect of the uorescent nanoparticles, which is
later stated as the uorescence intensity loss percentage or %
Fig. 7 FTIR spectra of the silanized FSNPs before reaction with anti-
bodies, FSNP-APTES/GTA (red), and after reaction with antibodies,
FSNP-Ab1 (green) (a); and hydrosilylated FSNPs before reaction with
antibodies, FSNP-EDC/NHS (red), and after reaction with antibodies,
FSNP-Ab2 (green) (b).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Iloss. The maximum uorescence intensity of FSNP-Ab2 at
588 nm was initially 269 a.u. (Fig. 10, red spectrum). Upon
incubation with E. coli for 15 minutes, the uorescent intensity
of the nanoparticles decreased with a % Iloss of 89.22%, indi-
cating that the nanoparticles had indeed detected the presence
of E. coli in the buffer solution (Fig. 8, red spectrum).

The morphology of the FSNPs upon surface modication
and detection of E. coli is shown in Fig. 9. The FESEM image of
FSNP-Ab2 shows that the conjugation with the antibody did not
change the size and shape of the FSNPs, ranging below 100 nm
(Fig. 9a). The EDX results of FSNP-Ab2 conrmed the presence
of silica (81.9 wt%) as well as oxygen (11.3 wt%), carbon
(6.9 wt%), and nitrogen as a result of the immobilized antibody
on the nanoparticle surface (ESI, Fig. S7†). Aer incubation with
E. coli bacteria for 15 minutes, the FESEM results show that
there were antibody-conjugated FSNPs covering the bacteria
(Fig. 9b inset). Furthermore, the EDX results conrm the pres-
ence of E. coli as indicated by the increased proportions of
carbon and oxygen of 40 and 30.6 wt%, respectively (ESI,
Fig. S7†). These results are comparable to the work by Chitra
and Annadurai (2003), which showed the SEM results of E. coli
covered with antibody-conjugated silica NPs bound to the
bacterial cell.11 The cell wall of E. coli consists of an outer
membrane mostly composed of phospholipids, proteins, fatty
polysaccharides and a reticular peptidoglycan layer, allowing
for the amphoteric properties of E. coli. This amphoteric
Fig. 8 Fluorescence emission spectra of FSNP-Ab2 before incubation
(black) and after 15 minutes of incubation with bacteria, FSNP-E. coli
(red). Inset: schematic detection mechanism of E. coli using FSNP-
Ab2.

Fig. 9 FESEMmicrographs of FSNP-Ab2 (a) and E. coli after incubation
with FSNP-Ab2 (b, and the inset).

© 2022 The Author(s). Published by the Royal Society of Chemistry
attribute causes E. coli to have a negatively charged wall in
alkaline or neutral solutions; hence, the bacteria absorb uo-
rescent molecules such as rhodamine 6G on their surface due to
the electrostatic force between the E. coli and the organic dye.37

As Gram-negative bacteria, E. coli produce lipopolysaccharides
(LPS) on their surface,39 which will bind to specic antibodies
through hydrogen bonds and van der Waals interactions.35,40

The E. coli antibodies anchored on the nanoparticle surface
specically recognized the LPS in E. coli. Hence, hydrogen bond
and van der Waals interactions occurred between the surface of
the FSNP-Ab2 and the cell wall of E. coli. The FESEM results in
Fig. 9b corroborate the nanoparticle's attachment to the
bacteria. This interaction caused a decrease in the uorescence
intensity of FSNP-Ab2, as shown in Fig. 8. This uorescence-
quenching mechanism is proposed as the basic principle of E.
coli detection using FSNP-Ab2 nanoparticles.
Analytical performance of FSNP-Ab2 as a biosensing platform

To evaluate the analytical performance of FSNP-Ab2 as a bio-
sensing platform for the detection of E. coli, the sensitivity and
selectivity of the antibody-conjugated uorescent nanoparticles
were studied. The former parameter was obtained by exposing
the modied FSNPs to E. coli at various concentrations. The
latter was observed by comparing the performance of FSNP-Ab2
towards E. coli and other Gram-negative bacteria.

The sensitivity test of FSNP-Ab2 was tested in PBS by
observing the decrease in the uorescence intensity of the
nanoparticles in the presence of bacteria. The incubation of
FSNP-Ab2 with E. coli was conducted for 15 minutes, and the
concentration of E. coli in PBS was varied in the range of 102 to
109 CFU mL�1. Fig. 10 shows a linear correlation in the range of
102 to 107 CFU mL�1 (% Iloss ¼ 16.132 log (E. coli) � 26.671; (R2

¼ 0.9937)). The limit of detection (LoD) was obtained at 1.5 �
102 CFU mL�1, calculated with the equation yb + 3Stdb, with yb
representing the average uorescence intensity loss measured
for the blank control and Stdb representing the associated
standard deviation.41 Compared to previous reports, the LoD for
the E. coli detection obtained from this work was lower than that
Fig. 10 Response of the emission intensity loss (% Iloss) of FSNP-Ab2 at
588 nm vs. the concentration of E. coli after 15 minutes of incubation.
The inset shows the linear correlation over the concentration range of
102 to 107 CFU mL�1. Measurements were conducted in triplicate.
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Fig. 11 Fluorescence intensity at 588 nm of FSNP-Ab2 before (blue)
and after (orange) 15 minutes of incubation with bacteria. Bacterial
concentration was 107 CFU mL�1. Measurements were conducted in
triplicate.
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using a gold nanocluster functionalized with lysosomes, which
obtained an LoD of 2 � 104 CFU mL�1.38 Table 1 compares the
linear ranges and LoDs of several methods for E. coli detection.

The selectivity of FSNP-Ab2 towards E. coli was tested by
comparing the decrease in the uorescence intensity of the
nanoparticles in the presence of two other Gram-negative
bacteria, P. aeruginosa and S. typhimurium. The concentrations
of all bacteria were adjusted to 107 CFU mL�1, and the incu-
bation with FSNP-Ab2 was performed for 15 minutes. The three-
time rinsing treatment by centrifugation was expected to
remove free bacteria that did not bind to FSNP-Ab2. The
immobilization of E. coli antibodies on the nanoparticle surface
instigated an increased selectivity during the detection test.
This was indicated by the decrease in the uorescence intensity
of FSNP-Ab2 in the presence of E. coli, which is greater than that
with P. aeruginosa and S. typhimurium by 3 and 2 times,
respectively, as shown in Fig. 11. The signicant decrease in
uorescence due to the presence of antibodies was noteworthy
when compared to our previous work without antibodies.21

The immobilization of receptors such as antibodies on
nanostructures has been proven to increase selectivity. Typi-
cally, antibodies have a high affinity for a particular sequence of
amino acids, i.e., specic epitopes.42 The antibody on FSNP-Ab2
is specically bound to the unique antigenic site of E. coli
bacteria,39 resulting in a signicant % Iloss compared to other
Gram-negative bacteria. The result in this work is comparable to
that of Cho et al. (2014), which also presented a simple uoro-
metric immunological method on magnetic beads functional-
ized with antibodies that were used for the detection of E. coli.43

In that study, the selectivity of E. coli detection was compared
with that for Salmonella typhimurium and Streptococcus pneu-
moniae, and the results were only specic for E. coli without
cross reactivity. Saad et al. (2020) synthesized gold nano-
particles (AuNPs) modied with carbon dots (CDs) for E. coli
Table 1 Comparison of detection approaches using functionalized biose
the detection of E. coli

Method Receptor
Lin
(C

Organic dye coated with antibody Monoclonal antibodies specic to
E. coli

10

UCNPs coated with aptamer E. coli aptamer 58
Immunomagnetic Anti-E. coli antibodies No

CSN-based immunosorbents
assays

Anti-E. coli antibodies 0–

G-FETs sensors Anti-E. coli antibodies 5 �
10

Anti-E. coli/AuNPs/Al2O3/rGO/FET
sensor device

Anti-E. coli antibodies 10

Fluorescence of R6G-dyeing Not mentioned 2–
Fluorescence of SNP-RB None 10

Fluorescence of FSNP-Ab2 E. coli antibody 10

21588 | RSC Adv., 2022, 12, 21582–21590
O157:H7 detection.47 In that work, the selectivity for E. coli
O157:H7 was tested and compared to that for Salmonella
enteritidis and Listeria monocytogenes. As a result, there was
a change in the uorescence intensity towards E. coli O157:H7,
Salmonella enteritidis and Listeria monocytogenes by 93.49 �
1.15%, 80.95 � 5.69%, and 84.16 � 3.38%, respectively. The
selectivity of this work was found to be slightly higher compared
to that of Saad et al. (2020); hence, the FSNP-Ab2 in this work
offers excellent selectivity for detecting E. coli. The results
provide a proof-of-concept for E. coli detection on antibody-
modied nature-based nanoparticles through uorescence-
quenching. The detection was conducted in buffer solution
containing E. coli and other Gram-negative bacteria. The
selective detection employing antibody-modied FSNPs using
stable coupling agents shows advantages over other sensing
nanoplatforms, as shown in Table 1.
nsing platformswith the resulting linear ranges, LoDs, and selectivity for

ear range
FU mL�1)

LoD
(CFU mL�1)

Selectivity of the biosensing
platform towards other bacteria Ref.

–104 5 S. typhimurium and L.
monocytogenes

43

–58 � 106 10 Not mentioned 44
t mentioned 2.4 � 104 Salmonella enterica serovar

Typhimurium and staphylococcal
enterotoxin B (SEB)

45

104 2.4 L. monocytogenes, S. enteritidis, S.
aureus, S. paratyphi B, S.
typhimurium, and C. albicans

9

103 to 5 �
5

5 � 103 Not mentioned 46

3 to 109 103 S. typhimurium and S. pneumoniae 33

88 2 B. subtilis and S. aureus 37
–105 8 Dead E. coli, Pseudomonas sp., B.

subtilis, and S. aureus
21

2 to 107 1.6 � 102 P. aeruginosa and S. typhimurium This
paper

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Conclusions

The immobilization of antibodies on the uorescent silica
nanoparticle surface through two different reactions, i.e., sila-
nization and hydrosilylation using the crosslinkers APTES/GTA
and EDC/NHS, respectively, has been successfully carried out.
The crosslinkers were varied, and the FTIR results conrmed
that APTES 10% (w/v) and an EDC/NHS ratio of 4 : 1 were the
optimal concentrations in each reaction. Based on the results of
FTIR, uorescence spectroscopy, and photostability experi-
ments aer modication with the antibody, the FSNP-Ab2
sample with immobilization through hydrosilylation was
selected as the biosensing platform for detecting E. coli bacteria.
The interaction of FSNP-Ab2 in the presence of E. coli bacteria
was conrmed by the decrease in uorescence intensity and
later corroborated by the FESEM-EDX results. The FSNP-Ab2
sample was proven to perform as an E. coli biosensor with
a linear range of 102 to 107 CFU mL�1 and a LoD of 1.6 � 102

CFU mL�1. The biosensor also showed enhanced selectivity
towards E. coli compared to P. aeruginosa and S. typhimurium,
with a greater decrease in uorescence intensity of 3 and 2
times, respectively. The antibody-modied nature-based silica
nanoparticles through the hydrosilylation reaction demon-
strated here are expected to nd applications in point-of-care
diagnostics for the detection of E. coli bacteria. Further valida-
tion of their performance in real samples, such as food and
environmental samples and other complex matrices, is essen-
tial for the proper application of such devices.
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