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WATER: FROM POLLUTION TO PURIFICATION

Detection of typhoid fever by diatom-based optical biosensor
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Abstract Surface-modified diatom substrates are
employed for the development of immunocomplex-
based optical biosensor for diagnosis of typhoid.
Biosensor has been prepared by covalent immobilization
of Salmonella typhi antibody onto the crosslinked dia-
tom substrates via glutaraldehyde. Photoluminescent
(PL) studies revealed good specificity and ability of
conjugated diatom substrates to distinguish complemen-
tary (S. typhi) and non-complementary (Escherichia
coli) antigens. The immunocomplexed biosensor showed
detection limit of 10 pg. The excellent performance of
biosensor is associated to its large surface-to-volume
ratio, good photoluminescent property, and biocompati-
bility of diatom frustules, which enhances the antibody
immobilization and facilitates the nucleophilic electron
transfer between antibody and conjugated diatom sur-
face. Hence, immunocomplexed diatom substrates are
considered to be a suitable platform for the environmen-
tal monitoring of water-borne pathogen S. typhi.
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Introduction

Water-borne pathogens are identified as major cause of infec-
tious disease in humans worldwide (Pui et al. 2011). Typhoid,
cholera, hepatitis, bacillary dysenteries, diphtheria, salmonel-
losis, listeriosis, pneumonia, meningitis, and several other gas-
trointestinal diseases are common water-borne diseases.
Typhoid, caused by a water-borne intracellular pathogen
Salmonella enteric serovar typhi (S. typhi) is considered as a
life-threatening illness (Zhang et al. 2008). Typhoid fever oc-
curs in areas having unhygienic potable water with improper
sanitation systems (Sharan et al. 2011). The conventional bac-
terial culture method and Widal test detect the infection at the
advanced stages and so its morbidity and mortality rates are
very high. The highly sophisticated methods such as immu-
nological detection and molecular techniques are expensive
and required trained personnel (Singh et al. 2012). Thus, it is
very important to develop a method for early detection of
S. typhi which enables both clinical diagnostics and environ-
mental monitoring.

The latest progresses in molecular bioelectronics have fa-
cilitated the development of highly selective biosensor system
(Betard and Fischer 2012). Various biosensing applications of
nanomaterials have improved the performance of point-of-
care diagnostics in medical field. A variety of nanomaterials
such as gold, silver, zinc oxide, carbon nanotubes, graphene,
iron oxide, and composites have been reported for their use in
the fabrication of biosensors. Among these, a silica-based nat-
ural nanoporous material with innate photoluminescent prop-
erty called diatom is considered to be a promising material for
sensing platform. The attachment of desired biomolecules to
the diatom surface is facilitated by a variety of functional
groups such as OH, COOH, and CHO (Han et al. 2011).

Debra K Gale and co-workers have described a
photoluminescent sensor based on antibody-functionalized
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diatom biosilica for the detection of goat anti-rabbit IgG mole-
cules (Gale et al. 2009). Amine-functionalized diatom frustules
have been utilized for the detection of BSA protein with a detec-
tion limit up to 3 x 10°M (Viji et al. 2014). The silica skeleton
of marine diatoms Thalassiosira rotula shows that PL. depends
strongly on the surrounding environment. Significant variation of
PL intensity, even at low (sub-ppm) NO, concentrations, has
been observed for 7. rotula frustules, and saturation of the
quenching effect occurs at NO, concentrations of the order of
10 ppm (Lettieri et al. 2008; De Stefano et al. 2005).

This study is showing application of crosslinked amine-
functionalized diatom substrates for the rapid and selective
detection of typhoid. The analytical performance of the de-
signed photoluminescent biosensor has been evaluated for
the S. #yphi and E. coli antigens using photoluminescent
spectroscopy.

Materials and methods
Materials

3-Aminopropyltriethoxysilane (APS) (analytical grade, 98%),
glutaraldehyde solution (CsHgO,) (25%), and ethanol abso-
lute (C,HsOH) (analytical grade, 99.9%) were purchased
from HiMedia chemicals. S. #phi antibody and antigen are
purchased from BeneSphera - Widal test kit from Avantor
company. Double distilled water was used for the preparation
of all solutions.

Preparation of diatom substrates for sensing experiment

The mass culture of Amphora sp. diatoms was obtained from
Marine Planktonology & Aquaculture Lab, Department of
Marine Science, Bharathidasan University, Tiruchirappalli,
Tamilnadu. The obtained diatoms were centrifuged and rinsed
with distilled water to remove salt contents. Samples were
treated with 50:50 (v/v) water followed by 30% hydrogen
peroxide, and incubated at 90 °C for 3—4 h, followed by the
addition of hydrochloric acid to remove the organic matter and
clean the frustules. Samples were collected by sieving to pre-
vent damage to the frustules, rinsed copiously with distilled
water, and stored in 70% cthanol (Yu et al. 2010).

The diatom frustule surface of Amphora sp. was chemically
modified as follows: a 10 mg of diatom frustules, 10 mL of
ethanol, and 3% of APS were mixed together and heated to
65 °C in a shaking incubator for 1 h (De Stefano et al. 2008,
2009). The reactant solution was centrifuged for 10 min at
3000 rpm and washed in ethanol for several times to remove
excess APS. The amine-functionalized diatom frustules
(AFD) were spin-coated in a clean glass substrate and heated
for 1 h in hot air oven at 90 °C. This resulted in uniformly
coated AFD substrates.
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For crosslinking, an AFD substrate was transferred to a
single-well in polystyrene six-well plate containing 1.8 mL
of PBS buffer, in which 200 pL of glutaraldehyde was added,
and then the suspension was mixed in a shaking incubator at
room temperature for 20 min. The crosslinked substrates were
washed in PBS buffer for three times to remove excess of
crosslinkers.

The covalent immobilization of S. #phi antibody was done
by placing crosslinked substrates into a six-well plate contain-
ing 1.8 mL of PBS buffer, and 200 pL of antibody was added
to it. The substrates were mixed in a shaking incubator at room
temperature for 2 h. The S. typhi antibody-conjugated diatom
frustule substrates were rinsed in PBS buffer. All the experi-
ments were done in triplicate.

The S. typhi antibody-conjugated diatom frustule substrates
were challenged with different concentrations of'its S. #yphi O
and H antigens. The stocks of O and H antigens were prepared
at 10> concentration and from that the working solution was
prepared by adding 200 uL of antigen to 1.8 mL of PBS
buffer. A 200 uL of antigens from the working solution was
taken and was serially diluted from 10™" to 107" and added to
the S. #yphi antibody-conjugated diatom frustule substrates in
the presence of PBS buffer, and the substrates were mixed in
an incubator shaker at room temperature for 2 h. The S. #yphi
antibody and S. #yphi antigen formed the immunocomplex by
bonding with each other. The immunocomplexed diatom frus-
tule substrates were then rinsed in PBS buffer.

Results and discussion
Morphological analysis

In Fig. 1a, c, field-emission scanning electron microscopic
(FESEM) image of AFD and glutaraldehyde-crosslinked
AFD was reported. The result clearly indicates that there
is a difference in the morphology of AFD and crosslinked
AFD. The AFD has a uniform coating of APS over its
surface, and there was some gap in the center of pores,
whereas in crosslinked AFD, it majorly covers the whole
structure and has a smooth outer structure. It is because of
the amine functionalization made the diatom surface more
reactive and formed large complex between the long-
chain structure of glutaraldehyde and the free amine
group of AFD (Li et al. 2013). The presence of elements
was confirmed using energy dispersive spectroscopic
(EDS) spectrum (Fig. 1b, d).

Functional group analysis
The infrared spectra of AFD and crosslinked AFD were

shown in Fig. 2. The vibrations in the range of 541, 599,
and 637 cm ! were observed with increased intensities
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Fig. 1 (a) Electron microscopic

image (inset: higher

magnification image) and (b) ]

EDS spectrum with chemical b) T ’:':.o:n;:

composition of AFD; (¢) electron
microscopic image (inset: higher
magnification image) and (d)
EDS spectrum with chemical
composition of crosslinked AFD
substrate
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compared to that of AFD. The characteristic peaks observed
from 1087 to 1667 cm ™' in the AFD were shifted towards the
lower wavenumber as 1087 to 1085 (C-0O), 1368 to 1326
(CH; bending), 1420 to 1417 (C-N), and 1667 to
1646 cm™' (C=0), respectively, due to the influence of glu-
taraldehyde present in the crosslinked AFD. The mechanism
of covalent binding of crosslinker to the amine-functionalized
diatom substrates is illustrated in Scheme 1. The high-intense
bands observed at 3356 cm ' are due to the overlapping of
amide group AFD and crosslinker (Mansur et al. 2008).

0.9

0.8

0.7
1| N- H stretching

1.6 —

Transmittance (%)

——AFD

959 | —Crosslinked AFD

T T

T T

T T ¥ T T ¥
3500 3000

T T
2500 2000 1500 1000 500
Wavenumber (cm"}

Fig. 2 FT-IR spectra of AFD and crosslinked AFD substrates

Absorption spectrum analysis

The absorption spectra of AFD and crosslinked AFD were
shown in Fig. 3. The intensity of the absorption maximum
gets increased compared to that of bare diatom. The optical
band gap was calculated as 4.55 eV, and it was obtained by the
following formula:

e
P

E

where, E is energy band gap, 4 is Plank’s constant, and C is
velocity of light.

This results from the blue shift of absorption maximum
from 270 to 274 nm. This evidenced the influence of the
crosslinker in the optical property of diatom frustules.
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Scheme 1 Schematic diagram of attachment of crosslinker to amine-
functionalized diatom substrates
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Fig. 3 UV-Vis spectra of AFD and crosslinked AFD substrates

Emission spectrum analysis

The emission spectra of AFD and crosslinked AFD were
shown in Fig. 4. Due to the addition of crosslinker to the
AFD, the peak intensity enhanced significantly without any
peak shift. The binding efficiency of AFD was less to absorb
larger antibody molecule; hence, crosslinking helps in effec-
tive binding of antibodies (Sandeep et al. 2014). The addition
of glutaraldehyde (crosslinker) to AFD consequently increase
its PL intensity to another one factor. The enhancement in the
PL response could be attributed to the constituents of
crosslinker because of its suppressed interchain interactions.

Sensing experiment

The control experiment validated the specificity of the en-
hanced PL emission associated with the immunocomplex of
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Fig. 4 PL spectra of AFD and crosslinked AFD substrates
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the S. typhi antibody-functionalized diatom frustule substrates
evaluated against the S. #yphi (complementary) and E. coli
(non-complementary) antigens in PBS with fixed excitation
wavelength which is evidenced in Figs. 5 and 6.

To know the immunospecificity of the S. #yphi antibody-
conjugated diatom frustules, E. coli antigen of 10" concen-
tration was added to it. Here, there is no possible interaction or
bonding formation between the S. #yphi antibody and E. coli
antigen because of its non-complementary nature. All the ex-
periments were done in triplicate.

The outcomes of the above said experiment were evi-
denced in Fig. 7. The PL responses were obtained for the
maximum concentration of S. #yphi and E. coli antigens in
which the E. coli antigen produced weak signal compared to
the response of the S. typhi antigen. Because the biomolecules
are mostly of nucleophilic moieties, when it is attached to
nanomaterials or nanoscale ornate porous diatom, it can in-
crease PL emission (Sarangi et al. 2007). According to the
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Fig. 5 PL spectra of bound (a) “O” antigen and (b) “H” antigen of
S. typhi to the antibody-immobilized diatom substrate
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Fig. 6 PL spectra of bound E. coli antigen to S. fyphi antibody-
immobilized diatom substrate

QC/PL center model, the obtained PL responses of the diatom
frustules can be compared with the properties of porous sili-
con. This model proposed that the quantum confinement (QC)
in the silicon nanoscale is followed by de-excitation via light
emitters in SiO,-passivated layers (Qin et al. 1993). The de-
viation in optical and electronic properties between the bulk
and nanostructured materials is resultant due to the quantum
confinement effect. This model evidenced that the observed
PL responses can be explained by self-trapped exciton under a
quantum confinement effect in diatom frustules instead of
usual band-to-band transition. The free exciton (FE) formation
arises due to the sudden change of electronic charge distribu-
tion which results in imbalance among the interatomic forces.
The excitonic energy reduction is caused by the self-trapping
process in which the lattice of free exciton gets localized
(Goswami et al. 2012). The electrons and the holes in the free
exciton result in self-induced distortions in the structure, and
arrest of the movement of free excitons results in self-
entrapment (Scheme 2). The diatom frustules consist of po-
rous silica, and it can be concluded that multiple peaks in PL
are due to non-uniform crystallite size in the frustules. The PL
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Fig. 7 Specificity of antibody-immobilized diatom substrates
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Scheme 2 Schematic diagram of photoluminescence mechanism of
diatom frustules

intensity of 10~ S. syphi antigen increased over 4-fold than the
S. typhi antibody-functionalized diatom, which is because the
S. typhi antigen is a nucleophilic molecule and when it is
attached to the antibody it donates the electrons to non-
radiative defect sites on the S. #yphi antibody-functionalized
diatom surface. Therefore, there is a decrease in non-radiative
electron decay and increase in radiative emission which re-
sults in enhanced PL intensity after immunocomplex forma-
tion (Gale et al. 2009).

In addition, PL intensity increased only a fold than the
S. typhi antibody-functionalized diatom when it was chal-
lenged with the 107" E. coli antigen, which is also a nucleo-
philic molecule. This is because there is no immunocomplex
formation that takes place. This result demonstrated that the
PL detection was selective.

From the obtained results, we can conclude that our pre-
pared substrates can be used for the selective determination of
S. typhi even in trace amount whereas any other non-
complementary antigen may not produce relative statistical
change in PL intensity.

Conclusion

The obtained results demonstrated that morphological feature
of crosslinked diatom forms a smooth outer surface, that the
presence of specific functional groups was evidenced by glu-
taraldehyde surface modification, that the optical band gap
was calculated as 4.53 eV, and that the emission spectra illus-
trated an increased PL intensity by a factor of four when the
complementary S. typhi immunocomplex is formed. It was
calculated that the antibody-immobilized diatom substrates
are having a detection limit of 10 pg, and hence, it can be used
as a suitable sensing platform for the environment monitoring
of the most serious water-borne illness, typhoid, with higher
specificity.
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