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The present study involves immunoassay platform development based on a surface functionalized silica
matrix for rapid onsite detection of Staphylococcal enterotoxin B (SEB). Silica matrix functionalization as
well as the immunoassay parameters was experimentally designed and optimized through response
surface methodology (RSM). Silica surface functionalization was carried out with hydrofluoric acid (HF),
ammonia, 3-aminopropyl triethoxysilane (APTES) and glutaraldehyde (GA). The RSM optimized matrix
functionalization parameters for HF, ammonia, APTES and GA were determined to be 10%, 40%, 20% and
10% (V/V), respectively. Antibodies for the study were generated against recombinant SEB toxin in rabbit
(anti-SEB IgG) and chicken (anti-SEB IgY). Subsequently, antibodies were immobilized on the
functionalized silica matrix and were further characterized by SEM and contact angle measurements to
elucidate the surface uniformity and degree of hydrophilicity. The immunoassay platform was developed
with anti-SEB IgG (capturing agent) and anti-SEB IgY (revealing partner). The limit of detection (LOD) of
the developed platform was determined to be 0.005 pg mL~! and no cross-reactivity with similar toxins
was observed. Upon co-evaluation with a standard ELISA kit (Chondrex, Inc) against various field isolates,
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1. Introduction

The study of biomolecular interactions in a multi protein
screening of biological/medical samples through miniaturized
array-based technology is a rapidly advancing field." The silica
matrix can be tailored by various surface functionalizations as
well as adhesion chemistries to accommodate biomolecules via
adsorption and covalent immobilization. The chemistry
involved in the background plays a decisive role in the stability
and durability of the functionalized surface.> Some of the
existing platforms are based on the principles of bioaffinity
recognition, physisorption and covalent immobilization of
biomolecules on the base substrate.** The non-covalent
attachment of molecules increases slide noise and spot back-
ground resulting in false positive results. Hence, the stable
linkage involving covalent bonding between the molecules is
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utility in onsite detection of SEB from resource-poor settings.

ideal for development of robust and durable detection
systems.>® The optimization of conditions for surface func-
tionalization often significantly influences the binding proper-
ties of molecules involved and additionally could also enhance
the preservation of bioprobes' native conformation/orienta-
tion."” Functionalization of the matrix surface with amine,
sulfhydryl, carboxyl and amino N hydroxyl succinamide (NHS)
ester or epoxide end groups is commonly used for covalent
immobilization of proteins.® Glass has the capability to adsorb
considerably more water than its precursor material (silicon
dioxide), thus ensuring a greater surface hydration that ulti-
mately results in accelerated silanol group formation on the
surface.®® Self-assembled monolayers condense at high
temperature (curing) and stabilize into siloxane linkages over
the surface by cross-linking with adjacent silanols due to the
absence of local water molecules.? The functionalized surface
becomes hydrophobic due to the presence of non-reactive alkyl
groups in silane.'” The free amino groups project outwards
producing amine functionality while protonated acidic groups
orient themselves towards the glass surface.

The surface activation of matrix necessitates the application
of several functionalization agents that could successfully
incorporate the desired functional groups. The determinations
of optimum concentration for these agents under laboratory
conditions are tedious and time consuming. Therefore, an in
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silico approach towards matrix functionalization overcomes
such hurdles. In statistics, response surface methodology (RSM)
explores the relationships between several explanatory variables
and one or more response variables.”> RSM is a collection of
mathematical and statistical techniques and will be useful for
the modeling and analysis of problems in which a response of
interest is influenced by several variables and the objective is to
optimize this response.”* The main reason for the use of RSM
encompasses the use of experimental design, generation of
mathematical equations and graphics outcomes by employing
multi-various factors, statistical experimental design fits into
mathematical equations for prediction and optimization of
factorial responses under study environment." The RSM anal-
ysis also reduces the cost and time of overall analysis by
reaching the optimal values of variables with the smallest
number of experiments in the shortest time duration.>** The
first step involves identification of factors that affect experi-
mental data followed by design of the experiment in order to
minimize the effects of uncontrollable parameters and finally
statistical analysis to separate the effects of the various factors.'®
The criteria for the optimal design of experiments are mostly
associated with the mathematical model of the process which is
generally polynomials with unknown structure. The designs
could be of full factorial design approach, central composite
rotatable design and D optimal design, wherein the central
composite rotatable design is selected in the present study.”
The objective of RSM in present study was to optimize the silica
matrix functionalization factors and bioprobes in order to
develop a sensitive, high responsive detection platform.
Designed RSM models were further validated through labora-
tory protocols thus to develop cost-effective in vitro diagnostic
platform for detection of SEB.

Staphylococcus aureus comes under the list of pathogenic
organisms that poses a serious challenge during clinical infec-
tions. S. aureus produces a wide variety of exotoxins and related
virulence factors such as cytolysins etc., that alter immune
function during the local infection environment.'® The Staphy-
lococcal SAgs secreted in late stationary phase results in serious
human illnesses, such as TSS through their effects on T
lymphocyte and APC cytokine production, also SFP (Staphylo-
coccal food poisoning) is one of the most prevalent causes of
gastroenteritis worldwide caused by SE's (Staphylococcal
enterotoxins).' The organism is also profoundly gaining resis-
tance to antibiotics and with the likes of a-hemolysin, several
enterotoxins (from SEA to SHV), TSST and other secretory
proteins it poses a serious emerging threat.>*>* Furthermore,
SEB is one of the most potent potential agents of bioterrorism,
despite its ban after Biological and Toxin Weapons Convention
(BWC) of 1972, it remains as serious concern that SEB could be
used as bio-warfare agent.”® The SEB toxin could also be aero-
solized and its superantigenic nature leads to incapacitation of
enemy forces.” It is therefore critical to develop countermea-
sures to prevent or treat the lethal and incapacitating effects of
SEB.*

In the present study, an IgY based silica matrix immuno-
assay platform for rapid and onsite SEB detection was devel-
oped. SEB is a potent biothreat agent with LD5, and EDs, values
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of 20 ng kg~ " and 0.4 ng kg~ ' body weights respectively.>® There
are numerous detection platforms available that follows
enzyme-linked immunosorbent assay and bio-nano trans-
duction principle and sensitive enough to detect 2.9 ng mL ™"
and 10 ng mL~", respectively.?”?* However, for onsite detection
of toxin and pathogens, detection systems developed by avoid-
ing tedious laboratory settings and skilled manpower is requi-
site. Moreover, a cost effective detection platform will also
ensure its deployment under resource-poor settings.”* Unfor-
tunately, existing detection assays involve sample pre-
incubation to reduce binding of SpA to IgG that makes it
tedious and time-consuming.*® Avian IgY antibodies doesn't
have an affinity towards Staphylococcal protein A making it
suitable for immunoassays that involve S. aureus related toxins
and antigens.** The avian IgY and mammalian IgG are func-
tionally equivalent but the former has added advantage of being
non-invasive, economic, convenient, and also quantitatively
higher than the latter.” Hence, the study was intended to
develop a cost-effective, sensitive onsite SEB detection platform
from food and environmental sources. In brief, a theoretical
design for surface functionalization was established through
RSM and its characterization was carried out by scanning
electron microscopic analysis and contact angle measurements.
This was further employed in development of SEB detection
platform. The platform was evaluated for its sensitivity, speci-
ficity and reliability for onsite detection by assessing several
pure cultures as well as naturally contaminated food samples.

2. Experimental
2.1 Materials

Microscopic glass slides and potassium dichromate were ob-
tained from HiMedia (Mumbai, India). Hydrofluoric acid (HF),
sulphuric acid, ammonia and glutaraldehyde (GA) were ob-
tained from Merck Millipore (Bengaluru, India). 3’-Aminopropyl
triethoxysilane (APTES) was obtained from Sigma Aldrich (USA).
Tetra methylene benzidine-hydrogen peroxide (TMB/H,0,) was
obtained from Aristogene Pvt Ltd (Bengaluru, India). Freund's
complete and incomplete adjuvant, horse anti-rabbit IgG HRP
and donkey anti-chicken IgY HRP were procured from Sigma
Aldrich (US). Other chemicals used in the study were fine grade
and obtained from Merck Millipore (Bengaluru, India).

2.2 Preparation and evaluation of bioprobes for
immunoassay

2.2.1 Generation and characterization of anti-SEB IgG. New
Zealand rabbits weighing approximately of 1 kg were immu-
nized subcutaneously with 150 pg rSEB* in Freund's complete
adjuvant followed by booster doses with same concentration in
Freund's incomplete adjuvant at 15 days interval. Rabbits were
bled from ear vein pre and post immunization (35" day) and
sera were collected by incubating at 37 °C for 60 min followed by
centrifugation at 12 000 rpm for 5 min and stored at —20 °C
until further use. The anti-SEB IgG titer was determined onto
rSEB (10 ug per well) coated immunoassay plates followed by
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standard indirect ELISA protocols. (Ethical statement: ANUCPS/
IAEC/AH/Protocol/2/2014: Dt 15/07/2014).

2.2.2 Generation and characterization of anti-SEB IgY.
White leghorn chickens of 22 weeks old were purchased from
certified Suguna poultry (Coimbatore, India) and checked for
the presence of anti-SEB IgY in the serum by indirect-ELISA
method. The chickens were then immunized intramuscularly
(i.m) with 150 pg of rSEB emulsified with Freund's complete
adjuvant under the breast muscles. Subsequent booster
immunizations were administered with an equivalent dosage of
the protein emulsified with Incomplete Freund's adjuvant at an
interval of 15 days.** After five successive immunizations and
attaining the desired immune-reactivity (1 : 8000) in sera, IgY
was purified from eggs by PEG precipitation method.*® The anti-
SEB IgY titer was determined onto rSEB (10 pg per well) coated
immunoassay plates followed by standard indirect ELISA
protocols.*

2.3 Preparation and characterization of silica matrix
platform for immunoassay

Detailed flowchart for the assay development was depicted in
Fig. 1.

2.3.1 Design of experiment by CCD and method optimi-
zation. The parameters for silica matrix functionalization and
bioprobes immobilization were optimized with central
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composite rotatable design (CCD) of response surface meth-
odology with different combinations of HF, ammonia, APTES
and GA levels using software State-Ease (Design Expert version
6.0.10). The experimental combinations for matrix functionali-
zation were designed based on four independent process vari-
ables that include HF (1-40%), ammonia (1-25%), APTES (1-
100%), and glutaraldehyde (1-25%) and optical density (OD)
values as their responses. The bioprobes incubation onto the
functionalized matrix was optimized for both capturing and
revealing probes (0-60 min) with OD as their response factor.
The number of design points was obtained based on the
number of independent variables and these consisted 30 and 13
sets of experiments for silica matrix functionalization (Table 1)
and bioprobes incubation period (Table 2), respectively.

The response from the results for the central composite
rotatable designs was used to fit second-order polynomial
equation. The regression analysis of the response i.e. reduction
percentage was carried out by fitting with suitable models rep-
resented by (1) and (2). All variables of the polynomial regres-
sion at a significance level of p < 0.05 were included in the
model, and the coefficient of determination (r*) was generated
in order to assess the accuracy of the model. The response
surfaces were generated from the equation of the second order
polynomial, using the values of each independent variable to
the maximum quadratic response.
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Fig. 1 Schematic representation of the study.
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Table 1 Designs of experiments for the optimization of silica matrix
functionalization conditions

Factors Response
Run® HF’, % Ammonia‘, % APTES?, % GA‘, % Optical value
1 20.5 13 50.5 13 0.812
2 20.5 13 1 13 0.89
3 10.75 19 75.25 19 0.26
4 20.5 13 50.5 13 0.58
5 1 13 50.5 13 0.2
6 20.5 13 50.5 13 0.8
7 30.25 7 75.25 7 0.15
8 30.25 19 25.75 7 0.52
9 30.25 7 75.25 19 0.155
10 20.5 13 50.5 25 0.325
11 40 13 50.5 13 0.128
12 10.75 19 75.25 7 0.35
13 10.75 7 75.25 7 0.18
14 30.25 7 25.75 19 0.248
15 30.25 19 75.25 19 0.187
16 20.5 25 50.5 13 0.684
17 20.5 13 50.5 13 0.725
18 10.75 19 25.75 7 1.301
19 20.5 1 50.5 13 0.35
20 30.25 19 25.75 19 0.253
21 10.75 7 25.75 19 0.487
22 10.75 7 25.75 7 1.05
23 30.25 7 25.75 7 0.39
24 10.75 19 25.75 19 0.622
25 30.25 19 75.25 7 0.159
26 20.5 13 50.5 13 0.759
27 20.5 13 50.5 13 0.85
28 10.75 7 75.25 19 0.12
29 20.5 13 100 13 0.102
30 20.5 13 50.5 1 0.82

“ Run Order. ” HF (1-40%). ¢ Ammonia (1-25%). ¢ APTES (1-100%).
°GA (1-25%). fOptical density (nm), HF-hydrofluoric acid, AN-
ammonia, APS-3 aminopropyl triethoxy silane, GA-glutaraldehyde.

Table 2 Designs of experiments for optimization of bioprobes for
immunoassay

Factors Responses
Runs”  Capturing antibody’  Revealing antibody’  Optical value®
1 30.00 22.50 0.35
2 30.00 22.50 0.37
3 51.21 38.41 1.32
4 51.21 6.59 0.27
5 30.00 22.50 0.38
6 30.00 0.00 0.01
7 30.00 45.00 0.66
8 0.00 22.50 0.01
9 8.79 38.41 0.18
10 60.00 22.50 1.11
11 8.79 6.59 0.15
12 30.00 22.50 0.39
13 30.00 22.50 0.40

“ Run Order. ” Capturing and revealing antibody (0-60 min). ¢ Optical
density (nm).
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First order linear eqn (1)

Y =8+ Z:Bixi (1)
p)

Second-order polynomial eqn (2)

Y =8+ iﬂixi + iﬁﬁxiz + i Biixix; (2)
=1 =1

i#j=1

where 0 was the value of the fitted response at the centre point
of the design, 7, ii and ij were the linear, quadratic and cross
product (interaction effect) regression terms respectively and n
denoted the number of independent variables. All the designed
experimental models were validated under laboratory condi-
tions simultaneously. The incubation period for successive
matrix functionalization steps were HF (30 min), ammonia
wash (20-30 s), APTES (1 h)” and GA (30 min)” and carried out at
room temperature.*®

2.4 Characterization of immunoassay matrix

2.4.1 Scanning electron microscopy. The immunoassay
matrix developed on silica substrate was analyzed to observe
the change in surface morphology at various points of chem-
ical modifications. Scanning electron microscopic images of
plain glass, HF treated (10%), HF etched glass treated with
APTES (20%), silanized glass treated with glutaraldehyde
(10%) and bio-functionalized with anti-SEB IgG antibody
(1 : 1000) glass surfaces were obtained using FEI Quanta 200
system at 25 kV in low vacuum mode with magnification of
500x and 1000 x. The substrates before analysis were sprayed
with gold particles and various portions of the glass slides
were analyzed to observe the uniformity in surface
modification.

2.4.2 Contact angle measurement. The contact angle of
the glass surface was analyzed to observe the change in surface
energy after subsequent modification steps. Functional groups
produced on the glass surface after each modification step will
be reflected based on the prevailing surface energy. Advancing
and receding contact angles were measured using Kruss DSA-
10E system by adding or subtracting volume to a drop and
imaging when the three-phase contact line just starts to move.
Images were analyzed with an in-house MATLAB based image
processing code. The volume of water used was 5 pL and the
contact angle was measured 5 s after the drop was deposited.
Plain glass, HF treated (10%), HF etched glass treated with
APTES (20%), silanized glass treated with glutaraldehyde
(10%) and bio-functionalized with anti-SEB IgG antibody
(1:1000) glass surfaces were analyzed and average of the
results obtained for five different locations on the substrate is
reported as final contact angle value.

2.5 Development of surface functionalized silica based
immunoassay for detection of SEB

Following successful characterization of the functionalized
silica matrix, a simple to use, cost-effective, sandwich ELISA

RSC Aadv., 2018, 8, 25500-25513 | 25503
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method was developed for onsite SEB detection from food and
environmental samples.

2.5.1 Specificity and sensitivity evaluation of immunoassay
matrix. The sensitivity of individual bioprobes (anti-SEB IgG
and anti-SEB IgY) was analyzed by indirect ELISA by coating
different rSEB concentrations (10 pg mL ™" to 0.001 pg mL~ ") on
microtiter plates. The specificity of the sandwich ELISA (SEB
IgG as capturing probe and anti-SEB IgY as its revealing partner)
was carried out on different toxins of S. aureus coated onto
microtiter plates.

The specificity and sensitivity of the functionalized immu-
noassay matrix was carried out with anti-SEB IgG as the
capturing antibody and anti-SEB IgY as its revealing partner.
The specificity was evaluated on different toxins produced by S.
aureus strains as well as the cross-reacting cell wall surface
protein A and the sensitivity was evaluated onto different rSEB
toxin concentration (10 pg mL " to 0.001 pg mL ).

2.5.2 Evaluation of immunoassay matrix on natural
samples. To check the feasibility of the developed platform,
different food matrixes and standard cultures were subjected to
the immunoassay. Further, the intra and inter assay coefficient
of variance was estimated. The solid food samples (meat and
cake) were homogenized (1 g of the sample in 9 mL PBS) and
centrifuged at 5000 rpm for 10 min. Similarly, the liquid food
samples and overnight broth cultures were centrifuged at
5000 rpm for 10 min. The supernatant (100 pL) was analyzed
with developed platform and simultaneously was co-evaluated
with standard ELISA kit (Chondrex, Inc; 6214).

3. Results

3.1 Preparation and evaluation of antibodies for
immunoassay

3.1.1 Generation and characterization of anti-SEB IgG. The
antibody titer value determined by indirect ELISA for post-
immunized sera (40™ day) was found to be 1:1 28 000 and
furthermore no significant reactivity were observed for the pre-
immunized sera (ESI Fig. 1A7).

3.1.2 Generation and characterization of anti-SEB IgY. The
anti-SEB IgY extracted from hyperimmune chicken's egg yolk
was found to have titer value of 1 : 32 000, whereas no reactivity
was observed for the IgY extracted from pre-immunized sera as
determined through indirect ELISA (ESI Fig. 1B+).

3.2 Preparation and characterization of silica matrix
platform for immunoassay

3.2.1 CCD optimization of matrix functionalization and
immunoassay platform. The CCRD results of RSM were used to
fit the second order polynomial equation. Conversely, the
regression analysis of the response (optical value) was con-
ducted by fitting the suitable model. The effect of variations in
the levels of dependent variables (HF, ammonia, APTES, GA) in
the present design on three responses has been depicted as 3D
response plots, cubical prediction and point prediction in
Fig. 2. As illustrated in Fig. 2a, an increase in HF concentration
(up to 20.50%) produced higher optical response, whereas
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higher concentrations led to a uniform reduction in the
response factor. HF concentrations resulted in increased
fragility of the final assay platform probably due to over leach-
ing of base material (glass). Silica matrices etched with HF
would activate larger number of surface hydroxyl groups that
could in turn accommodate more number of silane molecules.?
The ammonia treatment of the matrix surface produced
a steady increase in the response factor up till the maximum
concentration. The other variables, APTES and GA were main-
tained constant at its mid values of 50.50% and 13.00%,
respectively for the above experiment. As depicted in Fig. 2b, it
can be deduced that, lower concentrations of both APTES and
GA produced higher optical response. The other variables, HF
and ammonia were maintained constant at 10.80% and 18.49%
respectively, for the preceding experiment. The 3D response
counter plots for ammonia and APTES (Fig. 2c) reveals that
higher ammonia concentration and lower APTES concentration
resulted in a better response. Herein, it can be observed that
a lower concentration of HF and APTES produces higher optical
response whereas higher concentration of ammonia produced
better response.*®* The higher concentrations of silanes are
susceptible to the formation of multilayer thus prone to wash
off, whereas lower concentrations such as <10% will produce
thin monolayers.®

Silanization

(Silica matrix) OH™ + H,N(CH,);Si(OC,Hs);

The silanized matrix was immediately subjected to curing
(heat treatment) to facilitate condensation reaction of adjacent
silanol groups that would result in stable siloxane linkages
which would reduce its susceptibility towards hydrolysis.*”
Curing was carried out at a temperature of 100 °C for 5 min and
precede instantly for further steps.

Cross-linking

OHSI(0);(CH,);NH, + CHy(CH,CHO), —
OHSi(0)5(CH,);N-CH—(CH,);CHO (3.2.1)

The effects of different incubation period for the indepen-
dent variables rabbit IgG and chicken IgY on response value
(optical density) is depicted in Fig. 3a-c. The 3D response plot
(Fig. 3a) reveals that a higher incubation period produced the
better response. The counterplot (Fig. 3b) illustrates the
different predicted optical values for the increasing incubation
period (capturing and revealing probe, subsequently) with
a maxima at 1.381 OD. The Fig. 3c shows the desirability factor
for these analyzed bioprobes.

Biomolecule immobilization

This journal is © The Royal Society of Chemistry 2018
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OHSi(0)3(CH,);N-CH-(CH,);CHO + H,N-B (Biomolecule)
— OHS(0)3(CH,);N-CH-(CH,);-CH-N-B (3.2.1)

The Analysis of Variance (ANOVA) was applied to fit a proper
model between independent variables, response factor and to
evaluate the model statistics for the optimization (Tables 3 and
4). In the present design, a quadratic model was well appro-
priate and selected for the optimization of independent vari-
ables (<0.0001). The predicted R squared value of the study was
0.75 and 0.93 for silica matrix functionalization and bioprobes
standardization of immunoassays respectively. The F values
were 17.63 and 145.59, respectively for both silica matrix func-
tionalization and bioprobes standardization of immunoassays.
The present study with large F value and small p value indicated
a more significant conclusion on the corresponding response
variable. The optimized designs were found to have 94% and
99% of desirability and show that both were well fitted.

Multiple regression equations generated for responses are
represented as follows,

Final equation in terms of actual factors (silica matrix
functionalization):

Optical value = +0.90057 + 0.025415 x HF + 0.078404 x
ammonia — 0.013572 x APTES — 0.031323 x GA — 5.55556 x
10~* x HF x ammonia + 4.63610 x 10™* x HF x APTES +

This journal is © The Royal Society of Chemistry 2018

1.08547 x 1073 x HF x GA — 7.15488 x 107> x Ammonia x
APTES — 4.30556 x 107* x Ammonia x GA + 6.45623 x 107*
x APTES x GA — 1.61451 x 1073 x HF? — 1.81192 x 1073 x
Ammonia® — 1.15056 x 107 x APTES? — 42650 x 1073 x GA?

Final equation in terms of actual factors (bioprobe incuba-
tion period standardization)

Table 3 ANOVA & model statistics for the optimization

Responses

Term model Optical value

Fvalue 17.63
P>F <0.0001
Mean 0.48

S.p* 0.11

CV% 22.33

R squared 0.94
Adjusted R squared 0.88
Predicted R squared 0.75
Adequate precision 16.98
Model Quadratic

% Standard deviation.
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Table 4 ANOVA & model statistics for the bioprobe immobilization

Responses

Term model Optical density (nm)

Fvalue 145.59
P>F <0.0001
Mean 0.43

S.D¢ 0.05

CV% 11.69

R squared 0.99
Adjusted R squared 0.98
Predicted R squared 0.93
Adequate precision 38.78
Model Quadratic

% Standard deviation.

OD = +0.20234 — 0.013515 x capturing antibody — 4.53964 x

revealing antibody + 7.46667 x capturing antibody x revealing

antibody + 2.22639 x capturing antibody® — 4.96296 x revealing
antibody?

The contour plots in Fig. 2 were suitable to represent opti-
mization process since they allow defining the optimal condi-
tions for achieving the maximum percentage of optical
response. From response surfaces, it can be observed that lower
APTES and GA concentration resulted in better responses.
However, a higher concentration of ammonia and medium HF
levels resulted in a better response, as summarized in Table 5.

3.3 Characterization of immunoassay matrix

3.3.1 Scanning electron microscopy. The SEM micrographs
of the functionalized silica matrix revealed surface morpho-
logical changes after subsequent activation. The plain silica
matrix micrograph (Fig. 4a) revealed no deposition or etching
pattern thus assuring about proper washing before the func-
tionalization steps. The 10% HF treated matrix micrograph
(Fig. 4b) showed surface etching and subsequent treatment with
20% APTES (Fig. 4c) revealed silane deposition as spherical
particle agglomeration. Consequent glutaraldehyde treatment
revealed morphological changes on the spherically deposited
silane particles (Fig. 4d). A uniform deposition of silane

Table 5 Optimized values of silica based immunoassay platform

View Article Online
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molecules throughout the silica matrix was observed upon
curing (100 °C heat treatment) post APTES treatment.*® There-
fore, the presence of such uniform reactive groups throughout
the activated surface increases the proportion of bioprobes on
the surface and ultimately results in better sensitivity of the
assay. This bioprobe immobilization further reveals morpho-
logical changes on the agglomerated silane particles (Fig. 4e).

3.3.2 Contact angle measurement. The contact angle
measurement at five different points on the surface function-
alized silica matrix with uniform drop volume of 5 pL was
shown in Fig. 5. Among the different activation steps, HF
treatment of silica matrix resulted in contact angle of 36.43°
(Fig. 5b), whereas the plain matrix had 46.56° (Fig. 5a). The
decrease in contact angle could be due to the increased surface
roughness upon HF treatment® (Cras et al., 1999). The HF
treated matrix upon silanization resulted in contact angle of
53.6° (Fig. 5c¢) therewith indicating an increased surface
hydrophobicity possibly due to the protruding free amino
groups of APTES.*>** Glutaraldehyde treatment preceding the
silanization decreases the contact angle to 43.367° (Fig. 5d).
Bioprobe immobilization of the activated silica matrix with
antibody further decreases the contact angle value to 30.66°
(Fig. 5e).

3.4 Specificity and sensitivity of developed ELISA assay

3.4.1 Specificity and sensitivity of developed bioprobes.
The individual bioprobes allowed the detection at 0.005 pg
mL ™" for both rabbit anti-SEB IgG and chicken anti-SEB IgY (ESI
Fig. 2Af). The individual bioprobes assessed for specificity
revealed that rabbit anti-SEB IgG cross-reacted with the protein
A of Staphylococcus aureus whereas the chicken anti-SEB IgY
showed cross-reactivity towards any other toxins. The sandwich
ELISA was found to detect SEB specifically and prominently
than anti-SEB IgY indirect ELISA antibody-based indirect ELISA
(ESI Fig. 2Bt).

3.4.2 Specificity and sensitivity of developed immunoassay
matrix. The sensitivity of the immunoassay matrix generated
was performed with various concentrations of antigen (rSEB)
ranging from 10 pg mL ™" to 0.001 pg mL~ " with anti-SEB IgG
(1 : 1000 for 60 min) capturing and anti-SEB IgY (1 : 100 for 30
min) as revealing probe (Fig. 6). The lowest detection value of
the developed sandwich platform was determined as 0.005 pg
mL~" of SEB antigen which is well below the LDs, value. The

RSM

Matrix optimization

Bioprobe optimization

Parameters HF AN APTES GA CA RV
Concentration (a and b) 10.80¢ 18.50¢ 25.75% 7.00% — —
Time (in min) — — — . 51.21 38.27

¢ a-concentration in percentage, b-concentration in dilutions, HF-hydrofluoric acid, AN-ammonia, APS-3 aminopropyl triethoxy silane, GA-
glutaraldehyde. CA-capturing antibody (anti-SEB IgG), RA-revealing antibody (anti SEB IgY).

25506 | RSC Adv., 2018, 8, 25500-25513
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Fig. 4 SEM characterization of functionalized matrix. The silica matrix were characterized through scanning electron microscopy for various
functionalization steps (a) plain glass surface, (b) glass surface treated alone with hydrofluoric acid (10%), (c) hydrofluroic acid etched glass
surface treated with 3 aminopropyl triethoxysilane (20%), (d) silanized glass surface treated with glutaraldehyde (10%) and finally (e) glass surface

bio-functionalized with antibody (1 : 1000).

developed method showed no cross-reactivity with other related
enterotoxins and protein A (Fig. 7).

3.5 Evaluation of developed sandwich ELISA on food
samples

The evaluation of individual bioprobes onto natural samples
and standard cultures by indirect ELISA (with anti-SEB IgG and
anti-SEB IgY) as well as sandwich ELISA are given in ESI Fig. 3.1
The indirect ELISA by anti-SEB IgG resulted in false positive
reactions in food isolates and standard cultures that are nega-
tive for SEB as shown in ESI Fig. 3A (MI 01), B (MTO01 and 05), C
(CK 02, 03, 08 and 09) and D (B-S. aureus ATCC 19095).7 These
results point to the fact that mammalian IgG cross-reacts with
Staphylococcal protein A producing false positive results in non
SEB positive Staphylococcus aureus cultures as well as SEB
negative food isolates. The indirect ELISA with anti-SEB IgY and
sandwich ELISA detects only the SEB positive samples
specifically.

To check the reliability and field usage, developed method
was evaluated on to various contaminated food samples and
reference cultures. The results of the developed immunoassay
were on par with the standard ELISA kit method (Table 6 and
Fig. 8).

Additionally, the inter as well as intra assay coefficient of
variance was determined wherein it was found to between 8.9-
12.6% and 3-8.4%, respectively (Table 7). Therefore, this
suggests that the present method is well suited and applicable
for detection of SEB from diverse sample types.

This journal is © The Royal Society of Chemistry 2018

4. Discussion

Immobilization of biomolecules onto various surfaces have
been of prime focus to many researchers for development of
novel, durable, ready to use and portable detection systems. To
accomplish this, there are several parameters that influence
surface activation strategies such as function stabilization,
structure/functional group conservation and proper binding
orientation of the biomolecules.** The covalent attachment of
biomolecules can be accomplished through variety of func-
tionalization chemistry that imparts groups such as NH,, SH,
COOH, NHS ester as well as epoxide and often this is achieved
on a glass or oxide surface through self-assembly of silanes.*’
The utilization of single silane ensures functional uniformity
whereas a mixture of silanes could possibly result in unchar-
acteristic functional groups.™ The multilayer formation leads
to an unstable silane layer, hence are vulnerable to get washed
away during common washing steps of immunoassay.?
Therefore, the matrix functionalization in the present work is
accomplished through silanization using (3-aminopropyl)
triethoxysilane (APTES) on silica matrix to produce a thin and
stable silane layer after hydrofluoric acid etching, upon which
biomolecule immobilization was achieved via glutaraldehyde
linker. Thus, this functionalization strategy satisfies the
parameters of efficient bioprobe immobilization and non
hindrance with its biological function therewith enhancing
the sensitivity of assay.**** The previous studies reported till
now majorly focus on glass surface activation for biomolecule

RSC Adv., 2018, 8, 25500-25513 | 25507
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Fig. 5 Contact angle measurement of functionalized matrix. The silica matrix were characterized by contact angle measurement for various
functionalization steps (a) plain glass surface, (b) glass surface treated alone with hydrofluoric acid (10%), (c) hydrofluroic acid etched glass
surface treated with 3 aminopropyl triethoxysilane (20%), (d) silanized glass surface treated with glutaraldehyde (10%) and finally (e) glass surface
bio-functionalized with antibody (1 : 1000). (f) Contact angle values of plain glass (PG), hydrofluoric acid (HF), 3’ amino propyl triethoxy silane
(APTES), glutaraldehyde (GA) and antibody (Ab) were analyzed with an in-house MATLAB-based image processing code. The data processed

using one way-ANOVA and p value < 0.05 was significant.

immobilization®*?37**4> and some pertains to assay devel-
opment,*>*” however, none have quite evolved into a sensitive
detection platform for routine laboratory application and
onsite screening. Thus, the present study focuses on the
development of silica functionalized matrix based onsite SEB
detection platform.

Immunodetection platforms are cost effective, more suit-
able, robust and portable for onsite detection due to its less
technical expertise requirement compared to PCR assays.*® The
PCR assays are more sensitive as well as specific in detection of
toxin associated genes but more clinical relevance could only be

established through immunoassays. Moreover, the main draw-
back associated with PCR is their inability to correlate with the
toxin expression by the organism in the samples.** Therefore,
the bioligands were generated with high sensitivity in rabbit
and chicken systems. The sandwich immunoassay strategy was
employed, wherein the anti-rabbit SEB IgG was used as the
capturing probe and chicken anti-SEB IgY as its revealing
partner. The anti-SEB IgG were then permanently immobilized
on to the immunoassay matrix prepared through silane
glutaraldehyde chemistry. Characterization by scanning elec-
tron microscopy and contact angle measurements revealed the

A B C D

:;‘,;,:..-": = —
# > \. " - >
} - ™ hl
- 1 )
. S
S 4 Ls
!

Fig. 6 Sensitivity of the immunoassay matrix. Sensitivity of the functionalized matrix were carried out by incubating the bioconjugated matrix
with decreasing concentration of SEB toxin (A) 10 pg mL™, (B) 5 pug mL™2, (C) 1 pg mL™,(D) 0.5 pg mL™, (E) 0.25 ugmL~2 (F) 0.1 ug mL™%, (G) 0.05

ug mL7%, (H) 0.01 pg mL~* and were further probed with anti SEB IgY.
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Fig. 7 Specificity of the immunoassay matrix. Specificity of the functionalized matrix were assayed by incubating bioconjugated matrix with
various Staphylococcal aureus toxins (A) Staphylococcal enterotoxin B, (B) Staphylococcal enterotoxin A, (C) Staphylococcal enterotoxin C, (D)
toxic shock syndrome toxin 1, (E) protein A and (F) negative control (PBS).

successful matrix functionalization and bioligands immobili-
zation onto the matrix.

The chicken egg yolk antibodies are more hygienic, cost-
efficient and convenient compared with the traditional anti-
bodies obtained from mammalian serum.” The maintenance
costs for keeping hens are also lower than those for mammals
such as rabbits and even more viable in ethical aspect due to the
non invasive purification of antibodies. Moreover, one immu-
nized chicken could generate yield more than 22 500 mg of IgY
per year that is equivalent to the production by 4.3 rabbits over

ayear.” Furthermore, an added advantage arises because of the
phylogenetic distance as well as genetic background between
birds and mammals that improve the likelihood of an immune
response against antigens or epitopes that may be non-
immunogenic in mammals. The mammalian immunoglobu-
lins may have deleterious effects on the performance of
different immunoassay formats, particularly in their use as
bioactive molecules to capture or detect the analyte, that are
affected by heterophilic antibodies as well as high levels of non-
specific binding (e.g. Staphylococcal protein A).** The various

Table 6 Co-evaluation of developed matrix platform with standard ELISA kit

S. no Source Chondrex standard ELISA kit Developed IgY based silica matrix platform
1 Milk isolate 01 — —
2 Milk isolate 02 + +
3 Milk isolate 03 + +
4 Milk isolate 04 + +
5 Meat isolate 01 — —
6 Meat isolate 02 + +
7 Meat isolate 03 + +
8 Meat isolate 04 + +
9 Meat isolate 05 — —
10 Cake isolate 01 - —
11 Cake isolate 02 - —
12 Cake isolate 03 - -
13 Cake isolate 04 + +
14 Cake isolate 05 + +
15 Cake isolate 06 — —
16 Cake isolate 07 + +
17 Cake isolate 08 — —
18 Cake isolate 09 - -
19 Cake isolate 10 + +
20 S. aureus ATCC-29213 + +
21 S. aureus ATCC-19095(SEC positive) - -
22 S. epidermidis ATCC-12228 - —
23 S. aureus NCIM-5021 + +
24 Salmonella typhimurium ATCC-14028 - —
25 S. aureus NCIM-2657 + +
26 S. aureus NCIM-2654 + +
27 Escherichia coli ATCC-10536 — —
28 Klebsiella pneumonia ATCC-10031 - —

This journal is © The Royal Society of Chemistry 2018
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Fig. 8 Evaluation of the immunoassay matrix. Evaluation on to field samples and standard cultures, (1) MI 01, (2) MI 02, (3) MI 03, (4) MI 04, (5) MT
01, (6) MT 02, (7) MT 03, (8) MT 04, (9) MT 05, (10) CK 01, (11) CK 02, (12) CK 03, (13) CK 04, (14) CK 05, (15) CK 06, (16) CK 07, (17) CK 08, (18) CK 09,
(19) CK 10, (20) S. aureus ATCC-29213, (21) S. aureus ATCC-19095(SEC positive), (22) S. epidermidis ATCC-12228, (23) S. aureus NCIM-5021, (24)
Salmonella typhimurium ATCC-14028, (25) S. aureus NCIM-2657, (26) S. aureus NCIM-2654, (27) Escherichia coli ATCC-10536, (28) Klebsiella
pneumonia ATCC-10031, (P) positive control (rSEB protein) and (N) negative control (PBS).

Table 7 The intra and inter assay coefficient of variation of the assay

Intra assay coefficient Inter assay coefficient of
of variation (%) variation (%)

S.no Sample IgG* IgY® Sandwich IgG” IgY* Sandwich
1 Milk isolate 01 7.1 59 3.6 11.6  10.5 9.3

2 Milk isolate 02 7.9 6.7 4.4 12.4 11.3 10.1
3 Milk isolate 03 7.1 59 3.6 11.3 102 9

4 Milk isolate 04 7.6 6.4 4.1 11.5 104 9.2

5 Meat isolate 01 7.3 6.1 3.8 11.25 10.15 8.95
6 Meat isolate 02 7.8 6.6 4.3 11 9.9 87

7 Meat isolate 03 8.1 6.9 4.6 12.34 11.24 10.04
8 Meat isolate 04 8.4 7.2 4.9 12.6 11.5 10.3
9 Meat isolate 05 7.5 6.3 4 11.4 103 9.3
10 Cake isolate 01 7.8 6.6 4.3 11.8 10.7 9.5
11 Cake isolate 02 7.7 6.5 4.2 11.65 10.54 9.34
12 Cake isolate 03 7.3 6.1 3.8 11.3 102 9

13 Cake isolate 04 8.3 7.1 4.8 12.4 113 10.1
14 Cake isolate 05 6.1 4.9 2.6 11.12 10.02 8.92
15 Cake isolate 06 6.3 5.2 2.9 11.2 10.1 8.9
16 Cake isolate 07 6.8 5.6 3.3 11.7 106 9.4
17 Cake isolate 08 6.5 5.3 3 11.5 10.4 9.2
18 Cake isolate 09 6.8 5.6 3.3 11.6  10.5 9.3
19 Cake isolate 10 6.2 5 3 11.2 10.1 8.9

¢ Indirect ELISA.

25510 | RSC Adv., 2018, 8, 25500-25513

approaches to eradicate heterophilic antibody interference
includes removal or inactivation of interfering immunoglobu-
lins through precipitation with PEG, buffer additives and
proteolytic Fe fragments cleavage, however, these are practi-
cably unviable for onsite detection system.*® This was further
confirmed through indirect ELISA, wherein anti-SEB IgY anti-
body was not found to produce any cross reactivity unlike its
mammalian counterpart anti-SEB IgG antibody without sample
pre-treatment. Thus considering these factors, chicken IgY
antibodies offer several advantages over mammalian counter-
parts as they do not interact with rheumatoid factor (RF),
human anti-mouse IgG antibodies (HAMA), complement
components or mammalian Fc receptors®® and thereby
enhances the aptness of the developed platform for onsite
applications.

Several SEB detection assays,****** as well as systems with
IgY based strategies have been reported previously.**** Despite
establishment of such novel approaches and numerous
improvements within these described assays, the commercially
available kits still utilize polyclonal/monoclonal IgG antibodies
based ELISA as represented in Table 8.

The limit of detection of these represented assays range
between 0.02 ng mL™" to 10 ng mL™". However, some of these
assays are either time consuming (sample processing includes;
pre-enrichment/extraction  step), require sophisticated

This journal is © The Royal Society of Chemistry 2018
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instrumentation (ELISA reader, automated system), or even
labor-intensive (require technical expertise for analysis).
Notwithstanding, specificity of these commercial kits is rela-
tively low since the likelihood of false positives occurring due
to matrix components (e.g., protein A) with the Fc fragment
(and, to a lesser extent, Fab fragments) in immunoglobulin G
from several animal species (e.g., mouse or rabbit, but not rat
or goat) is reasonably high.** Moreover, SEB being a potent bio-
threat agent necessitates the detection platform to be onsite/
field deployable.

Considering the above mentioned aspects, the present
study has developed IgY based silica matrix platform for SEB
detection. Herein, the matrix functionalization (HF, ammonia,
APTES and GA) optimized through RSM technique accom-
plished uniform reactive groups throughout the activated
surface thereby increasing the bioprobes proportion. This
significantly improvised the sensitivity of the assay with a limit
of detection up-to 0.005 pg mL™". Likewise, application of anti-
SEB IgY as revealing bioprobe enhanced specificity of the assay
as no cross reactivity towards any closely associated toxins as
well as other interfering factors was observed. Further, its
onsite feasibility was established through SEB detection from
various food matrices. Besides this, inter and intra assay
coefficient of variance confirmed reproducibility of the plat-
form. Therefore, these attributes render the developed plat-
form to be highly specific, easy to operate, low cost, and
sensitive assay for the rapid and reproducible on-site detection
of SEB toxin.

5. Conclusion

In collective, the study presents silica matrix functionalization
strategy through RSM approach, and further development of
an IgY based rapid onsite SEB detection platform. The func-
tionalization chemistry was optimized to self-assemble silane
monolayers uniformly, which in turn was critical for successful
homogenous biomolecule immobilization. This was further
substantiated through SEM and contact angle characteriza-
tion. The LOD of the developed platform was estimated to be 5
ng mL " with total assay duration of 90 min without sample
processing. The robustness and on site portability of the
system was verified through SEB detection from different food
matrices, wherein inter and intra assay coefficient of variance
was observed to be below 15% and 10%, respectively. In
addition to this, the developed platform was found to be on par
upon co-evaluation with commercial SEB detection kit.
Therefore, the developed platform possesses high sensitivity
and nil cross reactivity, thereupon confirming its significant
potential for the rapid and sensitive onsite detection of SEB
toxin.
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