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Abstract

Development of Immunoassays using Novel
Antibodies for Rapid Detection of Antibiotic-

Resistant and Susceptible Pathogens

JOO-KYUNG KIM
Interdisciplinary Program of Bioengineering

Seoul National University

Staphylococcus aureus (S. aureus) and Pseudomonas aeruginosa
(P aeruginosa) are major pathogens frequently detected in food and
beverage poisoning, and persistent infections. Therefore, the development
of a rapid method that can detect these pathogens before serious

multiplication is required. In this study, | produced recombinant antibodies



against S. aureus and R aeruginosa from mammalian cells with high yield
and purity. Then | developed four different detecting methods and
compared those assay times and sensitivities.

First, | performed enzyme-linked immunosorbent assay (ELISA)
using these recombinant antibodies. High binding affinity and low
detection limit in both indirect and sandwich ELISAs were obtained to
detect methicillin-resistant S. aureus and imipenem-resistant 2 aeruginosa.
Afterward, | developed a rapid ELISA to decrease the assay time of the
conventional ELISA. By optimizing the assay conditions, | reduced the
antigen immobilization time from 16 h to 2 h and the primary antibody
reaction time from 1 h to 10 min. Next, | developed a novel fluorescence-
linked immunosorbent assay (FLISA)-based S. aureus detection method
using fluorescent anti-S. aureus antibody. | optimized the FLISA system to
reduce the working time in comparison to the conventional ELISA system
as well as the rapid ELISA system, resulting in the total assay time of 10
h. Moreover, | established a flow cytometry (FCM)-based detection
method that allows rapid acquisition of cell populations in fluid samples

by using a fluorescent antibody against S. aureus. Using this method, |



detected S. aureus with a 10°-10° CFU order of limit of detection value
within 1 h. Notably, | represented the efficacy of these four assay methods,
ELISA, Rapid ELISA, FLISA, and FCM for detecting S. aureus using clinically
isolated MRSA samples. As a result, FCM showed the shortest whole
clinical sample detecting time, 4 h including pathogen preincubation.
These results indicate that the detecting system using
recombinant antibodies-produced herein can be used for the accurate and
rapid detection of S. aureus, with a wide range of applications in medical

diagnosis, food safety, and drug discovery.

Key Words: recombinant antibody, Staphylococcus aureus, Pseudomonas
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1. Introduction

Food and beverage poisoning is caused by bacterial pathogens
in contaminated foods and drinks that grow in the stomach [1].
Staphylococcus aureus (S. aureus) and Pseudomonas aeruginosa (R
aeruginosa) are major gram-positive and gram-negative food-borne
pathogens, respectively, leading to long-term chronic diseases, typhoid
fever, septicaemia, gastroenteritis, and serious infections [2, 3]. Although
antibiotics against these pathogens have been developed, such as oxacillin
for S. aureus and imipenem for P aeruginosa, the evolution of antibiotic-
resistant strains is increasing [4]. Moreover, S. aureus and P aeruginosa
cause infections even at low concentrations. Therefore, rapid detection of
these pathogens is crucial for the timely testing of food and beverage
poisonings. To date, a culture and colony counting-based method is
standard for detecting S. aureus. [5] However, practical applications of this
conventional method are limited because it requires 3-5 days to obtain
results, which is time consuming and inadequate for timely in-situ
detection. Polymerase chain reaction (PCR)-based detection using nucleic

acid amplification, such as PCR, has been introduced [6]. As PCR is based
1



on nucleic acid amplification, its sensitivity is high and low numbers of
bacterial cells can be detected. However, PCR-based detection requires
isolation of bacterial DNA, followed by enzyme reaction and agarose gel
electrophoresis, which are complex and tedious procedures. Moreover,
PCR-based methods are based on single- or double-locus detection; these
methods have a high risk of false positive/negative results [7]. Other
molecular diagnostics using lectin or aptamer combined with flow
cytometry have been developed to detect S. aureus [8, 9]. However, these
methods suffer from low selectivity and labor intensity. Immunological
assays have been developed for detecting S. aureus with high accuracy,
because of the high specific response of antibody to antigen. For example,
surface plasmon resonance (SPR) detects S. aureus in a label-free and real-
time manner with a LOD of 103-10* CFU/mL [10, 11]. However, this method
requires phage production, isolation, and purification, which have
limitations due to complicated handling. Subramanian et al. performed
SPR by using an antibody against protein A (PA), which is expressed on
the surface of S. aureus, but the LOD of the system was high (10" CFU/mL)

[12]. Additionally, as SPR-based assay needs sensor chips, the technology



needs a high cost. A quartz crystal microbalance with a random antibody
shows high specificity for real-time detection of S. aureus [13]. However,
it requires control over antibody orientation to ensure Fc recognition and
the response affected by the antibody content of the sample. Enzyme-
linked immunosorbent assay (ELISA) can be used for S. aureus detection
because of its simplicity, low cost, and reliability. However, as conventional
ELISA-based S. aureus detection uses hybridoma-based antibodies, the
high cost of obtaining antibodies is a major burden [13-15]. Besides,
hybridoma clones, which are used for producing monoclonal antibodies,
lose their secreting ability over time. A recombinant antibody has
attractive attributes compared to the traditional hybridoma-based
antibody: (1) It can be overexpressed with high yield, and its production
is controlled; (2) It is expressed from a unique gene, so the sequence
information allows for subcloning to be modified or to generate fusions
with other molecules, such as fluorescent proteins, enzymes, and peptides,
without interfering with their antigen binding properties; and (3) Several
issues with hybridoma production, such as gene mutations and cell line

drift, can be avoided, leading to a high level of consistency between



batches. Escherichia coli (£ col)) is one of the systems for producing
recombinant proteins including antibody. To produce a functional antibody
using £ coli; the key to allow the correct formation of disulfide bonds is
the secretion of V chains into the periplasmic space of £ co/j the oxidizing
environment, for assembling into a functional Fv fragment [16]. Therefore,
the production of recombinant antibodies using £ coli sometimes results
in nonfunctional aggregates, and the recovery of functional antibody from
inclusion bodies by denaturation followed by refolding is difficult and
time-consuming [17]. Small antibody fragments, such as single chain
fragment of variable domain (scFv) and the antigen-binding fragment
(Fab), can be relatively readily expressed in £. coli However, the yield of a
larger full-sized antibody in soluble form is generally low because it
requires post-translational modifications (PTMs). This has led to the
development of a mammalian expression system. Eukaryotic cells,
including mammalian cells, have developed an advanced folding, PTM,
glycosylation, and secretion apparatus compared with bacteria [18].
Moreover, antibodies from mammalian cells are indistinguishable from

those in humans, with least concerns for immunogenic modifications.



human embryonic kidney (HEK)293 cells and Chinese hamster ovary (CHO)
cells are commonly used for producing a high yield of protein that is hard
to be expressed in bacteria. HEK293 cells, human-derived cell line, provide
the best environment for the expression of human antibodies, and cell
lines derived from other species, such as CHO cells, have been found to
introduce non-native PTMs not present on human antibodies [19]. These
foreign PTMs can cause immunological reactions in humans and may
affect the stability and function of recombinant antibodies [19]. Moreover,
HEK293 cells can be transfected with recombinant plasmids for antibody
production [20-23]. A highly useful derivative of HEK293 cells has been
the establishment of HEK293Freestyle (HEK293F) cells, which are a variant
of HEK293 cells and have been widely used to produce challenging
proteins [20]. The HEK293F cell line has been adapted to suspension
growth, and transient antibody expression allows convenient production
[24]. Thus, HEK293F cells can offer a rapid method to produce large
quantities of recombinant antibodies. In addition, it has been known that
HEK293F cells show high transfection efficiency with the use of the

inexpensive polymeric reagent polyethylenimine (PEl), and the results can



be evaluated within 48 hours after transient transfection, which provides
a fast and economical alternative to produce recombinant antibodies [25-
27].

In this study, | generated novel recombinant antibodies against S.
aureus through mammalian cell culture. | produced large amounts of
antibodies from HEK293F cells and purified them in a convenience manner.
Then | developed four different detecting methods and compared those
assay times and sensitivities. First, | revealed the binding efficiency of the
produced antibodies to MSSA and MRSA by performing both indirect
ELISA and sandwich ELISA, indicating the usefulness of these antibodies
for sensitive detection of S. aureus. Afterward, | developed a rapid ELISA
to decrease the assay time of the conventional ELISA. By optimizing the
assay conditions, | reduced the antigen immobilization time from 16 h to
2 h and the primary antibody reaction time from 1 h to 10 min. Next, |
developed a novel fluorescence-linked immunosorbent assay (FLISA)-
based S. aureus detection method using fluorescent anti-S. aureus
antibody. | optimized the FLISA system to conspicuously reduces the

working time in comparison to the conventional ELISA system as well as



the rapid ELISA system, which | additionally conducted in this study.
Notably, | presented the efficacy of the FLISA for detecting S. aureus using
clinically isolated MRSA samples and compared the results to the whole
clinical sample detecting time using conventional ELISA and Rapid ELISA.

Another detecting method, Flow cytometry (FCM), is a high-
throughput analysis method that enables the measurement of the
properties of individual cells in a flow [28]. FCM using fluorescent
antibodies is one of the reagentless immunoassays that require no
immobilisation steps. Namely, by reacting the fluorescent antibodies to
the antigens on the cells and then applying them to the fluid system, the
positive signal from an antigen-bound antibody can be separated from
the extra signal from a free antibody, which does not bind to the antigen.
FCM is highly automated because cells pass in a flow and are focused by
laser beam, then each cell is characterised by its scattering and
fluorescence properties [29]. Moreover, FCM allows the analysis of cells at
a rate of over 50,000 per minute [30]. This high speed of FCM is an
advantage over culture-based methods, which requires time-consuming

dilution procedures and a waiting period until the formation of colonies



on a selective agar plate. FCM provides information regarding the cells
present in the culture, which can be collected within several minutes [31].

Bacterial cells are more difficult to analyse using FCM than
eukaryotic cells because the volume of bacteria are 1,000-fold smaller than
those of eukaryotes [29]. Moreover, because prokaryotes do not have
organelles, their cellular complexity is lower than that of eukaryotes,
resulting in the former having weaker scattering signals than the latter
[32]. Therefore, FCM is typically used in immunoassays for eukaryotic cells,
such as cancer and immune cells, but its use for the detection and analysis
of pathogens has limitations. Despite this difficulty, rapid FCM-based
methods, which can detect pathogens in water, food, and clinical samples,
have been developed [33-36]. Some methods using fluorescent antibodies
combined with FCM have been reported to detect S agureus or P
aeruginosa. [37-40] However, these methods were not optimised to detect
low concentrations of pathogens, because the studies have focused on
the application of pathogens in real samples. For example, Kennedy et a/
detected the food-borne pathogen S. aureus by cultivating cultures in

broth until the exponential phase, followed by mixing the cultures with



fluorescent antibodies [41]. However, the cells were grown until their
optical density at 600 nm reached 0.2, with a cell population of 1.0 x 10’
CFU/mL, and a high concentration of cells was used to evaluate the
detection method.

Therefore, | also generated fluorescent antibodies against S.
aureus and P aeruginosa by conjugating a fluorescent dye to commercially
available or recombinant antibodies. | then established an FCM-based
assay method using these fluorescent antibodies for the rapid detection

of these pathogens.



2. MATERIALS AND METHODS

2.1. Materials

96-well Maxi-binding and Uni-binding black plates were obtained
from SPL (Seoul, Korea). Goat anti-mouse IgG HRP was obtained from
Pierce (Seoul, Korea). Mouse anti-S. aureus monoclonal IgM and rabbit
anti-S. aureus polyclonal 1gG were obtained from Thermo. HRP-
conjugated goat anti-rabbit IgG (H+L) and HRP-conjugated goat anti-
mouse IgM were obtained from Invitrogen (Waltham, MA, USA). HRP-
conjugated anti-DYKDDDDK antibody was obtained from (Biolegend, CA,
USA). Alexa 647-NHS ester was obtained from Broad Pharm (San Diego,
USA). Hydroxyl amine-HCl was obtained from Daejung (Cheongju, Korea).
BL27 cells were obtained from New England Biolabs (Seoul, Korea).
KCTC1682, Bacillus subtilis, and Shigella flexneri cells were obtained from
KCTC (Seoul, Korea). Other chemicals and reagents, unless otherwise

indicated, were from Sigma.
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2.2. Gene construction of recombinant anti-S. aureus antibody

DNA cloning was performed by co-worker, Ms. Eun-Jung Kim [42].

2.3. Cell culture and production of recombinant antibody

Production of recombinant IgGs was performed by co-worker, Ms.
Eun-Jung Kim [42]. Production of scFv was performed by co-worker, Mr.
Hanool Yun, Department of Biological and Chemical Engineering, Hongik

University. Details can be found from his Master’s thesis, 2023 Feb.

2.4. S. aureus culture

The cells of two S. gureus strains, MSSA (S. aureus WKZ-7, NR-
28984) and MRSA (S. aureus WKZ-2, NR-28985) [43], were cultured by
growing cultures overnight to log phase at 37°C at 200 rpm. The sample
was centrifuged (3500 rpm, 10 min, 4°C) and the supernatant was
discarded. The diluted cells with PBS reached an ODygy of 0.5 with a cell
density of 108 CFU/mL.

11



2.5. Confirmation of the antigen-binding activity

The antigen-binding activities of recombinant and commercial
antibodies were tested via indirect ELISA as follows; 100 pL of series
diluted LTA or S. aureus was immobilized on a 96-well plate for 37 h at
2°C. After that, the well was filled with 350 uL of TBST that contains 3%
BSA for 1 h at 37°C, then washed three times with TBST. Subsequently,
500 ng/mL of antibody in 100 pL of PBS with 0.1% BSA was added and
incubated for 1 h at 25°C. After washing three times with 350 pL of TBST,
bound protein was probed with 5000-fold diluted HRP-conjugated goat
anti-mouse IgG antibody in PBS with 0.1% BSA for 1 h at 25°C. The well
was washed three times with 350 pL of PBS and developed with 50 pL of
TMB solution. After incubation for 10 min, the reaction was stopped with
50 pL of 1 N H2SO4, and the absorbance was read at 450 nm using a
microplate reader. Dose—response curves were constructed by fitting the
intensities at the maximum emission wavelength of spectra using the
Graphpad Prism. The EC50 value was calculated from the curve fitting to
a 4-parameter logistic equation. The LOD value was calculated based on
the equation of Y = Bottom + (Top — Bottom)/(1 + 10((LogEC50-X) x
HillSlope)) using GraphPad Prism version 8.0.

12



2.6. ELISA for scFv

The antigen-binding activity of recombinant anti-# aeruginosa
scFv was tested via indirect ELISA as follows; 100 uL of series diluted 2
aeruginosa was immobilized on a 96-well plate (SPL, maxi binding plate)
for 16 h at 4°C. Afterwards, 350 pL Blocking buffer (PBS buffer with 3%
BSA) was added to the well and incubated 2 h at 25°C. The well was
washed three times with ELISA buffer (PBS buffer with 0.1% BSA).
Subsequently, 10 pg/mL of purified scFv in 100 pL of ELISA buffer was
added to the well and incubated for 1 h at 25°C. After washing three times
using 350 pL of ELISA buffer, 10000-fold diluted HRP-conjugated anti-
DYKDDDDK antibody in ELISA buffer was added to the well and incubated
for 1 h at 25°C. The well was washed three times with 350 uL of ELISA
buffer and developed with 50 uL of TMB solution for 10 min. The reaction
was stopped by adding 50 pL of 1 N H2SO4 to the well, and the
absorbance was read using a microplate reader. Dose —response curves
were constructed by fitting the absorbance at 450 nm using the GraphPad
Prism software (GraphPad Software, San Diego, CA).

2.7. Sandwich ELISA

300 ng of recombinant or commercial antibody was immobilized
on the 96-well plate for 16 h at 4°C, and the well was filled with 350 pL
of PBS buffer that contains 3% BSA for 1 h at 37°C and washed three

13



times with 350 pL of PBS buffer that contains 0.1% BSA. Subsequently,
100 uL of S aureus was added and incubated for 1 h at 25°C. After
washing three times with 350 pL of 0.1% BSA in PBS, bound protein was
probed with 300 ng recombinant or commercial antibody for 1 h at 25°C.
After washing three times with 350 pL of 0.1% BSA in PBS, HRP-
conjugated rabbit anti-human Fc antibody for recombinant antibody, anti-
mouse IgM for monoclonal antibody, or anti-rabbit IgG for polyclonal
antibody in 0.1% BSA in PBS for 1 h at 25°C. The well was washed three
times with 350 pL of 0.1% BSA in PBS and developed with 50 pL of TMB
solution. After incubation for 15 min, the reaction was stopped with 25
puL of TN H2SO4, and the absorbance was read at 450 nm using a
microplate reader Model 680 (Bio-Rad). Dose—response curves were
constructed by fitting the intensities at the maximum emission wavelength
of spectra using the Graphpad Prism. The EC50 value was calculated from
the curve fitting to a 4-parameter logistic equation. The LOD value was
calculated based on the equation of Y = Bottom + (Top — Bottom)/(1 +

10((LogEC50-X) x HillSlope)) using GraphPad Prism version 8.0.

2.8. Fluorescent dye conjugation

Fluorescent antibodies were prepared and confirmed by the
following method. 10 pg of proteins in PBS buffer reacted with x20 mol
of Alexa647-NHS ester in the dark at 25°C for 2 h.

14



2.9. Rapid ELISA

Cell cultures were diluted in PBS and transferred into microtubes.
100 L of serially diluted WKZ-7 or WKZ-2 was immobilized on a 96-well
plate (SPL, maxi binding plate) for 16 h at 4°C, 2 h at 30°C, 1 h at 30°C,
or 0.5 h 30°C. Afterwards, 350 pL Blocking buffer was added to the well
and incubated 2 h at RT. The well was washed three times with PBSB.
Subsequently, 10 pg/mL of non-fluorescent dye conjugated 6DW2 in 100
uL of PBSB was added to the well and incubated for 1 h at RT. After
washing three times using 350 pyL of PBSB, 5000-fold diluted HRP-
conjugated anti-human IgG Fc antibody in 100 pL of PBSB was added to
the well and incubated for 1 h at RT. The well was washed three times
with 350 uL of ELISA buffer and developed with 50 pyL of TMB solution
for 10 min. The reaction was stopped by adding 50 uL of T N H2SO4 to

the well, and the absorbance at 450 nm was read using a microplate reader.

2.10. FLISA

Cell cultures were diluted in PBS and transferred into microtubes.
100 pL of serially diluted WKZ-7 or WKZ-2 was immobilized on a 96-well
black plate for 2 h at 30°C. Afterwards, 350 uL Blocking buffer (PBS buffer
with 3% BSA) was added to the well and incubated 2 h at RT. The well was
washed three times with PBSB (PBS buffer with 0.1% BSA). Subsequently,
10 pg/mL of AF488-conjugated 6DW?2 in 100 pL of PBS was added to the

15



well and incubated for 1 h at RT. After washing three times using 350 pL
of PBSB and the fluorescence was read using a fluorescent microplate
reader (TECAN). Dose—response curves were constructed by fitting the
fluorescence at 524 nm using the GraphPad Prism software (GraphPad
Software, San Diego, CA). The EC50 value was calculated from the curve
fitting to a 4-parameter logistic equation of Y = Bottom + (Top —
Bottom)/(1 + 10((LogEC50-X) x HillSlope)) using GraphPad Prism. The

LOD value (EC10) was calculated using GraphPad Prism software.

2.11. Flow cytometry

Cell cultures were diluted in PBS and transferred into microtubes.
2 ug of fluorescent full-sized antibody and 500 ng recombinant scFv was
added to serially diluted pathogen samples in 0.3 mL PBS. After incubation
for 1 h at RT, 1% methanol was added. Fluorescent antibody-stained
samples were analyzed using a FACS Cantoll cytometer (BD Biosciences)
and data were processed using Flowjo software. Either over 5000 or 10000
events were recorded for each sample. Acquisition was visualized in a cell
cell count/FITC histogram in which regions were created for the blue cell-
unit population (FITC). The positive signal population of the samples was
obtained by gating based on negative control containing only BL27 and
fluorescent antibodies, and the positive ratio for the total number of cells

was calculated. Dose—response curves were constructed using the

16



GraphPad Prism software. The EC50 value was calculated from the curve
fitting to a 4-parameter logistic equation of Y = Bottom + (Top —
Bottom)/(1 + 10((LogEC50-X) x HillSlope)) using GraphPad Prism
software. The LOD was calculated using following equation: LOD = mean

blank + 1.645 x SD blank + 1.645 x SD low concentration sample [44].

2.12. Preincubation of clinical cells

Clinical MRSA cells were isolated from patients. Ten S. aureus cells
were randomly collected at Hallym University Kangdong Sacred Heart
Hospital, Seoul, Korea. Single S. aureus colony was isolated by streaking
cells on LB agar plate and cultivated for 16 h at 37°C. Single colony was
inoculated into 3 mL of LB media and incubated at 37°C with 200 rpm
shaking until the ODggo reached to 0.5. Nine fractions were obtained from

the cultivate by collecting the samples every 1 h (from 0 to 8 h).

3. RESULTS AND DISCUSSION

3.1. Binding efficiency to LTA on the surface of S. aureus

| Prior to the confirmation of the antigen-binding activity of

recombinant antibodies, | performed ELISA using commercial anti-S.
17



aureus antibodies to optimize an ELISA system. As Lupardus’'s group
revealed that the three Fabs showed efficient WTA binding [45], | first tried
to use WTA as an antigen for confirming the binding activity of antibodies.
However, as WTA was not commercially available, | used LTA as an antigen
instead. Among the four types of LTA, LTA type | of S. aureus composed
of 1,3-polyglycerolphosphate repeating units that are substituted at the
C2 position (X in Figure 1A) with hydrogen proton (-15%), D-alanyl ester
(-70%), or N-GIcNAc (-15%) (Figure 1A). Although LTA is anchored to the
cell membrane, whereas WTA is covalently linked to peptidoglycan, their
constructs are structurally similar, and both are N-GlcNAc-modified [46].
Therefore, | estimated that the three recombinant antibodies, whose
sequences were from Fabs against B-1,4-GIcNAc as well as commercial
anti-S. aureus antibodies had binding affinity to LTA. To this end, |
performed indirect ELISA using LTA as an antigen, commercial anti- S.
aureus antibodies, rabbit anti-S. aureus polyclonal IgG or mouse anti-S.
aureus monoclonal IgM, as a primary antibody, and horseradish
peroxidase (HRP)-conjugated anti-rabbit IgG or HRP-conjugated anti-

mouse IgM as a secondary antibody (Figure 1). The median effective

18



concentration (EC50) of the polyclonal antibody was 4.49 + 0.64 x 10°
ng/mL whereas the EC50 of monoclonal antibody was not detectable
(Table 1). These results indicated that the commercial polyclonal antibody
can be used for detecting LTA in the ELISA system. This information was
revealed for the first time in this study, whereas the detailed experimental
conditions had not been exactly presented in the commercial information.
As expected, the antigen-binding efficiency of the polyclonal antibody was
superior to the one of monoclonal antibody. Generally, as a monoclonal
antibody recognizes a single epitope of an antigen, its affinity and
selectivity to the target antigen are higher than those of a polyclonal
antibody. The two commercial antibodies were generated by immunizing
not LTA but S. aureus. This can be the reason for the result, regarding to
the monoclonal antibody showed lower binding efficiency against LTA

than polyclonal antibody.
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Figure 1. LTA-binding efficiency of commercial antibodies. (A) Schematic
representation of indirect ELISA for confirming the dose-dependent LTA-
binding efficiency of the polyclonal anti-S. aureus antibody, (B) ELISA
signal of the polyclonal antibody at different concentrations of LTA, (C)
Schematic representation of indirect ELISA for confirming the dose-
dependent LTA-binding efficiency of the monoclonal anti-S. aureus
antibody, and (D) ELISA signal of the monoclonal antibody at different

concentrations of LTA. Error bars represent +1 SD (n =3).
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Table 1. EC50 and LOD values of anti-S. aureus antibodies that were

determined from the titration curves of indirect ELISA.

Antigen Antibody EC50 (CFU) LOD (CFU)
LTA Polyclonal Ab 4.49 £0.64 x10° 5.32
LTA Monoclonal Ab nd nd

MSSA Polyclonal Ab 9.0 £6.68 x10° 1.0x10%
MSSA Monoclonal Ab 2.7 +0.63 x10° n.d

MSSA Recombinant Ab (6DW2) 6.6 +0.45 x10# 1.5x10°
MSSA Recombinant Ab (6DWC) 4.7 +0.12 x10* 1.1x10°
MRSA Polyclonal Ab 72+791 x108 75x 108
MRSA Monoclonal Ab 2.0+2.64 x10° 5.4 x10
MRSA Recombinant Ab (6DW2) 2.3£0.09 x10# 3.6x102
MRSA Recombinant Ab (6DWC) 2.1+£0.17 x10¢ n.d.
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3.2. Binding efficiency of commercial antibody to S. aureus

Next, | confirmed the binding efficiency of the two commercial
antibodies against S. aureus. | cultured MRSA and MSSA, then seeded the
series-diluted cells on each well of a plate and performed indirect ELISA
(Figure 2).

The titers increased with an antigen-concentration dependent-
manner, and the EC50 and LOD of the two antibodies against MRSA and
MSSA were calculated (Table 1). The monoclonal antibody showed a
broader detection range than the polyclonal antibody against both
pathogens. Moreover, the EC50 and LOD of the monoclonal antibody were
higher than those of the polyclonal antibody, suggesting a relatively better
usefulness of the monoclonal antibody than polyclonal antibody for .
aureus detection. In particular, the LOD of the monoclonal antibody
against MSSA and MRSA was under 100 CFU order, indicating high

sensitivity.
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ELISA signal of polyclonal antibody with various concentrations of MRSA,

(D) schematic representation of the indirect ELISA for confirming the dose-

dependent S. aureus-binding efficiency of monoclonal antibody, (e) ELISA

signal of monoclonal antibody with various concentrations of MSSA, (f)

ELISA signal of monoclonal antibody with various concentrations of MRSA,.

Error bars represent +1 SD (n =3).
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3.3. Binding efficiency of recombinant antibody to S. aureus

| confirmed the antigen-binding efficiency of the newly generated
three recombinant antibodies. First, | seeded 10’ CFU of MRSA or MSSA
on each well of a plate. As a control, | added PBS instead of S. aureus.
After blocking, | added each recombinant antibody, followed by HRP-
conjugated anti-human Fc antibody, which binds human Fc that is
produced from HEK cells (Figure 3A). As a result, all the three antibodies
showed binding efficiency to MRSA and MSSA, and among them, 6DW?2
and 6DWC showed higher signal to the one of 6DWI (Figure 3B). Therefore,
| move forward to the next step using 6DW2 and 6DWC. | seeded 10'-107
CFU of series-diluted MRSA or MSSA on each well of a plate and
performed indirect ELISA. As a result, the signals increased antigen-
concentration dependent manner (Figure 3C-3F), and the EC50 and LOD

of each antibody was calculated as Table 1.
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Figure 3. S aureus-binding efficiency of recombinant antibodies. (a)

schematic representation of the indirect ELISA for confirming the dose-

dependent S. aureus-binding efficiency of recombinant antibodies, (b)

ELISA signals of 6DWI, 6DW2, and 6DWc with 107 CFU of MSSA or MRSA.

(c-f) ELISA signals of 6DW2 or 6DWC with various concentrations of MSSA

or MRSA. Error bars represent +1 SD (n =3).

25

A& st



Surbhi et al. revealed that the diagnostic criterion of MRSA is 102
CFU/mL [47]. Although the strain is slightly different, the diagnostic criteria
of MRSA Pneumonia is 10* CFU/mL [48]. Therefore, although the antigen-
binding properties of recombinant antibodies were relatively higher than
those of commercial antibodies, the LOD values of recombinant antibodies
were high enough to detect MRSA and MSSA in clinical samples. It is
worth mentioning that the information about the commercial antibodies,
including their DNA sequences and production methods, has not been
revealed. On the other hand, the sequence information of the recombinant
antibodies described herein can be widely used for the future
development of various modifications, including fluorescence probes or
peptide tagging, and for further DNA cloning for making mutants for
improving their properties. [42] In addition, the detailed methods
demonstrated in this study, including mammalian cell-based production
of antibodies and confirmation of their binding efficiencies, would be
useful for obtaining in-house monoclonal anti-S. aureus antibodies with
low cost, high yield, and high purity and for applying them for detecting

S. aureus.
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3.4. Sandwich ELISA for detecting S. aureus

| performed not only indirect ELISA but also sandwich ELISA to
compare those responses and find the most appropriate detecting system.
The important step for sandwich ELISA is selecting the best pair of
capturing and detecting antibodies. Therefore, at first, | screened the pairs
from the combination of polyclonal, monoclonal, and three kinds of
recombinant antibodies. | seeded each antibody to the plate and blocked
the empty space of plate. Afterward, | added 10'-10” CFU of MRSA or
MSSA, then washed the plate. Subsequently, | added a capturing antibody,
followed by the HRP-conjugated antibody, which binds to the capturing
antibody (Figure 4A). As a result, almost all the pairs, except the polyclonal
antibody used as a detecting antibody, showed an antigen-dependent S/B

ratio (Figure 4B, 4C).
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Figure 4. (A) Schematic representation of the sandwich ELISA. (B) ELISA
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with 102 CFU of MRSA. PBS was added instead of MSSA or MRSA as a

negative control.

28

n’



Among them, the pairs of 6DWC-monoclonal antibody and
polyclonal antibody—-monoclonal antibody for MSSA, and 6DW2-
monoclonal antibody and polyclonal antibody— monoclonal antibody for
MRSA showed a higher S/B ratio than others (with the order of capturing
antibody—-detecting antibody). Therefore, | moved to the next step using
these selected pairs for obtaining titration curves. | seeded several
concentrations of MSSA or MRSA on the plate and performed sandwich
ELISA. As a result, the signals were increased with an antigen-
concentration dependent manner, and the EC50 and LOD values were

calculated (Figure 5, Table 2).

29



[CYRE
EDW2-MSSA-pAb

ABS450 (a.)
B »

-
1

0 T T T Ll T 1
(1] 10? 104 10% 10% 107 10"
MSSA (CFU)

6DW2-MRSA-pAb

ABS450 (a.u.)

T T T T T 1
0 10? 104 108 104 107 108
MRSA (CFU)

(B)

(D)

BDWC-MSSA-pAb
- 34
3
a
B 2
-
w
M
< 94
0 T T T T T 1
0 10* 10* 10° 10° 107 10°
MSSA (CFU)
4
BDWC-MRSA-pAb
Cll
2
B 2
@
o]
< 4
U 1

0

T T L T T
0% 104 10% 10f 107 10%
MRSA (CFU)

Figure 5. (A) Titration curve for detecting MSSA via sandwich ELISA using

6DW2 as a capture antibody and polyclonal antibody as a detecting

antibody, (b) Titration curve for detecting MSSA via sandwich ELISA using

6DWC as a capture antibody and polyclonal antibody as a detecting

antibody, (c) Titration curve for detecting MSSA via sandwich ELISA using
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antibody, (d) Titration curve for detecting MRSA via sandwich ELISA using
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Table 2. EC50 and LOD values of anti-S. aureus antibodies that were

determined from the titration curves of sandwich ELISA.

Antigen

Capturing antibody

Detecting antibody

EC50 (CFU)

LOD (CFU)

MSSA
MSSA
MRSA
MRSA

Recombinant Ab (6DW2)
Recombinant Ab (6DWC)
Recombinant Ab (6DW2)
Recombinant Ab (6DWC)

Polyclonal Ab
Polyclonal Ab
Polyclonal Ab
Polyclonal Ab

52+1.74 x100
1.7 £0.27 x10°
5.8+1.91 x10°
1.9+£0.10 x10°

6.2x 104

93 x 1

4.8 x 104
n.d
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Although the LOD values of sandwich ELISA systems were higher
than those of indirect ELISA, the sandwich ELISA system can also be used
for the practical system because the LOD covers the diagnostic criteria of
the concentration of pathogens. As the ELISA method described herein
needs below 24 h as an assay time, the total procedure does not require
over two days even pre-incubation for several hours is performed prior to
the ELISA method to increase the concentration of pathogens. This merit
regarding the rapid procedure time is compared to the traditional
methods, including PCR-based method, which has low selectivity even
though the LOD is 10®° CFU/mL [47]. Souhir Boujday et al. developed an
immunosensor for detecting MSSA that uses gold-coated sensor chip and
presented 10° CFU/mL as its detectable concentration [49]. There is a
possibility that if the antibody developed in this study were immobilized
on the gold-coated sensor chip, the sensitivity can be able to be increased,
and the performance of optical sensing can be improved. The ELISA-based
method offers a similar or better detectable range and LOD than another
sensing material-based MSSA detecting methods in the use of Ab-

quantum dot, (GO/PDMS)/Paper and Ab/NH2-MIL53.
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3.5. FLISA

| conducted FLISA using three-fluorescent dye-labeled antibodies
against S. aureus (made by Mr. Hanool Yun, Department of Biological and
Chemical Engineering, Hongik University. Details can be found from his
Master's thesis, 2023 Feb) under the same conditions as conventional
ELISA: immobilization for 16 h at 4°C, blocking for 2 h, and antibody
reaction for 1 h. Using an HRP-conjugated secondary antibody (2 h) and
enzyme reaction (0.5 h) was not necessary because the FLISA uses
fluorescence rather than enzymatic reaction, the 2.5 h of assay time was

reduced at this point, resulting in a total working time of 3.5 h (Figure 6).
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Figure 6. Schematic representations of conventional ELISA (A) and FLISA

developed in this study (B) to detect S. aureus.
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The signals of each fluorescent antibody increased in an antigen
concentration-dependent manner. Surprisingly, the maximum intensity of
6DW?2 was 43.4-fold, and this value was higher than those of mAb (2.3-
fold) and pAb (35.2-fold) (Figure 7, Table 3). | confirmed that the antigen
dose-dependent signal did not originate from the antigen, free dye, or
non-conjugated antibody. The LOD values for mAb, pAb, and 6DW2
against WKZ-7, an MSSA strain, were 9.3 x 10* CFU, 8.3 x 10° CFU, and 7.4
x 10° CFU, respectively. The EC50 values for mAb, pAb, and 6DW2 against
WKZ-7 were 2.2 + 0.80 x 10° CFU, 2.5 + 0.38 x 10° CFU, and 2.0 + 0.13
x 108 CFU, respectively. When | immobilized WKZ-2, an MRSA strain, and
performed the same procedure, the maximum intensities of mAb, pAb,
and 6DW2 were 2.6-fold, 32.6-fold, and 38.6-fold, respectively (Figure 8,
Table 3). The LOD values for mAb, pAb, and 6DW2 against MRSA were 9.1
x 10* CFU, 6.5 x 10° CFU, and 6.3 x 10> CFU, respectively. The EC50 values
for mAb, pAb, and 6DW2 against MRSA were 1.2 + 0.03 x 10° CFU, 1.7 +
0.05 x 10° CFU, and 1.7 + 0.02 x 10° CFU, respectively. The maximum fold
increase, LOD, and EC50 values of 6DW2 against both WKZ-7 and WKZ-2

were superior to those of the commercial pAb. In contrast, the maximum
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fold increase of 6DW2 against both WKZ-7 and WKZ-2 was higher than
that of the commercial mAb, but the sensitivity and EC50 values of mAb
were higher than those of 6DW2. Commercial mAb is IgM, which is an
isotype of immunoglobulin that is composed of pentameric or hexameric
macroimmunoglobulins. When IgM was used in my experiment using an
indirect ELISA, the response was better than that of pAb and 6DW2 [42].
Although the exact reason for this phenomenon is not clear, and the
sensitivity of the commercial mAb was slightly lower than that of the
recombinant antibody, | decided to use a recombinant antibody for the
next experiment because of the significantly lower price of the

recombinant antibody than that of the commercial antibody.
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Figure 7. Average fluorescence spectra of FLISA using commercial mAb (A),

commercial pAb (B) or recombinant Ab (C) in the presence of WKZ-7 at

the indicated concentrations (n=3). Antigen concentration-dependent

fluorescent response of commercial mAb (D), commercial pAb (E) or

recombinant Ab (F) against WKZ-7. The maximum fluorescence intensity

of each sample was plotted. Error bars represent +1 SD (n = 3).
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Figure 8. Average fluorescence spectra of FLISA using commercial mAb (A),
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the indicated concentrations (n=3). Antigen concentration-dependent
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Table 3. LOD, EC50, and fold increase of antibodies that were determined

from the titration curves of FLISA.

Antibod Immobiliz WKZ-1 WKZ-2

¥ ation LOD (CFU) EC50 (CFU) Fold increase  LOD (CFU) EC50 (CFU) Fold increase
Recombinant Ab 16 h, 4 °C 7.4x 10 2.0=0.13x10° 43.4 6.3x10". 1.7=0.02x10° 38.6
Commercial mAb 16 h, 4 °C 9.3x 104 22+080x10° 23 0.1x10* 1.2+0.03 x10° 2.6
Commercial pAb 16 h, 4 °C 83x10° 25+038x10° 352 6.5 x10° 1.7+0.05x10° 32.6
RecombinantAb  2h,30°C  55x10°  122006x10 27.8 31x10°  1.0£0.06x10 248
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Although the assay time was decreased from 20.5 h to 19 h by
eliminating the secondary antibody reaction and enzymatic reaction for
FLISA, the entire assay time was still long. To further reduce the assay time,
| adjusted each step of FLISA. First, | performed a conventional ELISA with
different antigen immobilization times and temperatures. | immobilized
cells under several conditions, 4°C, 30°C, and 37°C for 1, 2, 3, or 16 h in
the presence or absence of antigen. When the antigen was immobilized
at 30°C or 37°C, the signal was higher than the signal that was immobilized
at 4°C. Indeed, the signal in the presence of antigen was improved alone
with the immobilization time, and saturated at 16 h, 2 h, and 3 h for 4°C,
30°C, and 37°C, respectively. Overall, when immobilization was conducted
at 30°C for 2 h, the signal was almost the same as that at 4°C for 16 h,
which was the maximum response, and | determined that immobilization
at 30°C for 2 h was the best time-reduced condition. Next, the cells were
blocked for several reaction times. As a result, the titer in the present of
antigen was decreased when | reduced the blocking time from 2 h to 1.5
h, 1 h, 0.5 h, or 0 h. Therefore, | determined the best blocking time to 2

h. Finally, | optimized the concentration of fluorescent antibody. When |
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added 0.1 ug, 0.3 pg, 0.5 ug, 0.7 ug, and 1 ug of fluorescent antibody, the
titer overall titer was increased in the large amount of antibody. However,
when | added 2, 3, or 5 ug of antibody, there were no distinguishing titers
at the high concentration of antigen. This may be because the high
concentration of the fluorescent antibody caused fluorescence quenching.
It has been reported that a Homo-dimer can be formed between the same
dyes when the distance between the dyes is small. Based on these results,
| decided to per-form an antibody-antigen binding reaction using 1 pg of
fluorescent antibody. Using the optimized FLISA working conditions (5 h
of assay time), | performed FLISA using fluorescent 6DW2 against WKZ-7

or WKZ-2 (Figure 9).
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Figure 9. Average fluorescence spectra of Rapid FLISA using recombinant
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As a result, 27.8-fold response, 1.2 + 0.06 x 107 of EC50, 5.5 x 10°
of LOD was obtained in the presence of WKZ-7, and 24.8-fold response,
1.0 = 0.06 x 107 of EC50, 3.1 x 10° of LOD was obtained in the presence
of WKZ-2. As the sensitivity in case of the 5 h assay time were only one-
digit lower than the FLISA assay with 18.5 h, indicating the assay time was
decreased from 185 h to 5 h but the response was mostly maintained.
When | conducted FLISA against other cells, such as BL27, KCTC1682,
Bacillus subtilis, and Shigella flexneri no dose-dependent response was

observed, indicating that the FLISA signals were S. aureus-specific.

3.6. FLISA for detecting clinical MRSA

Next, | applied the FLISA system to identify clinical samples
isolated from MRSA-infected patients. First, | confirmed whether the 6DW?2
antibody bound to clinically isolated MRSA strains via indirect ELISA. |
cultured the MRSA strains from ten patients in LB medium and collected
the cells. | added PBS to 10° CFU of cells and immobilized them in each
well of a 96-well plate. After blocking, | added 6DW?2 followed by HRP-

conjugated anti-mouse IgG antibody as a secondary antibody. All strains
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showed high titers. Notably, | used commercially available anti-S. aureus
pAb instead of 6DW?2; the titers were lower than those of 6DW?2, indicating
the usefulness of 6DW2 over commercial pAb in clinical studies.

Prior to conducting FLISA using clinical samples, | preincubated
the cells to determine the time required to reach the LOD of the FLISA
system. | inoculated a single colony from a clinical strain-streaked plate
and incubated the culture. | obtained fractions from the cultivate every 1
h and kept the sample at 4°C before finishing the collection of the last
fraction (8 h culture). | immobilized each fraction on a 96-well black
immunoplate at 30°C for 2 h and conducted FLISA in the above
established manner (Figure 10). The averaged LOD values from each ten
samples was 315 + 47 min, which was corresponded to 52 + 0.8 h.
Although 5.2 h of preincubation of cells is required to apply this FLISA
system, such prerequisite introduces much faster additional time than
traditional incubation time of approximately 16 to 24 h until the bacteria

have grown sufficiently to diagnosis [50, 51].
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3.7. Comparison of methods for detecting clinical MRSA

As the LOD of FLISA using 6DW2 was one-digit higher than that
of ELISA using 6DW2, | conducted preincubation followed by ELISA for the
diagnosis of the clinical sample to confirm whether the LOD values
affected the pre-incubation time. | prepared nine fractions with different
incubation times (from 0 to 8 h) and immobilized each fraction in a 96-
well plate for 16 h at 4°C. Next, | conducted ELISA with 2 h of blocking, 1
h of primary antibody reaction, 1 h of secondary antibody reaction, and
0.5 h of enzymatic reaction. As a result, the average minimum
preincubation time for detection was 270 + 53 min (4.5 £ 0.8 h), which
was approximately 45 min faster than FLISA. However, the assay time of
conventional ELISA requires 20.5 h, the total time, including the
preincubation and assay time, was 25.0 + 0.8 h, which was approximately
15 h longer than FLISA.

The conventional ELISA established in our previous study included
16 h of immobilization. | assumed that the sensitivity of ELISA would be
maintained when the immobilization condition was changed to 2 h at

30°C, resulting in a reduced whole working time as the ELISA titers in the
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presence of 10° CFU of WKZ-2were similar. First, | conducted “Rapid ELISA”
by immobilizing serially diluted WKZ-7 or WKZ-2 for 2 h at 30°C instead
of 16 h at 4°C and additionally optimized the time for primary or
secondary antibody reaction and the amount of primary or secondary
antibody. When | conducted Rapid ELISA with the optimized condition
(immobilizing preincubated samples for 2 h at 30°C instead of 16 h at 4°C,
reacting 1 ug of primary antibody for 1 h and reacting 0.2 ug of secondary
antibody for 1 h) the LOD value for WKZ-7 and WKZ-2 was 3.7 x 10°> and
4.2 x 10°, respectively, and the EC50 value for WKZ-7 and WKZ-2was 1.47
+ 0.22 x 10% and 1.78 + 0.22 x 105, respectively, which were similar to the
conventional ELISA. When | conducted Rapid ELISA using clinical samples,
the average preincubation time was 263 + 46 min (4.4 + 0.8 h) and the
assay required 5 h 40 min.

Overall, FLISA requires 10.3 + 0.8 h for diagnosis MRSA clinical
sample, which is faster than ELISA (25 + 0.8 h) and similar to Rapid ELISA
(10.1 £ 0.8 h), indicating the usefulness of the FLISA as a speedy detection
system (Table 4). Even though the total required time of Rapid ELISA was

slightly faster than that of FLISA, the assay steps of FLISA are much more

47



conventional and faster than Rapid ELISA because the secondary antibody
reaction and enzymatic reaction steps were eliminated for FLISA. Although
the preincubation time of FLISA was approximately 1 h slower than that
of Rapid ELISA, there was no need for human handling for incubation.
Therefore, the total working times of FLISA and Rapid ELISA were similar;
however, the convenience of the diagnosis of FLISA was superior to that
of Rapid ELISA.

Nevertheless, in the case of FCM, the most rapid and accurate
detection was possible among other assays including FLISA, with a clinical
strain preincubation time of 2.8 + 0.5 h and a total assay time of 3.8 *

0.5 h for detection.
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Table 4. Entire assay time of each detection method

ELISA Rapid ELISA FLISA FCM
Clinical sample Preincubai 45+08h 44+08h 53+08h 28+05h
treatment reincubalion 570 + 53 min) (263 + 46 min) (315 + 47 min) (172 £ 35 min)
Pathogen o o o R
immobilization 16 h (4°C) 2 h (30°C) 2 h (30°C)
Blocking 2h 2h 2h -
Assay time Primary Ab 1h 10 min 1h 1h
Secondary Ab Th 1h - -
Enzyme
. 05h 05h - -
reaction
Total 25t 0.8h 101+ 0.8h 103+08h 3.8hx05h
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3.8. Flow cytometry analysis

The fluorescent antibody was reacted with S aureus or P
aeruginosa cells and analyzed using FCM with a laser capable of exciting
Alexab647 dye. To acquire a sufficient cell population to obtain a stable
event parameter of the instrument, | had to adjust the minimum total cell
number to 3 x 10° CFU (Figure 11). Therefore, | incubated fluorescent
antibodies with various concentrations of the pathogen, ranging from 1
x 10* CFU to 3 x 10° CFU, and adjusted the total cell number by adding
non-pathogenic bacteria, BL27, up to 3 x 10° CFU. After mixing, |
eliminated the free dye and unbound fluorescent antibodies by removing
the supernatant after centrifugation and adding PBS and then conducted
FCM analysis. The histogram of the sample in the presence of 3 x 10°
CFU of BL27, which was used as a negative control, was on the left side,
and the histograms of the sample in the presence of pathogens were
shifted to the right (Figure 12A, 12B). Clear differences in the fluorescent
patterns were observed among individual samples in the presence of
different numbers of cells that were distinguishable from the fluorescent

patterns of 3 x 10° CFU of BL27 cells. | gated the peak range in the
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presence of 3 x 10° CFU of the pathogen, which is the maximum signal,
and determined the positive signal ratio of the samples by calculating the
ratio between the fluorescence intensity of the BL27 only sample in the
gated range and the fluorescence intensity of the pathogen-including
sample in the gated range.

The fluorescent dye-labeled antibody against S. aureus showed a
dose-dependent binding efficiency to both WKZ-7and WKZ-2 (Figure 12C,
12D). The LOD values of the recombinant antibody against WKZ-7 and
WKZ-2were 517 x 103 CFU and 2.73 x 10° CFU, respectively, which were
lower than the value in the use of a commercial antibody, 1.59 x 10* CFU
and 9.65 x 103 CFU for WKZ-7 and WKZ-2, respectively (Table 5). When |
used these recombinant and commercial antibodies for indirect ELISA in
our study, the LOD values of the recombinant antibody against WKZ-7
and WKZ-2 were 1.5 x 103 CFU and 3.6 x 10% CFU, respectively, which
were lower than the values for the commercial antibody, 1.0 x 10* CFU
and 7.5 x 10° CFU, respectively. The ELISA results corresponded to the
results of the FCM analysis, indicating the usefulness of the recombinant

antibody for more sensitive detection of S. aureus than can be performed
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by a commercial antibody. Notably, a sample could be analyzed within 5
min of assay time without the preincubation of cells by using the FCM
method described in this study. Thirty minutes of hands-on time for
reacting fluorescent antibody and cells followed by 5 min for washing
were only necessary for preparing the samples. The LOD values of FCM
were estimated as 10°-10* CFU order, which are similar to those of ELISA
and considerably lower than those of bacterial detection methods.
Because the assay time for FCM is much faster than that of other
conventional methods such as ELISA, which requires 1-2 d to obtain results,
a few hours of preincubation for cultivating the cells to reach a cell number

over the LOD value can be additionally performed before the FCM analysis.
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Figure 11. (A) Schematic image of flow cytometry analysis using a
fluorescent antibody to detect pathogens. (B) Schematic representation of
an entire step for producing a recombinant full-sized antibody using

HEK293F cells. UF indicates ultra-filtration.
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Figure 12. (A) Overlaying histograms obtained by flow cytometry
analysis after incubation of fluorescent recombinant or commercial
antibody with different numbers of WKZ-7 and BLZ27. The total cell
numbers of each assay were adjusted to 3 x 10° CFU by adding BL27
cells to the different numbers of pathogen cells (B) Overlaying
histograms obtained by flow cytometry analysis after incubation of
fluorescent recombinant or commercial antibody with different
numbers of WKZ-2 and BL27. The total cell numbers of each assay
were adjusted to 3 x 10° CFU by adding BL27 cells to the different
numbers of pathogen cells (C, D) Positive signal ratio of the mean of
fluorescence intensity of range-gated in each histogram. Error bars

represent +1 SD (n = 3).
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Table 5. EC50 and LOD values of Abs that were determined from the

titration curves of FCM. n.d. means not detected.

Strain Antibody EC50 (CFU) LOD (CFU)
1% trial 2" trial 3 trial Average
Commercial Ab 1.45x 10° 1.51x 10° 1.60 x 10° 1.52 + 0.08 x 10° 1.59 x 10*
WKZ-1 rAb (HEK293) 1.01 x 10° 1.06 x 10° 1.10 x 10° 1.06 + 0.05 x 10° 5.17 x 10°
Commercial Ab 1.79x 10° 1.71x 10° 1.77 x 10° 1.76 £ 0.04 x 10° 9.65 x 103
WiK-2 rAb (HEK293) 2.73x 10° 2.55x 10° 2.66 x 107 2.65 +0.09 x 10° 2.73x10°
Commercial Ab 6.30x 10° 4.43 x 10° 4.61 x 10° 5.12 + 1.03 x 10° 6.61x 10*
uceee rAb (HEK293) 2.06 x 10° n.d. n.d. n.d. n.d.
PALE rAb (E. coli) 2.26 x 10° 9.73 x 10° 1.65 x 10° 1.63 + 0.64 x 10° 3.16 x 10°
Commercial Ab 1.49 x 10° 1.40 x 10° n.d. n.d. 1.41 x 10°
ATCC rAb (HEK239) 1.97 x 108 n.d. n.d. n.d. n.d.
27853 rAb (E. coli) 4.81 x 10° 4.07 x 10° 7.28 x 10° 3.20 + 2.18 x 10° 1.37 x 10°
Commercial Ab 8.69 x 10° 2.17 x 10% 1.25 x 10° 1.43 + 0.67 x 10° 5.16 x 10*
ATCC BAA- rAb (HEK293) 4.25 x 10° n.d. 2.24 x 10° n.d. 8.48 x 10*
2108 rAb (E. coli) n.d. 5.13x 10° 5.13 x 10° n.d. n.d.
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Next, | prepared a fluorescent dye-labeled antibody against 2
aeruginosa and mixed it with various numbers of three types of £
aeruginosa strains and BL27 up to 3 x 10° CFU to adjust the entire cell
number to be equal to 3 x 10° CFU in the individual assay. As a result,
the signal increased in a pathogen cell-number-dependent manner (Figure
13). The LOD value of the recombinant antibody and commercial antibody
against ATCC BAA-2708 was 848 x 10* CFU and 5.16 x 10* CFU,
respectively, indicating that the recombinant antibody can detect the
pathogen slightly more sensitively than the commercial antibody can. The
exact LOD value of the recombinant antibody against UCBPP PA74 and
ATCC 27853 could not be calculated, because the signal on the titration
curve was not fully saturated; thus, the equation of the curve was not
estimated. However, when | compared the curve patterns and EC50 values
of recombinant antibody and commercial antibody, | estimated that the
LOD value for detecting the UCBPP PA74 of the recombinant antibody
might be higher than that of the commercial antibody, and the value for
detecting the ATCC 27853 of recombinant antibody might be similar to

that of the commercial antibody. The lowest LOD value of the ELISA assay
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using a commercial antibody for UCBPP PAT4, ATCC 27853, and ATCC BAA-
2708 was 10° CFU order, 10" CFU order, and 10* CFU order, respectively,
and the LOD values using a recombinant antibody for ATCC27853 and
ATCC BAA-2708 was 10* CFU order (the LOD of PA14 was not calculated)
[52]. These results demonstrated that the FCM analysis described herein
can detect P aeruginosa, and fluorescent recombinant or commercial
antibodies can be used for the assay. The fact that a recombinant antibody
can be produced in a more cost-effective manner than the price of a
commercial antibody can compensate for the higher LOD value against

ATCC 27853 of the recombinant antibody than the commercial antibody.
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Figure 13. (A) Overlaying histograms obtained by flow cytometry

analysis after incubating fluorescent recombinant or commercial

antibody with different numbers of P aeruginosa and BLZ27. The total

cell numbers of each assay were adjusted to 3 x 10° CFU by adding

BL217 cells to the different numbers of pathogen cells (B) Positive signal

ratio of the mean of fluorescence intensity of range-gated in each

histogram. Error bars represent +1 SD (n = 3).
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3.9 Flow cytometry analysis for detecting clinical MRSA

Preparation of clinical strains was also conducted in the same way as
FLISA. Fractions of clinical strains cultured from 0 to 8 h were obtained
and used for FCM measurement (Figure 14). As a result, the preincubation
time required to detect clinical strains was 2.8 h, and the total assay time

including this was very short at 3.8 h.
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Figure 14. Flow cytometry analysis of preincubated clinical samples.
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3.10. Recombinant scFv against P aeruginosa

Although the FCM analysis of the use of recombinant antibody
showed the detection of 2 aeruginosa in a range from 10* to 10° CFU
within 5 min, | conducted further experiments with a single-chain Fv (scFv),
the smallest antibody fragment, against P aeruginosa to extend the
candidate of the superior antibody. When | used this fluorescent scFv for
FCM analysis, | observed that the peak on the histogram was shifted to
the right in a pathogen concentration-dependent manner (Figure 15A).
The LOD values of scFv against UCBPP PAT4 and ATCC 27853 were 3.16 x
10° CFU and 1.37 x 10* CFU, respectively. Although the exact LOD value
of scFv against ATCC BAA-2708 could not be calculated, it was estimated
to be 10%-10° CFU from the titration curve (Figure 15B, Table 5). The LOD
values of scFv were similar to or slightly higher than those of the
commercial antibodies and recombinant IgG. However, the £ col-based
scFv-type recombinant antibody is superior to mammalian cell-based IgG-
type antibody production, namely, the former's convenient production,
and cost-efficiency. Further, £ col-based scFv production requires 5 days,

whereas mammalian cell-based IgG production requires 2-3 weeks,
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including several days for inoculating and preculturing the cells and 7 days
for the formation of antibodies in the cells. Moreover, the media for
mammalian cell culture is more expensive and easier to get contaminated
than the £ coli expressing medium. Therefore, the fluorescent anti-#2
aeruginosa scFv developed in this study can be used as a probe for FCM
analysis, especially when a shorter antibody-producing time and simpler

antibody-producing method are required.
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Figure 15. (A) Overlaying histograms obtained by flow cytometry

analysis after incubation of fluorescent scFv with different numbers of

P aeruginosa strains and BL27. The total cell numbers of each assay

were adjusted to 3 x 10° CFU by adding BL27 cells to the different

numbers of pathogen cells (B) Positive signal ratio of the mean of

fluorescence intensity of range-gated in each histogram. Error bars

represent +1 SD (n = 3).
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4. CONCLUSION

In this study, | produced recombinant anti-S. aureus antibodies
using mammalian HEK293F cells with high yield and purity. Then |
developed four different detecting methods and compared those assay
times and sensitivities. First, | performed indirect ELISA to confirm the
binding efficiency of each antibody to MSSA and MRSA, resulting in very
high sensitivity with the order of 10> CFU. When | performed sandwich
ELISA in the use of recombinant antibodies with commercial antibodies,
the selected pairs showed LOD values with the order of 10* CFU, which is
relatively higher than the value from indirect ELISA but low enough to
cover the diagnostic standard of the concentration of pathogens. The
method for producing these antibodies which showed high S. aureus-
binding efficiency and sensitivity can be used for generating recombinant
anti-S. aureus antibody to use it for practical pathogen detecting. The
procedure to produce a recombinant antibody described herein needs 10
days, which is comparable to the generation of a monoclonal antibody,
which needs at least six months for mouse immunization followed by
hybridoma cell culture or at least three months for phage display followed
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by bio-panning. Once a recombinant antibody is produced on a large
scale, it can be stored at -20°C or -80°C and then used for each ELISA
analysis. It is obvious that the traditional culture and colony counting
method is inadequate for on-the-spot detection because it takes 2-3 days,
including pre-incubation time to amplify pathogens for obtaining enough
pathogens. On the other hand, the whole procedure for indirect ELISA
using a pre-made antibody described herein needs approximately 20 h,
which is less time-consuming than the traditional method. Moreover, in
the case of the sandwich ELISA, the 96-well plate can be pre-coated to
immobilize the capture antibody that provides the assay time down to 4-
5 h, which is distinguishable from the conventional detecting methods as
well as indirect ELISA when it is developed as a ready-to use ELISA kit. The
ELISA method with the newly developed recombinant antibody does not
require any amplification and can directly detect S. aureus with the low
limit of detection of 102- 10®> CFU order. Afterward, | developed a rapid
ELISA to decrease the assay time of the conventional ELISA. By optimizing
the assay conditions, | reduced the antigen immobilization time from 16

h to 2 h and the primary antibody reaction time from 1 h to 10 min. This

65



method has higher selectivity and sensitivity comparable to the
conventional methods to detect S. aureus. The rapid and sensitive S.
aureus detecting method using a newly developed recombinant antibody
described in this study can be used for efficient detection of S. aureus
with a wide range of applications including medical and pharmaceutical
diagnosis, antibiotic discovery, and food safety.

Next, | established a novel S. aureus detection system using
fluorescent antibodies and fluorescence spectrometry. The FLISA system
detects both MSSA and MRSA strains within 5 h. Notably, the FLISA system
uses a 96-well plate that can detect a maximum of 96 samples
simultaneously e, indicating a high-throughput detection platform. The
FLISA method is composed of only simple steps, such as immobilization,
blocking, adding fluorescent antibodies, washing, and measurement.
Based on this method, clinical sample could be diagnosed after 5.3 h of
preincubation, resulting in whole process time of 10.3 h. As the details for
producing the fluorescent recombinant 6DW2 has been described, the
FLISA method using the fluorescent antibody can be widely used for rapid

and convenient S. gureus detection.
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Moreover, | also established an FCM-based method that can
detect S. aureus and P aeruginosa within 1 h, including 1-2 min of mixing
fluorescent antibodies and cells, 30 min of reaction, 5 min of washing, and
5 min of analysis. Based on these assays, the minimum number of
pathogens for which it was possible to consider a positive signal was 10°-
10> CFU. Because the whole process time for obtaining the assay results
is very fast, preincubating the cells before reacting them with fluorescent
antibodies can be further performed to increase the concentration of
pathogens in the samples over the LOD values. If the bacterial load is less
than the LOD for this method, preincubating the cells can increase the
number of cells in the sample (i.e. bacteria can be cultured before adding
fluorescent antibodies). As the whole process time for this FCM-based
method is under 1 h (much faster than other conventional methods such
as ELISA that requires approximately 20 h), a pre-incubation step can be
added prior to the assay, providing an advantage to this FCM-based rapid
detection system. In this study, | focused on evaluating an FCM-based
rapid detection method. | thus used commercial or recombinant

antibodies that | have used in our study. Modifying the antigen-binding
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sites of antibodies through point mutation would allow screening or
selection for reagents with increased sensitivity. | applied our FCM-based
method to detect S. aureus in apple juice, which carries a high risk of
pathogen contamination. | generated an artificially contaminated
beverage sample by adding serially diluted WKZ-2 strain to juice. | then
added AF647 dye-labeled 6DW?2 to the sample. After a 30 min incubation,
the sample was centrifuged, washed using PBS, and analyzed using FCM.
Direct analysis using FCM without centrifugation and washing save 5 min
by eliminating pretreatment. However, | washed the sample before loading
to FCM because direct injection of commercial juice to FCM can
contaminate equipment. | have demonstrated that the FCM-based method
described here can detect S. aureus in beverage samples with similar
efficacy as detection in PBS. Interestingly, when | centrifuged a mock
pathogenic apple juice sample and added fluorescent dye-labeled 6DW?2
to the pellet, | observed high background signal, indicating that the order
of the pretreatment steps in processing a real sample can considerably

affect the outcome.
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In addition, the previously developed scFv showed binding
efficiency to three P aeruginosa strains, which was confirmed by ELISA and
FCM. The use of fluorescent IgGs and scFv combined with FCM analysis
developed herein can be widely used in applications for detecting S.
aureus and P aeruginosa in samples originating from food, beverages, and
clinical sources. | expect that FCM-based rapid and convenience pathogen
detection using multicolour fluorescent antibody cocktails, which can be
generated by conjugating fluorescent dyes with different emission
wavelengths to antibodies that specifically bind each target pathogen will

be useful in an extensive array of applications.
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The content of this thesis paper was published on “Kim, J.-K., et
al., ACS omega, 2022. 7(11): p. 9690-9700.” and "Kim, J.-K., et al, RSC
Advances, 2022, 12, p. 34660 — 34669" under the title of "Generation of
Recombinant Antibodies in HEK293F Cells for the Detection of
Staphylococcus aureus.” and “Flow cytometry-based Rapid Detection of
Staphylococcus aureus and Pseudomonas aeruginosa using Fluorescent
Antibodies.”, respectively. The content regarding to FLISA and clinical
sample-related results is currently in preparation for being submitted to
SCI paper as of December 2, 2022, under the title of “Development of
fluorescence-linked immunosorbent assay for rapid detection of S. aureus”
and "Comparison of ELISA-, FLISA-, and FCM-based Methods for Detecting
Clinically Isolated Methicillin-Resistant Pathogen.”, respectively (authors for
FLISA: Joo-Kyung Kim, Hyun-yong Yun, Jae-Seok Kim, Wooseong Kim,
Chang-Soo Lee, Byung-Gee Kim and Hee-Jin Jeong.), (authors for clinical
sample-related results: Joo-Kyung Kim, Jae-Seok Kim, Wooseong Kim,

Chang-Soo Lee, Byung-Gee Kim and Hee-Jin Jeong.)

70



5. REFERENCES

1. Abebe, E., G. Gugsa, and M. Ahmed, Review on major food-borne
zoonotic bacterial pathogens. Journal of tropical medicine, 2020.
2020.

2. Tang, Y. et al., Detection methods for Pseudomonas aeruginosa:

history and future perspective. RSC advances, 2017. 7(82): p.
51789-51800.

3. Tong, S.Y, et al., Staphylococcus aureus infections. epidemiology,
pathophysiology, clinical manifestations, and management. Clinical
microbiology reviews, 2015. 28(3): p. 603-661.

4. Affhan, S., et al, Llactic acid bacteria protect human intestinal
epithelial cells from Staphylococcus aureus and Pseudomonas
aeruginosa infections. Genet Mol Res, 2015. 14(4): p. 17044-58.

5. Lazcka, O., FJ. Del Campo, and FX. Munoz, Pathogen detection: A
perspective of traditional methods and biosensors. Biosensors and
bioelectronics, 2007. 22(7): p. 1205-1217.

6. Cheng, J.-C., et al., Rapid detection and identification of clinically
important bacteria by high-resolution melting analysis after broad-
range ribosomal RNA real-time PCR. Clinical chemistry, 2006.
52(11): p. 1997-2004.

7. Schulz, M,, et al., Point-of-care testing system for digital single cell
detection of MRSA directly from nasal swabs. Lab on a Chip, 2020.
20(14): p. 2549-2561.

8. Gamella, M., et al., Microorganisms recognition and quantification
by lectin adsorptive affinity impedance. Talanta, 2009. 78(4-5): p.
1303-1309.

71



10.

11.

12.

13.

14.

15.

16.

Ramlal, S., et al., Capture and detection of Staphylococcus aureus
with dual labeled aptamers to cell surface components.
International journal of food microbiology, 2018. 265: p. 74-83.
Balasubramanian, S., et al., Lytic phage as a specific and selective
probe for detection of Staphylococcus aureus—a surface plasmon
resonance spectroscopic study. Biosensors and Bioelectronics, 2007.
22(6): p. 948-955.

Tawil, N., et al., Surface plasmon resonance detection of E. coli and
methicillin-resistant S. aureus using bacteriophages. Biosensors and
Bioelectronics, 2012. 37(1): p. 24-29.

Subramanian, A, J. Irudayaraj, and T. Ryan, Mono and dithio/
surfaces on surface plasmon resonance biosensors for detection of
Staphylococcus aureus. Sensors and Actuators B: Chemical, 2006.
114(1): p. 192-198.

Yan, H., et al., Single chain fragment variable recombinant antibody
as a template for Fc sensors. Analytical chemistry, 2011. 83(2): p.
625-630.

Zhao, Y. et al., /dentification and measurement of staphylococcal
enterotoxin M from Staphylococcus aureus isolate associated with
staphylococcal food poisoning. Letters in applied microbiology,
2017. 65(1): p. 27-34.

Senevirathne, A. and K.-P. Kim, 7he newly developed monoclonal
antibody SA7D6 exhibits potential for detection of Staphylococcus
aureus. Food Science and Biotechnology, 2015. 24(3): p. 1177-1184.
Skerra, A. and A. Pluckthun, Assembly of a functional
immunoglobulin Fv fragment in Escherichia coli. Science, 1988.
240(4855): p. 1038-1041.

72



17.

18.

19.

20.

21.

22.

23.

24.

25.

Martineau, P, P Jones, and G. Winter, Expression of an antibody
fragment at high levels in the bacterial cytoplasm. Journal of
molecular biology, 1998. 280(1): p. 117-127.

Frenzel, A, M. Hust, and T. Schirrmann, Expression of recombinant
antibodies. Front Immunol. 2013; 4: 217. 2013.

Ghaderi, D., et al, Production platforms for biotherapeutic
glycoproteins. Occurrence, impact and challenges of non-human
sialylation. Biotechnology and Genetic Engineering Reviews, 2012.
28(1): p. 147-176.

Geisse, S. and M. Henke, Large-scale transient transfection of
mammalian cells: a newly emerging attractive option for
recombinant protein production. Journal of Structural and
Functional Genomics, 2005. 6(2): p. 165-170.

Lin, Y.-C., et al., Genome dynamics of the human embryonic kidney
293 lineage in response to cell biology manipulations. Nature
communications, 2014. 5(1): p. 1-12.

Thomas, P and T.G. Smart, HEK293 cell line: a vehicle for the
expression of recombinant proteins. Journal of pharmacological
and toxicological methods, 2005. 51(3): p. 187-200.

Vink, T, et al., A simple robust and highly efficient transient
expression system for producing antibodies. Methods, 2014. 65(1):
p. 5-10.

Geisse, S. and C. Fux, Recombinant protein production by transient
gene transfer into Mammalian cells. Methods in enzymology, 2009.
463: p. 223-238.

Boussif, O., et al., A versatile vector for gene and oligonucleotide

transfer into cells in culture and in vivo: polyethylenimine.

73



26.

27.

28.

29.

30.

31.

Proceedings of the National Academy of Sciences, 1995. 92(16): p.
7297-7301.

Nettleship, J.E., et al., Transient expression in HEK 293 cells: an
alternative to E. coli for the production of secreted and intracellular
mammalian proteins. Insoluble proteins, 2015: p. 209-222.
Portolano, N., et al., Recombinant protein expression for structural
biology in HEK 293F suspension cells: a novel and accessible
approach. JoVE (Journal of Visualized Experiments), 2014(92): p.
e51897.

Davey, HM., Flow cytometric techniques for the detection of
microorganisms. Advanced Flow Cytometry: Applications in
Biological Research, 2003: p. 91-97.

Hahn, M.A.,, PC. Keng, and T.D. Krauss, Flow cytometric analysis to
detect pathogens in bacterial cell mixtures using semiconductor
quantum dots. Analytical chemistry, 2008. 80(3): p. 864-872.
Kennedy, D, U.P. Cronin, and M.G. Wilkinson, Responses of
Escherichia col, Listeria monocytogenes, and Staphylococcus
aureus to simulated food processing treatments, determined using
fluorescence-activated cell sorting and plate counting. Applied and
environmental microbiology, 2011. 77(13): p. 4657-4668.
Schellenberg, J., W. Smoragiewicz, and B. Karska-Wysocki, A rapid
method combining immunofluorescence and flow cytometry for
improved understanding of competitive interactions between lactic
acid bacteria (LAB) and methicillin-resistant S. aureus (MRSA) in
mixed culture. Journal of microbiological methods, 2006. 65(1): p.
1-9.

74



32.

33.

34.

35.

36.

37.

38.

39.

GM, C,, The origin and evolution of cells. Sunderland (MA): Sinauer
Associates, 2000.

Dixon, B.R,, et al., Detection of Cyclospora cayetanensis oocysts in
human fecal specimens by flow cytometry. Journal of clinical
microbiology, 2005. 43(5): p. 2375-2379.

Doherty, S., et al., Use of viability staining in combination with flow
cytometry for rapid viability assessment of Lactobacillus rhamnosus
GG in complex protein matrices. Journal of microbiological
methods, 2010. 82(3): p. 301-310.

Ferrari, B. and P. Bergquist, Quantum dots as alternatives to organic
fluorophores for Cryptosporidium detection using conventional
flow cytometry and specific monoclonal antibodlies: lessons learned.
Cytometry Part A: The Journal of the International Society for
Analytical Cytology, 2007. 71(4): p. 265-271.

Hibi, K., et al., Combination of immunomagnetic separation with
flow cytometry for detection of Listeria monocytogenes. Analytica
chimica acta, 2006. 573: p. 158-163.

Meng, X., et al,, Sensitive detection of Staphylococcus aureus with
vancomycin-conjugated magnetic beads as enrichment carriers
combined with flow cytometry. ACS applied materials & interfaces,
2017. 9(25): p. 21464-21472.

Shan, Y., et al., Bilinear Staphylococcus aureus detection based on
suspension immunoassay. Talanta, 2019. 192: p. 154-159.

Diaper, J.P. and C. Edwards, Survival of Staphylococcus aureus in
lakewater monitored by flow cytometry. Microbiology, 1994. 140(1):
p. 35-42.

75



40.

41.

42.

43.

44.

45.

46.

47.

Liu, S., et al., Faster Detection of Staphylococcus aureus in milk and
milk powder by flow cytometry. Foodborne Pathogens and Disease,
2021. 18(5): p. 346-353.

Kennedy, D, et al., Heat and chemical treatments affect the viability,
morphology, and physiology of Staphylococcus aureus and its
subsequent antibody labeling for flow cytometric analysis. Applied
and Environmental Microbiology, 2019. 85(17): p. e01006-19.

Kim, J.-K., et al., Generation of Recombinant Antibodies in HEK293F
Cells for the Detection of Staphylococcus aureus. ACS omega, 2022.
7(11): p. 9690-9700.

Bloemendaal, A.L., E.C. Brouwer, and A.C. Fluit, Methicillin resistance
transfer from Staphylocccus epidermidis to methicillin-susceptible
Staphylococcus aureus in a patient during antibiotic therapy. PloS
one, 2010. 5(7): p. e11841.

Armbruster, D.A. and T. Pry, Limit of blank, limit of detection and
limit of quantitation. The clinical biochemist reviews, 2008.
29(Suppl 1): p. S49.

Fong, R, et al. Structural investigation of human S. aureus-targeting
antibodlies that bind wall teichoic acid. in MAbs. 2018. Taylor &
Francis.

Kho, K. and T.C. Meredith, Salt-induced stress stimulates a
lipoteichoic acid-specific three-component glycosylation system in
Staphylococcus aureus. Journal of bacteriology, 2018. 200(12): p.
e00017-18.

Malhotra-Kumar, S., et al., Evaluation of molecular assays for rapid
detection of methicillin-resistant Staphylococcus aureus. Journal of
clinical microbiology, 2010. 48(12): p. 4598-4601.

76



48.

49.

50.

51.

52.

Kwon, S.-J., et al., Quantitative PCR for etiologic diagnosis of
methicillin-resistant staphylococcus aureus pneumonia in intensive
care unit. Tuberculosis and Respiratory Diseases, 2012. 72(3): p.
293-301.

Boujday, S., et al., Detection of pathogenic Staphylococcus aureus
bacteria by gold based immunosensors. Microchimica Acta, 2008.
163(3): p. 203-209.

Ogawa, M., et al, H-type dimer formation of fluorophores: a
mechanism for activatable, in vivo optical molecular imaging. ACS
chemical biology, 2009. 4(7): p. 535-546.

Buchan, BW., K.M. Riebe, and N.A. Ledeboer, Comparison of the
MALDI Biotyper system using Sepsityper specimen processing to
routine microbiological methods for identification of bacteria from
positive blood culture bottles. Journal of clinical microbiology, 2012.
50(2): p. 346-352.

Lim, G.-M., et al., Generation of a recombinant antibody for
sensitive  detection of Pseudomonas  aeruginosa. BMC
biotechnology, 2022. 22(1): p. 1-11.

77



M
K

i[d

10/0

N

Klo

Ul

100

FLISA

immunosorbent assay), Rapid ELISA,

(Enzyme-linked

ELISA

(Fluorescent-linked immunosorbent assay), FCM (Flow cytometry)=

| K|

Jod

Kiu
o
o/
K

_ll_
70
joll

0lJ
HH

s

T
K

o

Kir
00

_ll_
g
Bl

=

10

<

ELISA

Q0

S SESIAUCH ZHE ELISA 2 H2 HE|

23 £ 0.09 x 10* CFU & 3.6 x

ol
x

1.91 x 10° CFU

58 %

Z+Zt
B

102 CFU Slom, AMEQ|X| ELISA o] B2

48 x 10* CFU QCt 1

ojn

Rapid ELISA

oz

FS AlZEE 1 A[ZHOA 10

H
[

16 A|ZHOA 2 A|Zt2 2, 1 Xt oA

Ko

CHE310], ELISA O|A AQE|QIT 25 A|ZtQ

78



OH

—

Jod

ao

i

100

SFSICE FLISA AlAHIZ
ELISA A|AEIO| H|sf

a2
=

ofL{at 4

T'__I:ll_}-

HH

ELISA AlAH

=
[

XX =toro] 7|

160

ojru

Kr

I

o
=

ELISA (25 + 0.8 A[Zh), Rapid

L—
—

ol

!

M XML E

o
=

|

to] FCM 7|

-+
o

=2

o
ol &

At

o

=

=

=

A
E|A 103-10° CFU o] SME T AJHFS 1 A|Zt O|Lfof HE 7ts2=

Rapid ELISA, FLISA

st
FCM

K
X0
ol
<r
<

ELISA (10.1 + 0.8 AlZh, FLISA (103 + 0.8 A|ZhEC}

I

tse= MAISHALE o2t 2it= & AF0|A dibet M=E

oF

Ho

Ho

<r

U

K

79

Student Number: 2021-27921

Al AFSHRACE



	1. INTRODUCTION
	2. MATERIALS AND METHODS
	2.1. Materials
	2.2. Gene construction of recombinant anti-S. aureus antibody
	2.3. Cell culture and production of recombinant antibody
	2.4. S. aureus culture
	2.5. Confirmation of the antigen-binding activity
	2.6. ELISA for scFv
	2.7. Sandwich ELISA
	2.8. Fluorescent dye conjugation
	2.9. FLISA
	2.10. Rapid ELISA
	2.11. Flow cytometry
	2.12. Preincubation of clinical cells

	3. RESULTS AND DISCUSSION
	3.1. Binding efficiency to LTA on the surface of S. aureus
	3.2. Binding efficiency of commercial antibody to S. aureus
	3.3. Binding efficiency of recombinant antibody to S. aureus
	3.4. Sandwich ELISA for detecting S. aureus
	3.5. FLISA
	3.6. FLISA for detecting clinical MRSA
	3.7. Comparison of methods for detecting clinical MRSA
	3.8. Flow cytometry analysis
	3.9. Recombinant scFv against P. aeruginosa

	4. CONCLUSION
	5. REFERENCES
	국문 초록


<startpage>13
1. INTRODUCTION 1
2. MATERIALS AND METHODS 10
 2.1. Materials 10
 2.2. Gene construction of recombinant anti-S. aureus antibody 11
 2.3. Cell culture and production of recombinant antibody 11
 2.4. S. aureus culture 11
 2.5. Confirmation of the antigen-binding activity 12
 2.6. ELISA for scFv 13
 2.7. Sandwich ELISA 13
 2.8. Fluorescent dye conjugation 14
 2.9. FLISA 15
 2.10. Rapid ELISA 15
 2.11. Flow cytometry 16
 2.12. Preincubation of clinical cells 17
3. RESULTS AND DISCUSSION 17
 3.1. Binding efficiency to LTA on the surface of S. aureus 17
 3.2. Binding efficiency of commercial antibody to S. aureus 22
 3.3. Binding efficiency of recombinant antibody to S. aureus 24
 3.4. Sandwich ELISA for detecting S. aureus 27
 3.5. FLISA 33
 3.6. FLISA for detecting clinical MRSA 43
 3.7. Comparison of methods for detecting clinical MRSA 46
 3.8. Flow cytometry analysis 50
 3.9. Recombinant scFv against P. aeruginosa 61
4. CONCLUSION 64
5. REFERENCES 71
국문 초록 78
</body>

