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Development and Applications of Foam-Based ELISA: An

Innovation in Biosensing Platform

ABSTRACT

Enzyme-linked Immunosorbent Assay (ELISA) serves as a fundamental tool for the
selective and sensitive detection of various analytes, including antibodies, pesticides,
antibiotics, proteins, and pathogens, playing a crucial role in biomedical diagnosis,
chemical quality control, and the detection of hazardous chemicals in foods and
environments. Despite its widespread use, conventional ELISA faces limitations such
as high costs, limited scalability and flexibility for personal use, challenges in
simultaneously examining multi-target chemicals at low concentrations, and reliance
on specialized instrumentation and trained personnel. In response to these challenges,
paper-based ELISA (p-ELISA) emerged as an alternative, using fibrous and
microporous platforms to offer increased surface area, reduced cost, and ease of use.
However, the inherent heterogeneous structure of paper and fibrous membranes,
particularly in the vertical direction, impedes the penetration of large biomolecules,
leading to less biomolecule incorporation and, consequently, reduced sensitivity and
inhomogeneous colorimetric signals. Addressing these deficiencies, this dissertation
introduces a novel biosensing platform based on chemically modified melamine foam
(MF) with a three-dimensional (3D) reticulated macroporous structure. Our study has
proven that this foam-based ELISA (f-ELISA) platform to be rapid, sensitive,

additive, and volume-responsive, showcasing its versatility across various ELISA

Vi



methodologies, including direct, competitive, and sandwich ELISA. Moreover, the
platform's adaptability to varied ligands, such as antibodies, nanobodies, and peptides,
alongside its capability to accurately detect a wide range of targets, including
biomarkers, antibiotics, environmental toxicants, pathogens, etc., underscores a

substantial improvement upon conventional and paper-based ELISA techniques.

Specifically, Chapter 1 summarizes the background information on current detection
techniques and applications of melamine foam in varied fields. In Chapter 2, a novel,
highly sensitive, naked-eye detectable colorimetric biosensor was developed based on
chemically modified melamine foam (MF). This platform is designed for the rapid,
on-site detection of various environmental hazards and toxicants in fluid systems.
Using the unique three-dimensional reticulated macroporous structure of MF, this
platform enables the fast and efficient transfer of biomolecules, ensuring enhanced
sensitivity and broad applicability across multiple detection methods, including direct,
competitive, and sandwich ELISA. This advancement of f-ELISA technology
demonstrates significant improvements over traditional and paper-based ELISA
methods, offering an alternative solution for environmental monitoring and potential

healthcare applications.

In Chapter 3, the application of f-ELISA in the detection of bacterial cells could
further demonstrate the advantages of the macroporous features offered by the
chemically modified MF as mentioned in Chapter 2. In essence, this study paves the

way for a rapid, sensitive, and volume-flexible biosensing platform, using E. coli

vii



O157:H7 as a proof of concept, which holds promise for the rapid and ultrasensitive

detection of various pathogenic bacteria in real-world applications.

In Chapter 4, the study elaborates on refining the foam-based ELISA (f-ELISA)
platform developed in Chapter 2 and Chapter 3, showcasing its expanded versatility
and efficacy for onsite detection applications. Through different chemical
modifications to melamine foam, the research developed a macroporous 3D substrate
that effectively binds various ligands, including antibodies, nanobodies, and peptides.
This study highlights the platform's adaptability, affordability, and user-friendly
design, making it a versatile and effective tool in diagnostics, offering broader
applications, and improving detection processes in various fields. Lastly, Chapter 5
summarizes the invention of the f~-ELISA system and its applications under different

scenarios.
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Figure 2.1. (a) Scheme of a side-by-side chamber used in this research; the correlation
between time and concentration of (b) HIgG (150 kDa) and (¢) FITC-Dextran (40 kDa)
inside receptor chamber with NF, NP, and different thicknesses of MF membranes
(Imm, 2mm, and 3mm). (NF =nanofibrous membrane, thickness =0.21mm; NP
=nitrocellulose paper, thickness =0.18 mm)

Figure 2.2. (a) Schematic illustration of the protein immobilization on NHS@MF and
SEM images of MF, NHS@MF and protein immobilized NHS@MF. (b) Reaction of
MF with DSC and proteins. (c) FTIR results of MF at different steps: pristine MF,
NHS@MF, and protein immobilized NHS@MF. (d) Water contact angles of MF,
NHS@MF, and protein immobilized NHS@MF.

Figure 2.3. (a) Protein Immobilization distribution visualized by a laser scanning
confocal microscope (lower ones are in higher magnification ratio). (b) Loaded NHS
amount on NHS@MF and NHS@NF after the modification of DSC (5%). Data are
presented as mean + SD, with n = 3 independent experiments. *P < 0.05 (two-tailed
Student’s t-test). (c) Immobilized antibody amounts on NHS@MF from 5 mg/L, 1 mg/L,
and 0.5 mg/L of 100 pL of antibody solutions. Data are presented as mean + SD, with
n = 3 independent experiments. (d) Optical images and colorimetric signals generated
from the interaction between immobilized HRP and TMB substrate on NHS@MF and
pristine MF. Data are presented as mean = SD, with n = 3 independent experiments.

*#%P < 0.001 (two-tailed Student’s t-test).



Scheme 2.1. Mechanism of NHS@MF based (a) direct ELISA, (b) sandwich ELISA,
and (c) competitive ELISA.

Figure 2.4. Optical images and the calibration curve of membranes in the detection of
SARS-CoV-2 spike protein RBD using (a) direct ELISA approach and (b) Sandwich
ELISA. (c) optical image and the calibration curve of membranes treated by varied
concentrations of CAP using a competitive ELISA approach. All data are presented as
mean £ SD, with n = 3 independent experiments.

Figure 2.5. Effect of the sample volume in color signal intensities of (a) direct ELISA,
(b) Sandwich ELISA, and (c) Competitive ELISA. All data are presented as mean + SD,
with n = 3 independent experiments.

Figure 2.6. (a) Schematic illustration of the mechanism of simultaneous multiple on-
site targets detection. (b) Photograph demonstrated the fast-flow device driven by a
syringe pump. (c) Optical image and ARGB values of membranes treated by the mixture
of varied concentrations of CAP and CPS using a competitive ELISA approach. All data
are presented as mean £+ SD, with n = 3 independent experiments.

Figure S2.1. Chemical structure of melamine foam and SEM-EDS results

S5. Calibration curves of FITC-dextran, HIgG, NHS group, and an antibody conjugated
with fluor Alexa 647.

Figure S2.2. Calibration curves for (a) HIgG, (b) FITC-dextran, (c) NHS, and (d) an
antibody conjugated with Alexa 647.

Figure S2.3. Immobilized antibody amounts on NHS@MF, NHS@NF, and

nitrocellulose paper (NP) from 1 mg/L of 100 pL of antibody solution. Data are



presented as mean = SD, with n = 3 independent experiments. *P < 0.05 (two-tailed
Student’s t-test).

Figure S2.4. Specificity of the assay. (a) Images of the NHS@MF membranes with
different treatments after the addition of TMB substrate: 100 uL SP-RBD-His (2 mg/L);
200 uL BSA (3%); 100 uL SP-RBD-His (2 mg/L), and then 200 pL BSA (3%); 200 uL
BSA (3%) and then 100 uLL Ab-HIS-HRP (1 mg/L); 100 uL. Ab-HIS-HRP (1 mg/L);
100 uLL SP-RBD-His (2 mg/L), 200 uL. BSA (3%), and then 100 nL. Ab-HIS-HRP (1
mg/L). (b) The bar diagram for the ARGB observed from the images. Data are presented
as mean £ SD, with n = 3 independent experiments.

Figure S2.5. Blocking optimization. Optical images and the intensity of colorimetric
signals of 1%, 3%, 5% BSA treated membranes and 1%, 3%, 5% skim milk treated
membranes. Data are presented as mean = SD, with n = 3 independent experiments.
Figure S2.6. Optical image of sensing test of NHS@MF after the material was exposed
to different concentrations of CAP. (without image crop)

Figure 3.1. (a) Scheme of the used side-by-side chamber; (b) the correlation between
diffusion time and concentration of E. coli O157:H7 diffused through NF, NP, and MF
in different thicknesses. (c) Vertical flow test of E. coli O157:H7 solution (at 10*
CFU/mL concentration) through various materials: NF, NP, and MF with different
thicknesses, with each material positioned at the base of a syringe. (d) The unspecific
adsorption of E. coli onto the tested materials after buffer wash. (NF thickness
=0.21mm; NP thickness =0.18mm). Data are shown as mean + SD, based on n = 3
independent experiments. *LOD =Limit of detection.
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Figure 3.2. Schematic illustration of preparation and use of foam-based sandwich
ELISA (f-ELISA). (a) Immobilizing antibodies and capturing bacteria; (b) Adding
HRP-labeled secondary antibody and enzymatic substrate TMB to generate color
signals, and obtaining images using a smartphone.

Figure 3.3. SEM images of (a) Pristine MF, (b) NHS@MF after incubation with E. coli
0157:H7 solution (10° CFU/mL); (c) Ab@NHS@MF incubated with E. coli O157:H7
solution (10° CFU/mL); (d) Ab@NHS@MEF after incubation with E. coli O157:H7
solution (10° CFU/mL). Fluorescent microscopic images of (¢) NHS@MF and (f)
Ab@NHS@MF, after incubation with E. coli O157:H7 solution at a concentration of
107 CFU/mL. Data are shown as mean + SD, based on n = 3 independent experiments.
*#%P < 0.001 (two-tailed Student’s t-test).

Figure 3.4. (a) Optical images and the calibration curve of the MF media in the
detection of E. coli O157:H7. (b) Linear equation for the colorimetric assay was fitted
to be y= 0.0749x+ 26.499 (R?*= 0.989) between 50 and 10° CFU/mL. Data are shown
as mean = SD, based on n = 3 independent experiments.

Figure 3.5. (a) Calibration curves generated using varying sample volumes for the
detection of E. coli O157:H7. (b) Influence of sample volume on the colorimetric signal
intensities in the f-ELISA method. Data are shown as mean = SD, based on n = 3
independent experiments.

Figure 3.6. Optical images and the colorimetric signals before and after 1h enrichment
of E. coli O157:H7 at various concentrations. Data are shown as mean + SD, based on
n = 3 independent experiments. **P < (.01 (two-tailed Student’s t-test).
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Figure 3.7. Selectivity of f-ELISA toward E. coli O157:H7 detection in comparison
with other bacteria strains, including Pseudomonas fluorescens, Listeria innocua,
Listeria monocytogenes, Salmonella enterica and E. coli BL21. The concentration of
each bacteria strain used in this experiment is 10> CFU/mL. Data are shown as mean +
SD, based on n = 3 independent experiments. ***P < 0.001 (two-tailed Student’s t-test).
Figure 3.8. (a) The scheme illustrated the sensing of E. coli O157:H7 in agricultural
water and the photograph showcased a rapid-flow device operated by a syringe pump.
(b) Optical images and ARGB values of membranes treated by different
concentrations of E. coli O157:H7 in spiked samples, sterilized Agwater, and non-
sterilized Agwater. (¢) Whole plate images of bacterial cultures upon exposure to non-
sterilized agricultural water. Data are shown as mean + SD, based on n =3
independent experiments.

Figure S3.1. Calibration curve for E. coli O157:H7 at the wavelength of 600 nm.
Figure S3.2. Photograph demonstrating the liquid filtering test using syringes and
vials.

Figure S3.3. Chemical structure of melamine foam

Figure S3.4. (a) Reaction of MF with DSC and proteins and (b) FTIR results of MF
and NHS@MF.

Figure S3.5. Optimization of (a) the reaction time between HRP and TMB substrate;
(b) the concentration anti-E. coli O157:H7 antibodies used for immobilization; (c) the
concentration of Anti-E. coli O157:H7 antibodies conjugated with HRP used as the
secondary antibody in f-ELISA.

Xii



Figure S3.6. Specificity of the assay. Images of the NHS@MF membranes with
different treatments after the addition of TMB substrate: 100 pL Ab-E. coli (5 mg/L),
200 pL skimmed milk (SKM) (3%), 200 pL E. coli 0157:H7 (10’7 CFU/mL), and 100
pL Ab-E. coli-HRP (2 mg/L) were used accordingly. The bar diagram for the ARGB
was observed from the images. Data are presented as mean + SD, with n = 3
independent experiments.

Figure S3.7. Optical image and ARGB values of membranes treated by different
concentrations of E. coli O157:H7 in spiked milk samples. Data are presented as
mean £ SD, with n = 3 independent experiments.

Figure S3.8. Long-Term Stability Assessment. The Ab@NHS@MF membranes were
prepared by using 10% sucrose as a stabilizer followed by freeze-drying. They were
stored at a consistent temperature of 4°C and assessed over a period of 90 days. Data
are presented as mean = SD, with n = 3 independent experiments. *C = Control group
Figure 4.1. (a) Optical view of a commercial MF and standardized membranes with a
thickness of 1 mm and diameter of 5 mm. (b) Schematic illustration of the reagent
modification and the following ligand immobilization. (c) Reaction of MF with DSC,
CDI, and CC, and ligands with free amino group. (d) ATR-FTIR results of MF after
different modifications. (¢) SEM images of MF, NHS@MF, CDI@MF, and CC@MF.
(f) Water contact angle results of MF, NHS@MF, CDI@MF, and CC@MF.

Figure 4.2. (a) Schematic illustration of Ab-HRP immobilization; optical images and
colorimetric comparison results among different MF membranes. (b) Quantification of
antibodies immobilized on different MF membranes via BCA assay kit. (¢) A diagram
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of the antibodies as immunoprobes in f-ELISA for human IgG. (d) Optical images and
the calibration curve of f-ELISA by using Ab-HIgG as the capture antibody. (e)
Selectivity of f-ELISA toward HIgG detection in comparison with rabbit IgG (RIgG),
goat IgG (GIgG), mouse IgG (MIgG), and Human serum albumin (HSA). The
concentration of each protein used in the selectivity assay is 1 mg/L. The data are
presented as the mean + standard deviation (SD) from three independent experiments.
Statistical significance was determined using a two-tailed Student’s t-test. *P < 0.05,
*#%P < 0.001. *)LOD = limit of detection.

Figure 4.3. (a) Schematic illustration of biotinylated nanobody (Bt-Nb) immobilization
and the use of SA-HRP as the signal development tracer. (b) Optical images and
colorimetric comparison results among different MF membranes. (c) Quantification of
nanobodies immobilized on different MF membranes via BCA assay kit. (d) A diagram
of the nanobodies as immunoprobes in f-ELISA for human mEH. (e) Optical images
and the calibration curve of f-ELISA by using Nb-mEH as the capture ligand. (f)
Selectivity of f-ELISA toward human mEH detection in comparison with rat mEH,
human sEH, EH3, EH4, and denatured human mEH. The concentration of each epoxide
hydrolase used in the selectivity assay is 1 mg/L. The data are presented as the mean +
standard deviation (SD) from three independent experiments. Statistical significance
was determined using a two-tailed Student’s t-test. *P < 0.05, ***P < (0.001. *LOD =
limit of detection.

Figure 4.4. (a) Schematic illustration of biotinylated L10-2 peptide (Bt-L10-2)
immobilization and the use of streptavidin with Alexa 647 conjugation as the signal
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development tracer. (b) Optical images captured from Bio-Rad imaging system and
fluorescence results among different MF membranes. (¢) Quantification of peptides
immobilized on different MF membranes via pierce quantitative fluorometric peptide
assay. (d) A diagram of the peptides as immunoprobes in f-ELISA for SARS-CoV-2
spike protein with His tag (S-protein-His). (e) Schematic illustration of L10-2 and
peptides with 1-3 AEEA linkers. One AEEA linker was added to the N-terminus of L10-
2a, two with L.10-2b, and three with L.10-2c. (f) Optical images and the colorimetric
results of f-ELISA by using peptides with different numbers of linkers as illustrated
above. (g) Optical images and the calibration curve of f-ELISA by using L10-2¢ peptide
as the capture antibody. The data are presented as the mean + standard deviation (SD)
from three independent experiments. Statistical significance was determined using a
two-tailed Student’s t-test. *P < 0.05. *LOD = limit of detection.

Figure 4.5. Comparison of the colorimetric signal (%) of Ab@CC@MF,
Nb@CC@MF, and Pt@NHS@MF over a 30-day storage period at different storage
temperatures: (a) 4°C and (b) 25°C (room temperature, RT). The membranes were
used to detect HIgG (5 mg/L), mEH (5 mg/L), and S-protein-His (5 mg/L),
respectively, using the f-ELISA assay at specific time points during the storage period.
The colorimetric signal (%) represents the percentage of the initial signal intensity
retained at each time point. The data are presented as the mean =+ standard deviation
(SD) from three independent experiments.

Figure S4.1. Calibration curves for (a) antibody, (b) nanobody, and (c) peptide

Figure S4.2. Chemical structure of the melamine foam.
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Figure S4.3. SEM images of (a) antibodies-immobilized CC@MF (Ab@CC@MF), (b)
nanobodies-immobilized CC@MF (Nb@CC@MF), and (c) peptides-immobilized
NHS@MF (Pt@NHS@MF).

Figure S4.4. Specificity of the assay. Images of the NHS@MF membranes with
different treatments after adding TMB substrate: 100 uL. Ab-HIgG (5 mg/L), 200 pL
skimmed milk (SKM) (3%), 200 nL. HIgG (1 mg/L), and 100 pL Ab-HIgG-HRP (1
mg/L) were used accordingly. The bar diagram for the ARGB was observed from the
images. Data are presented as mean = SD, with n = 3 independent experiments.
Figure S4.5. Chemical structure and mass spectrometry of L10-2.

Figure S4.6. Chemical structure and mass spectrometry of L10-2a.

Figure S4.7. Chemical structure and mass spectrometry of L10-2b.

Figure S4.8. Chemical structure and mass spectrometry of L10-2c.

Figure S4.9. Quantification of varied peptides immobilized on NHS@MF membranes

via pierce quantitative fluorometric peptide assay.
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Chapter 1. Introduction

Abstract

My Ph.D. study delves into the development and application of a novel foam-based
ELISA (f-ELISA) for detecting a broad range of analytes, emphasizing the innovative
use of melamine foam (MF) to enhance biosensing efficacy. The introduction and
literature review highlight the advantages and limitations of traditional detection
techniques, including Polymerase Chain Reaction (PCR), Cell Flow Cytometry,
Bacteria Culture Plates. The introduction also emphasizes the strengths and
limitations of the Enzyme-Linked Immunosorbent Assay (ELISA) along with the
critical role of approaches, platforms, and ligands in the efficiency of immunoassay-
based biosensors. To address the need for a detection method that is rapid, easy to use,
visually distinguishable, highly sensitive, and specific for on-site detection of
environmental pollutants and health bioinformatics, the f-ELISA system has been
invented. Besides, in this introductory section, MFs’ properties and applications in
various fields are discussed to highlight the suitability of MF as a potential biosensor
platform. Furthermore, the introduction highlights f-ELISA's potential to
revolutionize diagnostic methodologies across diverse fields for real-world

applications.



1.1 Detection Techniques

1.1.1 Polymerase Chain Reaction (PCR)

Polymerase Chain Reaction (PCR) is a revolutionary method that was invented in
1983 by Kary Mullis who was awarded the Novel Prize in Chemistry in 1993 based
on this discovery!. PCR enables the amplification of specific DNA sequences from
minute quantities of DNA, making it possible to study genetic material with
unprecedented precision and efficiency. This technique relies on thermal cyclings,
consisting of repeated heating and cooling cycles to denature DNA, anneals primers
to target sequences, and extends these primers to create millions to billions of copies
of the desired DNA segment®®. The versatility and sensitivity of PCR have led to its
widespread application across various fields of science and medicine. In addition,
PCR has evolved significantly since its inception, leading to the development of
various types of PCR, each tailored to specific applications and research needs.
Reverse Transcription PCR (RT-PCR) is a technique used to detect and measure the
expression of RNA*. It is particularly valuable in virology for identifying RNA
viruses and in gene expression studies. RT-PCR involves two main steps: first, reverse
transcription converts RNA into complementary DNA (cDNA) using the enzyme
reverse transcriptase; then, this cDNA is amplified using traditional PCR. This
method allows researchers to study gene expression levels and to detect RNA viruses,
offering insights into viral load and the activity of specific genes®. Quantitative PCR,

also known as Real-Time PCR (qPCR), is an advanced form of PCR that allows for



the real-time monitoring of DNA amplification. This is achieved by using fluorescent
dyes or probes that bind to the DNA, with the intensity of the fluorescence increasing
as the DNA is amplified. gPCR enables the quantification of the starting amount of
DNA, making it a powerful tool for measuring gene expression levels, detecting
pathogens, and performing precise genetic analysis. The real-time aspect of qPCR
provides a dynamic view of the amplification process, enhancing both the accuracy
and reliability of the measurements®. Digital PCR (dPCR) is a refinement of PCR that
provides absolute quantification of nucleic acid samples without the need for
calibration curves, unlike qPCR’. In dPCR, the sample is partitioned into many
individuals, parallel PCR reactions; some containing the target molecule (positive),
and others not (negative). Following amplification, the number of positive reactions is
counted and used to calculate the absolute number of target molecules in the sample.
This method offers high precision and sensitivity and is particularly useful for
detecting low abundance targets, quantifying viral loads, and validating next-
generation sequencing data®. These variations enhance PCR's utility and have become
a cornerstone in diagnostic procedures for detecting pathogens in infectious diseases,
identifying genetic disorders, and forensically analyzing DNA in criminal
investigations®°. Additionally, PCR plays a crucial role in research and development,
facilitating gene cloning, sequencing, and functional analysis of genes. Its ability to
detect and quantify specific DNA or RNA sequences has also made it invaluable in
the fields of genomics, clinical diagnostics, evolutionary biology, environmental

science, etc. In the context of clinical diagnostics, PCR is widely used for the rapid



detection of infectious agents, including bacteria and viruses!!. For example, it plays a
critical role in diagnosing viral infections such as HIV, hepatitis, and more recently,
SARS-CoV-2, the virus responsible for COVID-1921314 By targeting specific
genetic markers of these pathogens, PCR can provide accurate and early detection,
which is crucial for timely treatment and containment efforts. The presence of SARS-
CoV-2 in respiratory specimens was detected by real-time Reverse transcription
polymerase chain reaction (RT-PCR) amplification of SARS-CoV-2 open reading
frame 1ab (ORF1ab), nucleocapsid protein (NP) genes fragments, as mentioned in
previous published paper®. Following guidelines in the Clinical Laboratory Standards
Institute (CLSI) document EP17-A, the lowest concentration level with a detection
rate of 95% for positive results was taken as the limit of detection (LOD) for each
assay. The LOD of different commercialized kits of RT-PCR is ranging from 242
copies/mL to 7744 copies/mL*®. Overall, since its authorization in February 2020, the
PCR test has remained the gold standard for COVID-19 diagnosis due to its accuracy

and reliability.

1.1.2 Flow Cytometry

Flow cytometry is an important technology for the detailed analysis of cellular
properties, combining advanced optical and electronic systems for high-throughput
examination of cells and particles!’. This technique uses light scattering and
fluorescence to analyze the physical and chemical characteristics of individual cells in

a fluid stream. As a start of sample preparation, cells or particles are suspended in a



fluid and injected into the flow cytometer instrument. As each cell passes through a
laser beam, it scatters light and, if labeled with fluorescent dyes, emits light at specific
wavelengths, revealing intricate details about cell size, internal complexity, and the
presence of specific molecular markers®. Flow cytometry's real-time data acquisition
allows for the simultaneous multiparametric analysis of thousands of particles per
second, making it a potent tool in fields ranging from immunology and cancer
research to plant biology and infectious disease diagnostics!®?. Its applications
extend from fundamental research, aiding in the deciphering of cellular functions and
phenotypes, to clinical analysis where it is crucial for diagnosing various diseases,
including cancer, AIDS, COVID-19, etc?}?22 For example, Tamai et al. analyzed the
expression of carcinoembryonic antigen (CEA) in 26 gastric carcinomas, of which six
were ascites specimens, using flow cytometry, which can detect both membranous
and cytoplasmic CEA, and additionally provided quantitative data?. The technology's
capacity for rapid and comprehensive analysis renders it invaluable for diagnosis

through the quantification of specific biomarkers related to various diseases.

1.1.3 Bacteriological Culture Methods

A microbiological culture, also known as a microbial culture, is a technique used to
cultivate and multiply microorganisms under controlled laboratory conditions?®. This
method involves providing a suitable environment, such as a predetermined culture
medium, for the microorganisms to grow and reproduce. Microbial cultures serve as

fundamental and essential tools in molecular biology research and diagnostic



procedures?®. The term "culture" can refer to the process of growing microorganisms.
These cultures are employed to identify the type of microorganism present, determine
its abundance in the sample under investigation, or achieve both objectives
simultaneously. Microbial cultures are among the primary diagnostic methods in
microbiology and are used to determine the cause of infectious diseases by allowing
the pathogen to multiply in a specific medium?’. Cultures are used to isolate and
identify the specific microorganism responsible for an infection. For example, in the
case of a suspected bacterial infection, a sample (such as blood, urine, or a swab from
an infected site) is inoculated onto a culture medium. The microorganisms present in
the sample will grow and form colonies, which can then be identified through various
biochemical and molecular tests. One common example is a throat culture, where a
sample is obtained by swabbing the back of the throat and transferring it to a medium
to screen for harmful microorganisms like Streptococcus pyogenes, which is

responsible for strep throat?

. Another example involves testing for Escherichia coli
(E. coli) O157:H7, a particular strain of E. coli that can cause severe foodborne
illness. In this case, a sample might be taken from suspect food items or fecal matter
and placed onto a specific medium designed to identify and facilitate the growth of E.
coli 0157:H7, enabling the detection of this pathogen?®. Similarly, for identifying
Salmonella infections, which are common causes of food poisoning, a stool sample is
collected and spread onto a selective medium tailored to encourage the growth of

Salmonella species. This method facilitates the detection of these pathogens, which

are responsible for symptoms ranging from diarrhea to severe gastroenteritis®. The



word "culture" is commonly used in an informal sense to describe the process of
selectively cultivating a particular strain or species of microorganism in a laboratory
environment. Frequently, it is necessary to obtain a pure (or axenic) culture, which
consists of a population of cells or multicellular organisms growing in isolation,
without the presence of any other species or types. A pure culture may originate from
a single cell or organism, in which case the cells are genetic clones of one another. To
solidify the culture medium and provide a semi-solid or solid surface for microbial
growth, a gelling agent is often used. Agar, a gelatinous substance derived from
certain seaweed species, is a common choice for this purpose®’. As a more cost-
effective alternative, guar gum can be employed, particularly for the isolation and

maintenance of thermophiles®.

Overall, microbial cultures are indispensable tools in research laboratories, enabling
the study of microorganisms' physiology, genetics, pathogenicity, and the

development of new antimicrobial agents, vaccines, and diagnostic tests.

1.1.4 Immunoassay Biosensors

Typically, most immunoassay biosensors are based on the same principle as ELISA
techniques, which involves antigen-antibody interactions for the detection and
quantification of specific biomolecules®*. Immunoassay biosensors represent a
technological advancement that integrates the ELISA principle with biosensor
technology to provide rapid, sensitive, and often real-time analysis. In these

immunoassay biosensors, the immunochemical reaction is coupled with a platform
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that allows for the immobilization and flow of reagents, as well as a transducer that
converts the biological interaction into a measurable optical or electronic signal. This
integrated system enables the detection and analysis of specific biomolecular

interactions, enabling accurate and sensitive diagnostic capabilities.

The platform component provides a surface or matrix where the necessary reagents,
such as antibodies or other ligands, can be immobilized. This immobilization step
ensures that the target analytes present in the sample can bind specifically to the
capture reagents. Additionally, the platform facilitates the controlled flow and
exposure of the sample to the immobilized reagents, allowing for efficient binding

interactions.

Coupled with the platform is a transducer, which serves as the detection component of
the system. The transducer converts the biological interactions, such as the binding of
analytes to the immobilized reagents, into a measurable signal. This signal can take
various forms, including optical signals (e.g., color, fluorescence, absorbance, or
chemiluminescence) or electronic signals (e.g., electrochemical or impedance

changes)®6-%7,

Immunoassay biosensors combine the specificity of immunochemical reactions with
the sensitivity of various transducers to detect and quantify target biomolecules or
biomarkers in a sample. These biosensors utilize different ELISA formats, such as
direct, indirect, sandwich, or competitive, depending on the target analyte and the

desired sensitivity and specificity. The immunochemical reaction takes place on a
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platform that allows for the immobilization of reagents (e.g., antibodies or antigens)
and the flow of the sample. The interaction between the target analyte and the
immobilized reagents generates a signal, which is then converted by a transducer into

a measurable output.

This integrated approach offers several advantages over traditional ELISA, including:

1. Portability: Immunoassay biosensors can be designed as portable devices for
on-site testing.

2. Lower limits of detection: The use of sensitive transducers enables the
detection of low concentrations of target analytes.

3. Faster analysis times: The integration of the immunochemical reaction and
signal detection allows for rapid analysis compared to traditional ELISA.

4. Miniaturization and multiplexing: Immunoassay biosensors can be

miniaturized and designed to detect multiple analytes simultaneously®,

These advantages make immunoassay biosensors a powerful tool for diagnosing and
monitoring a wide range of targets, such as disease biomarkers, environmental

contaminants, foodborne pathogens, antibiotics, and biological threat agents®,

1.1.4.1 Types of ELISA

The Enzyme-Linked Immunosorbent Assay (ELISA) is a widely used analytical
biochemistry technique that leverages the specificity of antibody-antigen interactions

to detect and quantify target molecules in a sample. It is a solid-phase immunoassay
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that combines the principles of selective antibody binding with enzymatic
amplification and colorimetric or fluorescent detection®. The ELISA technique
involves immobilizing one component of the antibody-antigen reaction (either the
antigen or the antibody) onto a solid surface, typically a 96-well plate. The sample
containing the target molecule is then introduced, and any binding that occurs
between the immobilized component and the target is detected through a series of
steps involving enzyme-labeled antibodies or antigens. The presence of the enzyme
label results in a colorimetric or fluorescent signal, the intensity of which is

proportional to the concentration of the target molecule in the sample*!.

ELISA assays can be configured in different formats, including direct, indirect,
sandwich, and competitive, depending on the specific requirements of the analysis

and the nature of the target molecule*?.

Direct ELISA: Introduced in 1971 by Engvall, Perlmann, Van Weemen, and Schuurs,
the direct ELISA method is suitable for quantifying high molecular weight antigens.
The plate surface is coated with the target antigen or antibody. An enzyme-conjugated
antibody or antigen enables detection. After incubation and washing to remove
unbound components, a substrate is added, producing a colored or fluorescent signal

proportional to the antigen or antibody concentration*?,

Indirect ELISA: Developed in 1978 by Lindstrom and Wager, inspired by the direct
method, the indirect ELISA measures antibodies against a coated antigen. The

fundamental principle of indirect ELISA involves immobilizing the target antigen
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onto a solid surface, typically a microplate well. The sample containing the primary
antibodies of interest is then added. If present, these antibodies will bind to the
immobilized antigen. To detect this antigen-antibody complex, a secondary antibody,
which is conjugated to an enzyme and directed against the species of the primary
antibody, is introduced. Upon addition of a substrate for the enzyme, a colorimetric or
fluorescent change occurs, indicating the presence of the primary antibodies. The
intensity of the color change is proportional to the amount of antibody in the sample,

allowing for quantification®.

Competitive ELISA: Developed in 1976 by Yorde et al., the competitive ELISA
measures antigens or antibodies by their competition with enzyme-labeled
counterparts for binding to immobilized antibodies or antigens, respectively. The
sample and enzyme-labeled component are added simultaneously, competing for
limited binding sites. After washing and substrate addition, the signal intensity is
inversely proportional to the analyte concentration in the sample. Normally,
competitive ELISA is generally more suitable for detecting and quantifying smaller

targets or analytes compared to other ELISA formats*.

Sandwich ELISA: The Sandwich ELISA was first developed in 1977 by Kato et al.
The process begins with the coating of a microplate well with a capture antibody
specific to the target antigen. After incubation, the sample containing the antigen is
added, allowing the antigen to bind to the capture antibody. Following a washing step
to remove unbound substances, a detection antibody is added, which binds to a

11



different epitope on the target antigen, forming a sandwich complex. The detection
antibody is either directly conjugated to an enzyme or recognized by a secondary
enzyme-conjugated antibody. Upon adding a chromogenic substrate, the enzyme
catalyzes a color change, the intensity of which is directly proportional to the amount

of antigen present in the sample®®.

The various types of ELISAs differ in their format, sensitivity, and suitability for
detecting specific targets. The direct ELISA, the simplest format, has lower sensitivity
compared to the indirect ELISA, which detects antibodies using a primary antibody
from the sample and an enzyme-labeled secondary antibody. The sandwich ELISA,
highly sensitive and specific for multi-epitope antigens, employs capture and
detection antibodies. The competitive ELISA, suitable for small molecules or single-
epitope antigens, relies on competition between sample and enzyme-labeled antigens
for binding to immobilized antibodies, resulting in an inversely proportional signal.
While direct and indirect ELISAs are better suited for qualitative analysis, sandwich
and competitive ELISAs enable quantitation, with the choice depending on the target,
its size and epitope availability, the required sensitivity, and the availability of suitable
antibodies. In the field of immunoassay biosensors, all the different types of ELISAs
— direct, indirect, sandwich, and competitive — have been successfully integrated and
utilized in real-world applications across a wide range of studies*’. The versatility of
ELISA formats has allowed researchers and developers to adapt these immunoassay
techniques to various biosensor platforms, utilizing the specific advantages of each

format to meet the unique requirements of their target analytes and applications.
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1.1.4.2 Types of platforms

One classic platform is the 96-well plate, which serves as a fundamental platform for
conducting enzyme-linked immunosorbent assays (ELISA), a versatile and widely
used technique for detecting and quantifying substances, ranging from toxicants to
disease related proteins and pathogens. The configuration of the 96-well plate, with its
array of small wells, allows for high-throughput screening, making it an invaluable
tool in both research and diagnostic settings*®. The plates are usually made from
polystyrene for colorimetric assays due to its clarity and low fluorescence, or
polypropylene for storage or assays requiring thermal cycling due to its higher
chemical and thermal resistance. The interaction between the polystyrene plate and
the antibody is primarily non-covalent. Physical adsorption is the most
straightforward method of attaching antibodies to the plate. It relies on hydrophobic
interactions between the polystyrene surface and hydrophobic regions of the
antibodies. While this method is simple and does not require chemical modification of
the antibody or the surface, it might not provide the strongest or most oriented
attachment. Besides, positively or negatively charged groups on the plate surface or
the antibody can attract oppositely charged groups, contributing to the adherence of

149, While non-covalent bonds are convenient for

the antibody to the plate as wel
coating plates, it is crucial to ensure that the attachment is stable under assay
conditions and that it does not interfere with the antibody's antigen-binding activity.

After coating the plate with antibodies, blocking steps are typically performed to

cover any remaining unbound sites on the plate surface. This prevents nonspecific
13



binding of assay components, which could otherwise contribute to background
signal®. In addition, 96-well plates have different types corresponding to various
applications. Flat-bottom wells are ideal for optical measurements, such as those used
in ELISA, absorbance spectroscopy, and cell-based assays where visual inspection
under a microscope is required. Round-bottom wells are better suited for mixing and
applications involving cell culture, as they facilitate easier resuspension of pellets®”.
V-bottom wells are designed to concentrate samples into a smaller volume, making

them useful for precipitation assays or when collecting samples post-reaction®2.

In conclusion, the 96-well plate, with its adaptability and capacity for high-throughput
analysis, has become an indispensable tool in the ELISA methods, supporting a wide
range of applications from basic research to clinical diagnostics, ensuring precise and

reliable quantification of analytes in various sample types.

Despite the advantages of 96-well plate, certain limitations exist with this
conventional ELISA sensing platform. These include relatively high cost, lack of
scalability and flexibility for personal use and simultaneous examinations of multi-
target chemicals in very low concentrations, as well as dependence on specialized
instrumentation. As an alternative, paper-based ELISA (p-ELISA) is using fibrous and
microporous platforms with the advantages of increased surface areas of fibers,
reduced cost, ease of use, improved detection sensitivity, and results that are
distinguishable to the naked eye®®.

Cellulose paper, a fibrous and microporous material, serves as an ideal substrate for p-
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ELISA due to its high protein-binding capacity and uniform pore structure. This
material can effectively immobilize proteins, including antibodies and antigens,
through non-specific adsorption, providing a stable matrix for immunoassay
development. The fibrous nature of nitrocellulose paper provides a large surface area
for biomolecule immobilization, enhancing the assay's sensitivity by facilitating more
extensive interactions between target molecules and detection reagents. Besides,
compared to traditional solid-phase supports, nitrocellulose paper is significantly less
expensive, making p-ELISA an economically viable option, particularly in resource-
limited settings®*. When fabricating sensors, one of the most commonly utilized paper
substrates is Whatman No. 1 chromatography paper. This type of paper offers several
desirable properties, including a smooth surface texture and consistent quality on both
sides. Its medium flow rate and thickness of 0.18 mm make it compatible with
printing using commercial machines. Notably, Whatman No. 1 chromatography paper
comprises 98% a-cellulose, without the addition of strengthening agents, whitening
agents, or other additives. This high purity reduces the potential for interference,

making it a suitable choice for sensor fabrication®®.

To further enhance the sensitivity of p-ELISA, nanofibers have been chosen as a
promising platform. Compared with conventional biosensor systems, nanofiber
biosensors offer several merits, including high sensitivity, proper mass transfer,
convenient operation process and less false positive or negative rate. These merits can
be attributed to the unique properties of the nanofibers, including their exceptionally

ultra-high specific surface area, high porosity, portability and flexibility for surface
15



modification®®. The significantly large surface area offered by the nanofibers enhances
antibody binding capacity, which in turn improves sensitivity. In the context of
ELISA's operating principles, nanofiber biosensors exhibit a more intense signal for
analytes at the same concentration compared to traditional biosensors, thereby
achieving remarkably high sensitivity. Previous studies have demonstrated that by
utilizing nanofibrous membranes made from poly(vinyl alcohol-co-ethylene) (PVA-
co-PE) as a substrate, significant sensitivity in detecting key substances has been
achieved. Specifically, chloramphenicol (CAP), a crucial antibiotic, was detectable at
a limit of detection (LOD) of 0.1 ng/mL, and the SARS-CoV-2 spike protein was

identifiable at a 2 ng/mL level®’8,

Many biosensors incorporate a variety of other materials into their platforms, such as
magnetic beads, gold nanoparticles, hydrogels, graphene, carbon nanotubes, quantum
dots, pyromellitic dianhydride (PMDA), metal-organic frameworks (MOFs), and
conductive polymers. These materials, as detailed in the subsequent Table 1.1, are
chosen for their distinct properties, which are important in enhancing performance

and expanding the application range of biosensing technologies.
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Table 1.1. Comparison of different types of platforms

Material Properties Applications References
Magnetic Beads Easy separation, Sample preparation, 59
manipulation with purification, magnetic
magnetic fields biosensors
Gold Nanoparticles Optical properties, Optical biosensors, 60
surface plasmon SERS-based sensing,
resonance (SPR) drug delivery
Hydrogels High water content, Cell culture 61
biocompatibility platforms, tissue
engineering
Graphene High conductivity, large Electrochemical 62
surface area biosensors,
biosensing transistors
Carbon Nanotubes Excellent conductivity, Electrochemical 63
high aspect ratio biosensors,
nanoelectronic
biosensors
Quantum Dots Size-dependent Fluorescent 64
fluorescence biosensors, imaging,
diagnostic assays
polydimethylsiloxane Biocompatibility, Materials for
(PDMS) optical transparency, microfluidic 65
low non-specific immunoassays
binding
MOFs (Metal-Organic High porosity, tunable | Chemical sensing, gas 66
Frameworks) structures sensing, enzyme
immobilization
Conductive Polymers Electrical conductivity, Electrochemical 67
biocompatibility biosensors, flexible
biosensing platforms

1.1.4.3 Types of ligands

Immunoassays are highly sensitive and specific analytical techniques used for the
detection and quantification of target analytes in a sample. The success of an

immunoassay mainly depends on the specific binding interaction between a ligand
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and its target. Ligands are molecules that bind specifically to their target analytes,
forming the basis of the detection system in immunoassays. Over the years, various
types of ligands have been developed and employed in immunoassays, each with its

own unique characteristics, advantages, and limitations.

Antibodies are the most widely used ligands in immunoassays. These Y-shaped
proteins are produced by the immune system and consist of two heavy chains and two
light chains. The variable regions of the heavy and light chains form the antigen-
binding site, which allows antibodies to bind to their target antigen with high affinity
and specificity. Antibodies can be polyclonal, recognizing multiple epitopes on an
antigen, or monoclonal, recognizing a single epitope®®. They are used in various
immunoassay formats, such as ELISA, Western blot, and immunohistochemistry, and

have been the gold standard in immunoassays for decades®®.

Nanobodies, also known as single-domain antibodies, are derived from the variable
domain of heavy-chain (VHH) antibodies found in camelids’®. They are smaller than
conventional antibodies, with a molecular weight of around 15 kDa, and consist of a
single monomeric variable antibody domain. Nanobodies have several advantages
over traditional antibodies, including higher stability, better solubility, and easier
production in microbial systems. They can penetrate tissues more easily due to their
small size and have high affinity and specificity for their targets. Nanobodies are
increasingly being used in immunoassays, especially for the detection in situations

where conventional antibodies may not be suitable’*.
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Peptides are short chains of amino acids, typically ranging from 2 to 50 residues, that
can be designed to bind specifically to a target antigen. They are smaller than
antibodies and nanobodies, and can be synthesized chemically, making them cost-
effective and easier to produce and modify. Peptides can be designed using various
approaches, such as rational design based on the structure of the target antigen, and
one bead one compound (OBOC) combinatorial library method. They can be used as
ligands in immunoassays’2. However, peptides may have lower affinity and specificity

compared to antibodies and might be more susceptible to degradation”.

Aptamers are short, single-stranded oligonucleotides (DNA or RNA) that can fold into
specific three-dimensional structures and bind to their targets with high affinity and
specificity™®. They are selected through an in vitro process called SELEX (Systematic
Evolution of Ligands by Exponential Enrichment), which involves iterative rounds of
selection and amplification. Aptamers can be designed to bind to a wide range of
targets, including proteins, small molecules, and even whole cells’. They offer
several advantages over antibodies, such as chemical synthesis, reproducibility,
stability, and the ability to be easily modified for various applications. Aptamers are
increasingly being used in immunoassays as an alternative to antibodies, particularly

in situations where antibodies may not be available or suitable®.

The choice of ligand for an immunoassay depends on various factors, including the
nature of the target analyte, the desired sensitivity and specificity, the assay format,

and the available resources. Each type of ligand has its own strengths and weaknesses,
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and researchers continue to develop and optimize these ligands to improve the

performance of immunoassays.

1.2 Melamine Foams and Their Applications

Melamine foam is a unique material known for its combination of low weight, open-
cell structure, good thermal insulation properties, high sound absorption capacity,
abrasiveness, flame resistance, and constant physical properties over a wide
temperature range. It is made from melamine resin, a thermoset polymer derived from
melamine and formaldehyde, through a process that results in a foam with a network
of interconnected, and flexible strands’’. Due to the unique properties of MF as
mentioned above, there are a wide range of applications, such as oil/water separation,
adsorbents for ion dyes, electrochemical electrodes, and other applications in fire

resistance, water disinfection, and catalytic reactions’®.

Melamine foam (MF) is naturally hydrophilic, requiring modifications to be suitable
for separating oil and water. Several approaches were employed to convert
hydrophilic MF into a hydrophobic sponge: 1) Turning MF into hydrophobic carbon
foam through direct carbonization. This maintains the 3D porous structure with good
mechanical properties. Factors like carbonization temperature, heating rate, and
duration impact the resulting sorbent properties. Higher temperatures can lead to
increased water absorption, reducing oil/water separation performance’®. 2) Coating
the MF surface with hydrophobic monomers followed by gelation or polymerization.

This introduces water-repelling functional groups but often involves use of costly
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monomers, toxic solvents, or additional treatments like hydrothermal, UV, or
microwave®, 3) Treating MF with HCl to create protonated MF with excellent
antifouling and oil/water separation abilities.®! 4) Coating nanomaterials like
graphene oxide (GO) or metal-organic frameworks (MOFs) on MF®, In this case,
MF’s bulk structure and high mechanical properties prevent nanoparticle
agglomeration and ease the use and recovery. GO is often used for its hydrophobicity.

Long-term stability is a concern due to potential nanoparticle detachment.

Among these, direct carbonization is simplest but results in low surface area and
reduced mechanical strength. Polymerization effectively creates hydrophobicity but
frequently uses expensive or toxic reagents. Acid treatment is straightforward but not
environmentally friendly. Nanoparticle coatings provide excellent hydrophobicity but

may have limited durability.

Like its application in oil/water separation, modified Melamine Foam (MF) has been
extensively utilized as an efficient adsorbent material. In a prior study, MF served as a
three-dimensional framework to limit the shrinking of alginate and provide a high
surface area support for alginate coating. Alginate has been widely investigated as an
adsorbent for dyes and heavy metal ions, demonstrating promising adsorption
performance®. However, its swelling behavior and poor mechanical strength have
hindered the further development of alginate as a high-performance adsorbent. When
MF is employed as a support, the melamine fibers effectively prevent alginate

agglomeration and promote the exposure of more active sites for ion adsorption from
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solution. This alginate-coated MF exhibited good Cu(II) adsorption capacity
(maximum 90.09 mg/g), and the bulk structure of MF makes it user-friendly and easy

to recover.

Apart from metal ion adsorption, modified MF has also been used for adsorbing other
ions such as nitrate. Goto et al. introduced quaternary nitrogen onto carbonized MF
through CH3I treatment and utilized the resulting N-doped carbon as an anion
exchanger for nitrate ion adsorption, with capacities ranging from 0.1 to 0.7 mmol/g®.
Modified MF has also been employed for dye removal. For example, graphene-coated
MF was synthesized and used as a dye adsorbent, exhibiting maximum capacities of

286.5 mg/g for methylene blue (MB) and 80.5 mg/g for orange G®.

When used as an adsorbent, MF primarily serves as a support to load active materials
for dye and ion adsorption while providing a bulk structure to facilitate adsorbent
recycling. The adsorption capacity of MF-supported composite materials is mainly
determined by the active materials coated onto the MF. Furthermore, strong bonding
between the active materials and MF is crucial to ensure no peeling off occurs during

long-term operation.

MF can also serve as a sacrificial skeleton to obtain 3D materials or hollow-structured
materials. For example, nitrogen-doped hollow carbon microspheres with graphitic
carbon shells and graphene aerogels that retain the original shape of MF after its
removal are such materials as mentioned. These materials have shown promising

applications in multifunctional pressure/strain sensors and human motion detection®®.
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When modified to have a hydrophobic nature, MF can be used for fire resistance
purposes. Studies have shown that hydrophobic MF, when ignited, only burns for a

few seconds, and maintains its original shape even after being partially burnt.

Researchers have also explored the use of MF as a support for various materials in
catalytic reactions and water disinfection. Wu et al. grafted conjugated microporous
polymers (CMPs) onto MF using a CMP-gel-mediated method, which allowed for in
situ covering of the foam without filling its open cells. This foam-supporting CMP
composite facilitates substrate diffusion through interconnected micropores and
macropores, exhibiting great efficiency in acyl transfer reactions. Additionally, the

CMP-covered MF demonstrated excellent mechanical properties®’.

In another study, Yu et al. loaded Au/ceria nanowires onto MF and employed the
composite material for the continuous reduction of p-nitrophenol in a flow system®,
Deng et al. utilized MF as a support for Ag nanoparticles, using their antibacterial
properties for water disinfection. The bacterial inactivation efficiency for E. coli
increased from 11.9% to 76.8%, and for S. aureus, it increased from 9.8% to 65.4%
when MF was loaded with Ag nanoparticles. By loading both graphene oxide (GO)
sheets and Ag nanoparticles onto MF, the bacterial inactivation efficiency was further
enhanced to 95.9% for E. coli and 89.3% for S. aureus, as the GO sheets helped

prevent the aggregation of Ag nanoparticles®.

Melamine foam (MF) is an attractive material due to its low cost, environmental

friendliness, ease of synthesis, and its 3D macroporous reticulated structure. Besides,
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MF has a high nitrogen content, which allows for the production of high-content N-
doped carbon foam through simple modification. These properties have led to the
widespread use of MF-based materials in various applications, with the potential for

further development in new areas.

1.3 Research Objectives

The methods of detection of chemicals and toxicants have been reviewed in Chapter
1, ranging from PCR to portable biosensors. Traditional detection methods, such as
PCR and flow cytometry, offer high sensitivity and specificity, enabling the detection
and identification of trace amounts of substances in various samples. These methods
are often considered the benchmark in environmental monitoring and medical
diagnostics. However, their applicability is limited by the need for costly equipment,
specialized operators, and lengthy analysis times. These methods may also be affected
by matrix effects, which can interfere with the accuracy of the results. Additionally,
extensive sample pre-treatment is usually required, further complicating and
prolonging the analysis process. On the other hand, ELISA is a relatively user-friendly
analytical method that offers good sensitivity and selectivity based on the specific
interaction between antigen and antibody. Nevertheless, the traditional ELISA
approach struggles to produce visually distinguishable color changes when the target
analyte is present at low concentrations. Moreover, conventional ELISA also relies on
specialized equipment, such as plate readers, for the detection of trace amounts of

targets, which constrains its suitability for on-site detection of trace amounts of
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analytes. As a promising alternative, paper-based ELISA (p-ELISA) utilizes fibrous
and microporous substrates that offer several benefits, such as increased surface area
of fibers, lower costs, user-friendliness, and enhanced detection sensitivity. However,
the non-uniform structures of papers and fibrous membranes, particularly in the
vertical direction, hinder the penetration of large biomolecules through the
membranes, leading to a lower-than-anticipated amount of biomolecules immobilized
on the surfaces of fibers within the media. This structural characteristic can
potentially decrease the sensitivity of ELISA sensors fabricated using nitrocellulose
membranes, filter papers, and even nanofibrous membranes, resulting in non-uniform
colorimetric signals in p-ELISA sensors®®%!, Therefore, an optimal substrate with a
three-dimensional, homogeneous, and open macroporous structure that allows large
biomolecules to migrate freely in all directions is envisioned as a superior sensing

material for such immunoassay biosensors.

The literature review in Chapter 1 discusses the wide-ranging applications of
Melamine Foam (MF) attributed to its three-dimensional, homogeneous,
macroporous, and reticulated structure. These applications include oil/water
separation, water disinfection, adsorption, strain/stress sensing, and catalysis,
showcasing MF's versatility as a support material. However, the MF has barely been
considered as a material for biosensing, even though it has these properties suitable
for serving as the immunoassay platform. Therefore, I propose the development of a
novel biosensor platform system by integrating immunoassays with foam-like

materials, particularly melamine foam (MF), due to its suitable properties mentioned
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earlier. This new approach, which I have termed foam-based ELISA (f-ELISA), aims
to overcome the drawbacks of traditional ELISA and p-ELISA, and further serves as a
foundation for the development of innovative biosensors targeting a wide range of
analytes. To accomplish this goal, the dissertation is structured into three main

objectives:

1) Design and fabrication of rapid, sensitive, additive, and volume-responsive
colorimetric f-ELISA biosensing platform using chemically modified
melamine foam (MF), which can be applied to different types of ELISA
biosensors.

2) Application of the f-ELISA system in the development of a novel biosensor
for the detection of E. coli O157:H7.

3) Investigation of the versatility and stability of chemically modified MF as a
general platform for the preparation of f-ELISA biosensors using different

sensing agents.

The dissertation presents the research findings in five chapters. Chapter 1 provides an
introduction and literature review. Chapter 2 focuses on the design and fabrication of
a rapid, sensitive, additive, and volume-responsive colorimetric f-ELISA biosensing
platform using chemically modified melamine foam (MF). This platform can be
adapted for various types of ELISA biosensors. In this chapter, a commercially
available MF was chemically modified for competitive, sandwich, and direct ELISA

sensing applications in the first time. Two representative detecting targets were used:
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a SARS-CoV-2 spike protein receptor binding domain (SP-RBD-His), a
transmembrane protein of the SARS-CoV-2 virus attached with a histidine tag, and an
antibiotic, chloramphenicol (CAP). The results demonstrated that the MF-based
sensors could detect SP-RBD-His at a concentration of 0.1 mg L' with the naked eye,
and achieved a limit of detection (LOD) of 0.047 mg L™! when supplemented by a
smartphone. For CAP, the sensors could detect concentrations as low as 1 ng mL™! by
naked eye and 0.096 ng mL ™! with smartphone assistance. The MF materials can be
integrated into an additive testing system, enabling simultaneous detection of two or
more targets. Chapter 2 showcases the potential of f-ELISA and further demonstrates
the high sensitivity, specificity, additive nature, and volume responsiveness of this
novel biosensing platform. Chapter 3 describes the application of the f-ELISA system
in the development of a novel biosensor for the detection of E. coli O157:H7.
Building upon the advantages of f-ELISA using melamine foam (MF) as a medium,
which were demonstrated in the previous chapter, this chapter explores the suitability
of f-ELISA for detecting E. coli O157:H7. Given the larger size of bacterial cells
compared to chemical compounds and proteins, the application of f-ELISA in this
context could fully showcase the benefits of the macroporous features offered by the
chemically modified MF. In contrast to conventional ELISA (c-ELISA), which is
restricted by the limited surface area of a 96-well plate and other p-ELISA methods,
bacteria as antigens can move freely in every direction within this macroporous 3D
matrix. This enhanced freedom of movement facilitates an amplified interaction

between the immobilized antibodies and antigens, leading to substantial enrichment
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and heightened sensitivity in colorimetric detection. The testing process needs less
than 1.5 h to complete both preparation and detection, and the results indicated that
the sensors made of the modified MF materials can detect E. coli O157:H7 at a level
of 10 CFU/mL by the naked eye with a limit of detection (LOD) at 5 CFU/mL when
supplemented by a smartphone. Following a brief enrichment period of 1 h, the
sensitivity was further amplified to 2 CFU/mL, which is considered to be
ultrasensitive for bacteria detection. Chapter 4 investigates the versatility of
chemically modified MF as a general platform for preparing f-ELISA biosensors
using different sensing agents, including antibodies, nanobodies, and peptides.
Incorporating varied ligands expands the f-ELISA system's adaptability and
functionality, making it a versatile and effective diagnostic tool with broader
applications and improved detection processes across various fields. The successful
use of nanobodies and peptides also demonstrates the biosensors' enhanced storage
stability. Chapter 5 serves as the executive conclusion, summarizing the key findings

and insights from the previous chapters.
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Chapter 2. Highly Sensitive Naked Eye Detectable Colorimetric Biosensors Made
from Macroporous Framework Melamine Foams for Onsite and Simultaneous
Detection of Multiple Environmental Hazards in Flowing Through Sensing

Systems
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Abstract

Personal-use, naked eye readable, low-cost, highly sensitive, and selective biosensors
for rapid detection of environmental toxicants are relevant for many application
scenarios. Here, we report the recent developments of highly sensitive and naked eye
distinguishable colorimetric sensors by using commercially available melamine foam
(MF) as basic sensing materials for instant and volume-responsive simultaneous
detection of multiple targets in fluid systems. The MF possesses a unique reticulated
three-dimensional (3D) macroporous framework structure enabling rapid mass transfer
of large biomolecules through the structures in all directions, ensuring easy access of
numerous active binding sites of the chemically modified framework to the proteins
and target molecules, and subsequently providing significantly increased sensitive and
volume-responsive detection of target molecules in flowing through sensor systems.
Promising results in direct, sandwich, and competitive ELISA tests demonstrated great
application potential of the materials. Besides, an additive and simultaneous detection
of two targets in one system was achieved by using different layers of the sensor
materials in a flowing through filtering device. The novel biosensors are expected to
significantly improve the sensitivity and broaden the applications of ELISA in rapid

detections of trace amounts of toxicants in liquid and aerosol systems.

2.1 Introduction

Enzyme-linked Immunosorbent Assay (ELISA) is a common tool that can selectively

and sensitively detect a variety of target analytes, such as antibodies, pesticides,
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antibiotics, proteins, and pathogens®:?-3-4. Conventional ELISA sensors can detect
hazardous chemicals in foods environment and are used in biomedical diagnosis and
chemical quality controls>®’. However, certain limitations of the current ELISA sensing
materials exist, including relatively high cost, lack of scalability and flexibility for
personal use and simultaneous examinations of multi-target chemicals in very low
concentrations, as well as dependence on specialized instrumentation®. As an alternative,
paper-based ELISA (p-ELISA) uses fibrous and microporous platforms with
advantages of increased surface areas of fibers, reduced cost, ease of use, and improved
detection sensitivity®1%111213 However, the heterogeneous structures of papers and
fibrous membranes, especially along the vertical direction, inhibit penetration of large
biomolecules through the membranes, resulting in lower than the expected amount of
biomolecules incorporated onto surfaces of fibers inside the media>16:1" Such a
structural feature could consequently lower the sensitivity of ELISA sensors made by
nitrocellulose membranes, filter papers, and even nanofibrous membranes, resulting in
inhomogeneous colorimetric signals of p-ELISA sensors'®1%%° Thus, an ideal media
with three-dimensional homogenous and open macroporous structure that can allow
large biomolecules migrate freely inside in all directions was envisioned as a better
material for such ELISA biosensors. Macroporous aerogels have some 3D structural
features. However, most aerogels are highly hygroscopic, causing increased non-
specific adsorption of molecules and potentially high false-positive rates, together with
reduced sensitivity and accuracy in applications?’. In addition, most aerogels are not
structurally macroporous in all directions, blocking large molecules from moving
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freely?22324,

Reticulated melamine foam (MF) is an ideal fit to the envisioned materials for
biological sensors. MF has 3D uniformed pore sizes of 60~150 um, large enough for
rapid mass transfer of biomolecules within the media; proper hydrophilicity, high
porosity, and high nitrogen content for various chemical modifications, enabling
covalent immobilization of biomolecules for immunoassay interactions (Figure S2.1);
high elasticity and excellent mechanical properties for fabricating into different filtering
materials; as well as being chemically stable and nonflammable?®. MFs have been
chemically modified for a wide range of applications in water treatments, such as
oil/water separation, water disinfection, adsorption, strain/stress sensing, catalysis, and
so on?®2’. However, the MF has rarely been considered as a material for biological
sensors, even though it has these desired porous structures and properties suitable for

serving as the immunoassay platform 257,

Herein, a commercially available MF was chemically modified for competitive,
sandwich, and direct ELISA sensing applications. A SARS-CoV-2 spike protein, a
transmembrane protein of SARS-CoV-2 virus, attached with a histidine tag, and an
antibiotic, chloramphenicol (CAP), were employed as representatives of various
detecting targets. The results revealed that the sensors made of the MF materials could
detect SARS-CoV-2 spike protein receptor binding domain (SP-RBD-His) at 0.1 mg/L
level by naked eyes, with a limit of detection (LOD) at 0.047 mg/L when supplemented

by a smartphone. In the case of chloramphenicol (CAP), the sensors could detect
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concentrations as low as 1 ng/mL by naked eyes and 0.096 ng/mL with smartphone
assistance. The materials can be fabricated in an additive testing system to

simultaneously detect two or more targets.

2.2 Experimental Section

Information on materials and chemicals, the protocol for measuring diffusion of
biomolecules in the chamber through different membrane materials, and the

characterization of the materials are shown in the supporting information file (2.6.1,

2.6.2, and 2.6.3).

2.2.1 Modification of melamine foam membranes

0.5 g of MF in 1 mm thick slices and 5 mm diameter circular membranes were
immersed into a N, N'-disuccinimidyl carbonate (DSC) modification solution (prepared
by dissolving 5 g DSC and 0.4 g triethylamine (TEA) in 100 mL of 1,4 dioxane). The
mixture was stirred for two hours at 70 °C. The modified membranes (NHS@MF) were
thoroughly washed with 1,4-dioxane for 15 minutes twice and with acetone for 10

minutes and vacuum dried.

2.2.2 Immobilization of proteins

The chemically modified MF membranes (NHS@MF) were immersed into His Tag
monoclonal antibody with Alexa Fluor 647 (Ab-His-647) solution (200 pL) for 30min
and were washed several times using a phosphate-buffered saline (PBS) buffer before

the following measurements. A confocal microscope (FV 1000 system, Olympus
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America) was used to observe the distribution of immobilized proteins on the
membranes. Using a 60x bright field objective and 633 nm (Ar laser) excitation, 665-
755 nm emission was collected for the Ab-His-647 conjugate used in this experiment?.
The images were acquired at 640 x 640 pixels with 12.5 ps/pixel scanning speed.
FTIR was employed to characterize the membrane before and after the modification
and immobilization of proteins following the protocols. Fluorescent signals from Ab-
His-647 conjugate were used to determine the concentration of proteins that are
covalently immobilized on MF membranes according to the calibration curves (Figure

$2.2).

2.2.3 NHS@MF in Direct, Sandwich, and Competitive ELISA applications

Direct and Sandwich ELISA assays were tested on the NHS@MF membranes to detect
a SARS-CoV-2 spike protein receptor-binding domain with His tag (SP-RBD-His)?.
For direct ELISA, 100 pL varied concentrations (ranging between 0 to 100 mg/L) of
the SP-RBD-His were added to the NHS@MF membranes (5 mm in diameter), and an
incubation lasted for 30 min under gentle agitation. Then the membrane was exposed
to 3% BSA (200 pL) to block the remaining active sites on the NHS@MF. Subsequently,
100 pL of 1 mg/L His Tag monoclonal antibody HRP (Ab-His-HRP) was added to each
membrane. After 20 min, the membranes were first washed with a tween-20 (0.05%)
solution and then washed with the PBS buffer and dried in air. 25 pL of TMB substrate
(ThermoFisher) was then applied onto the membranes, and membranes were placed in

an LED lightbox (E mart). The colorimetric signal from the interaction between HRP

45



and TMB substrate was captured by a smartphone (iPhone 8) and analyzed using
Photoshop (Adobe) software®*3!. To take pictures of each result, the smartphone was
placed over membranes at a fixed distance of 50 cm. For Sandwich ELISA, 100 pL of
the 5 mg/L SARS-CoV-2 spike protein RBD recombinant human monoclonal antibody
(Ab-SP) was added to the membrane platform and incubated for 30 min. Then the
membrane was exposed to 200 uL of 3% skim milk to block the remaining active
sites®>33, After the blocking step, 100 uL varied concentrations (ranging between 0 to
100 mg/L) of SP-RBD-His were added to the NHS@MF membranes, and the
incubation lasted for 30 min under gentle agitation. Subsequently, 100 pL of 1 mg/L
Ab-His-HRP was added to each membrane. After 20 min, the membranes were first
washed with tween-20 (0.05%) and then washed with a PBS buffer and dried in air®***.
To obtain the outcome of colorimetric signals, the following steps were the same as in

the direct ELISA.

A competitive ELISA assay was used to detect chloramphenicol (CAP) in aqueous
systems, an antibiotic banned in use in the USA but is still used in other countries. First,
100 pL of 25 mg/L Anti-CAP antibody (Ab-CAP) was added to the membranes and
incubated for 30 min. Then the membrane was exposed to 200 pL of 3% BSA to block
the remaining active sites. After 30 min, 50 pL varied concentrations (ranging between
0 to 100 mg/L) of CAP were mixed with 50 pL of 2 mg/L CAP-labelled horseradish
peroxidase (CAP-HRP) conjugate, and 100 pL of the mixed solution was then added to
each membrane. After 20 min, the membranes were first washed with a tween-20

(0.05%) solution and then washed with the PBS buffer, and lastly dried in air. The
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subsequent experimental steps were the same as the first two experiments. The red
channel values (R value) were read by using the Photoshop color histogram. The R
values were correlated to the concentrations of analytes®®. To further investigate the
dependence of the sample volumes of the materials in different types of immunoassays,
the varied volumes of samples (100 uL, 500 pL, 1 mL, 2 mL) were applied to each
experiment. In this study, except for the addition of varied volumes of analytes, the rest
steps followed the same protocols as we mentioned above. The sample size of all

experiments was 3.

2.2.4 Simultaneous detection of multiple targets

A competitive ELISA assay was used to achieve simultaneous and on-site detection of
multiple targets in samples. First, 100 pL 25 mg/L Ab-CAP and anti-chlorpyrifos
monoclonal antibody (Ab-CPS) were added into two different groups of NHS@MF
membranes separately. Then both groups of the membranes were exposed to 3% BSA
to block the remaining active sites. Afterward, one membrane from the Ab-CAP
immobilized group and one membrane from the Ab-CPS immobilized group were
selected and placed together into a 20 mL syringe needle as a filtration column, as
shown in Figure 2.6b. The order of different layers should be remembered. Then 2 mL
of a mixture of CAP and chlorpyrifos (CPS) in specific concentrations, and 40 pL of a
mixture solution of CAP-HRP and chlorpyrifos HRP (CPS-HRP) in a concentration of
100 mg/L each were filled into the syringe. The filtration flow rate was controlled by a

SyringeONE programmable syringe pump (NewEra Instruments, USA) with a flow rate
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of 6 mL/h. Then the column was successively washed with 20 mL tween-20 (0.05%)
and the PBS buffer. The membranes mounted in the syringe needles were collected
separately, and 25 pL of TMB substrate (ThermoFisher) was then applied to the
membranes. By analyzing the colorimetric signals obtained from the picture of a
smartphone (iPhone 8), simultaneous detection of multiple targets can be achieved on-

site.

2.2.5 Colorimetric data processing

When TMB was added to the membranes, the membranes were placed in an LED
lightbox (E mart), and images were captured through the smartphone camera. The R

channel value of the area of interest was obtained by using Photoshop software.

The red channel (R) values from RGB values represent the color intensity'*?’. Here,
the red channel intensity change could be represented by ARGB value, which was
obtained by the RGB value difference between the white background and each

membrane, as the equation of

ARGB = RGBbackground — RGBmembranes (1)

2.2.6 Statistical analysis

All experiments were repeated three times. Data are expressed as mean + standard
deviations (SD). Intergroup comparison was analyzed by Student’s t-test (two-tailed).

The level of significance was defined as *P <0.05, **P <0.01, ***P <0.001.
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The limit of detection (LOD) was calculated based on the standard deviation of the
response and the slope using 3.36/S, where ¢ is the standard deviation of the response

and S is the slope of the calibration curve.

The correlation coefficient (R) was used to measure the linear correlation between
observed and predicted values. A value of P<0.05 was considered statistically

significant. All statistical analyses were performed using GraphPad Prism 8.0.2.

2.3 Results and Discussion

2.3.1 Molecule Diffusion in Melamine Foam Membranes

Diffusion of large biomolecules in electro-spun microporous and nanofibrous
membranes was proven heterogeneous and very slow in vertical directions due to the
fact of layered nanofibrous mats and significantly reduced effective pore sizes'®. The
framework MF materials possess a unique 3D macroporous fibrous structure and could
allow large biomolecules to penetrate through them without much resistance. A side-
by-side diffusion chamber was employed to measure the transport behavior of
biomolecules through different membranes (Figure 2.1a). Fluorescein isothiocyanate
linked dextran (FITC-Dextran, 40 kDa) and Human IgG (HIgG) were employed as
sample biomolecules to study their diffusion patterns through the MF membranes
because the FITC-dextran and HIgG have similar molecular sizes as horseradish
peroxidase (HRP) (~40 kDa) and immunoglobulin (~150 kDa), respectively, which are
widely used in immunoassays. The concentration changes of HIgG and FITC dextran

in the receiver chamber versus diffusion times of the biomolecule through MF
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membranes in varied thicknesses of 1 mm to 3 mm, nanofibrous membrane (NF), and
nitrocellulose paper (NP) are plotted and shown in Figure 2.1b and Figure 2.1c,
respectively. With the thickness increase of the membranes from 1 mm to 3 mm, the
diffusion times of HIgG to reach the steady-state diffusion slightly rose from 8 min to
10 min, while the FITC-dextran needed shorter times (6 min, 7 min, and 8 min) to reach
the steady state diffusion pattern, respectively (Figure 2.1c). The large HIgG molecules
showed a slower diffusion rate through the membranes. However, compared to the
diffusion performances of the large biomolecules in nanofibrous membranes (PVA-co-

PE) and nitrocellulose papers!®-3°

, which required hours to reach the steady state of
diffusion, the thicknesses of membranes and sizes of biomolecules did not show any
significant impact and can be ignored if the time of interaction between the MF and
substrate is longer than 10 min. Thus, the open framework structure, high porosity, and
large pore size of the MF allow large biomolecules to penetrate through the membranes

without significant mass transfer resistance.
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Figure 2.1. (a) Scheme of a side-by-side chamber used in this research; the correlation
between time and concentration of (b) HIgG (150 kDa) and (¢) FITC-Dextran (40 kDa)
inside receptor chamber with NF, NP, and different thicknesses of MF membranes (1
mm, 2 mm, and 3 mm). (NF =nanofibrous membrane, thickness =0.21 mm; NP

=nitrocellulose paper, thickness =0.18 mm)

2.3.2 Modification and protein immobilization on MF

The melamine foam (MF) is a framework structured material consisting of active
secondary amine groups as shown in Figure S2.1. To covalently immobilize proteins
on the MF, chemical modification of the secondary amino groups on the material is
necessary (Figure 2.2a), which is achieved by using DSC to introduce the N-
hydroxysuccinimide (NHS) functional groups on the material (NHS@MF) that can
readily react with amino groups in proteins®®. The reactions of chemical modification
and protein immobilization on the MF are shown in Figure 2.2b. Fourier-transform
infrared spectroscopy (FTIR) proved successful incorporations of the reactive groups
(NHS) and immobilization of the protein onto the MF, based on the carbonate peak of
NHS@MEF at 1730 cm™ and amide I peak at 1625 cm™ (Figure 2.2¢)**%. DSC reagent
could increase the hydrophobicity of surfaces of materials such as hydrophilic PVA-co-
PE NF membranes®. As shown in Figure 2.2d, the NHS@MTF indeed showed slightly
reduced hydrophilicity of the MF with the water contact angle increased to 81.3° from
0°. Despite the decrease of hydrophilicity, the liquid drop could still completely spread

out on the NHS@MF membranes after around 40 seconds, and the membrane still
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retains the desired hydrophilicity, which can reduce non-specific protein adsorption,
promote protein diffusion through the membrane, and ease the complete removal of any
unbonded substances in each step, subsequently improving sensitivity in detection of
target molecules. After the immobilization of antibodies onto the NHS@MF, there was
an increase in hydrophilicity, which is attributed to the inherent hydrophilic domains of
the antibodies and the interactions between the protein’s hydrophilic regions and water.
The SEM images shown in Figure 2.2a indicate that before and after the modification
and protein immobilization, the morphologies of the MF framework structures stay

intact, with a pore size of around 150 pm and a fiber diameter of around 5 um in the

framework.
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Figure 2.2. (a) Schematic illustration of the protein immobilization on NHS@MF and
SEM images of MF, NHS@MF, and protein immobilized NHS@MF. (b) Reaction of
MF with DSC and proteins. (c¢) FTIR results of MF at different steps: pristine MF,
NHS@MF, and protein immobilized NHS@MF. (d) Water contact angles of MF,

NHS@MF, and protein immobilized NHS@MF.

The diffusion and penetration of proteins through the framework membrane and the
binding between the chemically modified surfaces of the MF and the substrate during
the diffusion process could be visualized by confocal imaging. As shown in Figure 2.3a,
Ab-His-647 could completely penetrate inside the NHS@MF membrane and
homogeneously distribute and become immobilized on the skeleton of the entire

NHS@MF membrane.

The amount of NHS immobilized on the NHS@MF was measured and compared to a
nanofibrous membrane with the same area and treatment conditions (5% DSC in 100
mL 1,4-dioxane at 70 °C)*!, as nanofibers have smaller diameters and higher surface
areas than nitrocellulose paper. Per a unit square meter, the NHS@MF showed a higher
content of immobilized NHS groups than the nanofibrous membrane (NHS@NF)
(Figure 2.3b), which was exactly as we have speculated based on structural analysis.
Structurally speaking, the average diameter of the fibrous frames in MF is significantly
coarse in micrometers, and the surface areas per mass should be several scales smaller
than that of NF and even NP materials. However, even though the nanofibrous

membranes have a higher specific surface area than that of the MF, the overlaid
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nanofiber webs could be further reduced observed and measured pore sizes when the
NF membranes are formed in varied thicknesses. The effective pore sizes, which are
corresponding to the diffusion of molecules through the NF membranes, could be
reduced to one hundredth or thousandth of the measured pore sizes in the vertical
direction'®. Such a structure is perfect for serving as filters, however, not ideal for the
use as biological sensor materials, since diffusion of large biomolecules through NF,
such as HIgG could be significantly reduced, leading to reduced amounts of proteins

loaded onto the inside surfaces of NF membranes'®.

Different from the NF membrane materials, the MF framework structure allows
diffusion and penetration of large molecules through the membranes in high speed and
freedom. As demonstrated in Figure 2.1, there is no size exclusion effect in the MF.
When the NHS@MF membranes were employed in the immobilization of Ab-His-647
at varied concentrations (5 mg/L, 1 mg/L, 0.5 mg/L), the amounts of the antibody used
and immobilized on MF were correlating well (Figure 2.3c), indicating that the large
biomolecules are homogeneously distributed in the MF membrane. Such a structural
feature is quite unique for development of the biological sensors involving the use of
large biomolecules and even cells. Furthermore, as shown in Figure S2.3, the loading
capacity of Ab-His-647 on NHS@MF was higher than both NHS@NF and
nitrocellulose paper per mass, generating more reactive sites for target molecules than

the regular materials used in the p-ELISA sensors.

A direct visualization comparison test was conducted for both MF and NHS@MF in
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the immobilization of antibodies*?. 100 pL of 0.5 mg/L Ab-His-HRP solution was
added onto these two membranes in the same size and thickness, respectively.
Subsequent additions of TMB substrate resulted in blue color in varied intensities.
Figure 2.3d shows that after thoroughly washing, the NHS@MF membranes revealed
color signals with much higher intensity than that of the pristine (MF) membranes,
proving the importance of the DSC modification on the MF structures for

immobilization of proteins.
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Figure 2.3. (a) Protein Immobilization distribution visualized by a laser scanning
confocal microscope (lower ones are in higher magnification ratio). (b) Loaded NHS
amount on NHS@MF and NHS@NF after the modification of DSC (5%). Data are
presented as mean = SD, with n = 3 independent experiments. *P < 0.05 (two-tailed
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Student’s t-test). (c) Immobilized antibody amounts on NHS@MF from 5 mg/L, 1 mg/L,
and 0.5 mg/L of 100 pL of antibody solutions. Data are presented as mean + SD, with
n = 3 independent experiments. (d) Optical images and colorimetric signals generated
from the interaction between immobilized HRP and TMB substrate on NHS@MF and
pristine MF. Data are presented as mean + SD, with n = 3 independent experiments.

**#*¥P < 0.001 (two-tailed Student’s t-test).

2.3.3 Direct ELISA on the melamine foam membranes

To demonstrate the applicability of the MF as biological sensor material, direct ELISA
was employed on the NHS@MF membranes. A SARS-CoV-2 spike protein receptor-
binding domain with C-His tag (SP-RBD-His) in different concentrations from 0 to 100
mg/L was employed in the immobilization reaction on the NHS@MF membranes, and
Ab-His-HRP was introduced to specifically bind with the immobilized protein and
generate colorimetric signals from the reaction between the HRP and TMB substrate
(Scheme 2.1a). To find a proper concentration of HRP and enzyme-substate reaction
time, optimization experiments were conducted as shown in Table S2.1. The
concentration of the Ab-His-HRP at 1 mg/L was identified as the optimal concentration
and a reaction time of 5 min between the TMB substrate and HRP was chosen
accordingly®®. Besides, to demonstrate the specificity of the assay, different control
assays were conducted, and the results were collected and are shown in Figure S2.4. In
addition to the negative control experiments without the use of the HRP, there was no

color or very low response in terms of color change in the absence of SP-RBD-His
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(Figure S2.4).

To explore the sensitivity of the material in detecting target agents, a detection assay
with the use of varied SP-RBD-His concentrations (0 to 100 mg/L) was conducted, and
the naked-eye readable blue color signals corresponding to different concentrations of
the SP-RBD-His are shown in Figure 2.4a. By examining the color intensities via the
Photoshop software following the equation (1)'°, where RGBbackeround is the R value of
the white background (no HRP), and RGBmembranes 1s R value of the NHS@MF
membranes, the linear equation for the colorimetric assay was fitted as y=13.67x+2.48
(R?=0.97) between the protein concentrations of 0.1 mg/L to 1.5 mg/L. Naked eye
recognizable SP-RBD-His reached 1 mg/L level with a limit of detection (LOD) at 0.52
mg/L with the help of a smartphone and further analysis from software for the direct

ELISA sensor (Figure 2.4a).

2.3.4 Sandwich and competitive ELISA on the melamine foam membranes

With these promising results in direct ELISA tests, the NHS@MF membranes were
also employed in sandwich and competitive ELISAs. Again, SP-RBD-His was also
used as the detecting target with a testing protocol shown in Scheme 2.1b. In the
presence of the Ab-SP immobilized on the NHS@MF, the His-tag in SP-RBD-His could
be recognized by the antibody**. Then the introduction of the Ab-His-HRP would
generate colorimetric signals from the reaction between the HRP and TMB substrate as
shown in Scheme 2.1b. To minimize any background signal of control groups (without

primary antibodies), the type and concentration of the blocking buffers were optimized.
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As shown in Figure S2.5, the colorimetric signals of the sample groups blocked with
skim milk were lower than that of the groups blocked with BSA under the same
treatment, while 3% skim milk presented the lowest colorimetric signal among other
concentrations. Therefore, we chose skim milk (3%) as the blocking and dilution buffer

in the following experiments.

To explore the sensitivity of the MF as a sandwich ELISA material, different SP-RBD-
His concentrations (0 to 100 mg/L) were employed, and the naked-eye readable color
signals corresponding to the concentrations of the target are shown in Figure 2.4b. By
examining the intensity of colorimetric signals following the same procedure as in the
direct ELISA, the linear equation for the colorimetric assay was fitted as
y=101.65x+18.03 (R?>=0.99) between 0.01 mg/L to 0.20 mg/L of the protein. Naked eye
recognizable SP-RBD-His concentrations reached 0.1 mg/L level with a limit of
detection (LOD) at 0.047 mg/L with the help of a smartphone and further analysis from
software for a sandwich ELISA sensor, which is consistent with the fact that the
sandwich ELISA tests normally produce more sensitive results than that of the direct

ELISA®.

The MF was employed in competitive ELISA for quantitative detection of
chloramphenicol (CAP) as well, an antibiotic used in aquacultural farming but banned
in the US currently. An antibody (Ab-CAP) was immobilized on NHS@MF, and the
detection procedure is schematically described in Scheme 2.1c¢. Different from the other

two assays, an unlabeled antigen (CAP) in samples and a labeled antigen (CAP-HRP)
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compete for binding to the immobilized antibody on the MF. A decrease in color signal
from the MF membranes indicates the presence of the antigen in samples when
compared to control groups with the labeled antigen. To explore the sensitivity of the
MF in the competitive ELISA, a detection assay using different CAP concentrations (0
to 10000 ng/mL) and measuring corresponding naked-eye readable color intensities are
shown in Figure 2.4c. By examining the intensity of colorimetric signals following the
same procedure employed in both direct and sandwich ELISA assays, a linear equation
for the colorimetric assay was fitted as y = -122.88x + 226.13 (R? = 0.96) between 0.01
ng/mL to 0.20 ng/mL of CAP. Naked eye recognizable CAP concentrations reached 1
ng/mL level with a limit of detection (LOD) at 0.096 ng/mL with the help of a

smartphone and further analysis from the software for a competitive ELISA sensor.

Compared to literature results of other developed ELISA biosensing materials that can
perform onsite detection of both Spike protein and CAP without using any specialized
instruments, the NHS@MF based sensor has the advantage of high sensitivity in short
testing time (Table 2.1). With the use of commercially available material, the
commercial scalability and low cost make the MF more competitive and advantageous

to be a new material for the development of biological sensors.
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Figure 2.4. Optical images and the calibration curve of membranes in the detection of
SARS-CoV-2 spike protein RBD using (a) direct ELISA approach and (b) Sandwich
ELISA. (c) optical image and the calibration curve of membranes treated by varied
concentrations of CAP using a competitive ELISA approach. All data are presented as

mean + SD, with n = 3 independent experiments.
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2.3.5 Impact of sample volumes in immunoassays

Traditional ELISA assays use a very narrow range of sample volumes. Recently, p-
ELISA managed to further scale down the volume through the miniaturization of
sample sizes*®. However, different from point-of-care clinical analysis, pollutants could
be in very low concentrations in various scenarios, such as ground and surface water,
treated industrial wastes, and food samples*’**® but in abundant volumes of samples.
The framework structure of the NHS@MF retains a high content of active sites (Figure
2.3b), and the MF membranes in varied thicknesses did not result in a significant
increase in resistance to fluids (Figure 2.1). While increasing test sample volume could
increase amounts of targets bound on the MF structure and magnify the intensity of
signals, detection of trace amounts of targets could be achieved by flowing varied
volumes of testing solutions through a filtering setup of the MF sensing materials. The
volume responsive performances of the MF materials in three immunoassays were
further investigated with target sample volumes varied in 100 pL, 500 pL, 1 mL, and 2
mL, respectively. Here, except for the added volumes of the analytes, the testing steps
were the same as the protocols used in the earlier discussions. As shown in Figure 2.5a,
in a direct ELISA sensing test, by changing the sample volume from 100 pL to 2 mL,
the color intensities of the MF sensing material changed dramatically under varied
target concentrations of 0.1 mg/L, 0.5 mg/L, and 1 mg/L of SP-RBD-His, respectively.
The colorimetric sensing signal intensities of a direct ELISA sensor made of the
NHS@MF showed consistent increases as the volumes of the samples in three different

concentrations were raised. Higher target concentration resulted in much stronger signal
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intensity, while for the very low concentration (0.1 mg/L) of SP-RBD-His, the intensity
was increased coordinately with the increase of the sample volume (Figure 2.5a).
Similar results were observed on the sandwich assay tests of the SP-RBD-His on the
NHS@MF (Figure 2.5b) as well. In competitive ELISA tests, the signal intensity
inversely changed corresponding to increased concentrations of CAP from 50 ng/mL to
200 ng/mL, respectively (Figure 2.5c). In all three types of ELISA sensing tests,
increasing sample volumes led to profoundly stronger colorimetric signal differences
for target concentrations respectively, demonstrating the potential in improving the
sensitivity and broadening the ranges of detection limits. Compared to other sensing
materials, such a unique feature of the NHS@MF allows sensors to handle varied
sample volumes (Table 2.1) and potentially as a flowing through filtering sensor system

for large volume target solutions.
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Figure 2.5. Effect of the sample volume in color signal intensities of (a) direct ELISA,
(b) Sandwich ELISA, and (¢) Competitive ELISA. All data are presented as mean + SD,

with n = 3 independent experiments.

62



Table 2.1 Comparison of colorimetric sensors for detection of SARS-CoV-2 spike

protein (SP-RBD) and chloramphenicol (CAP) without employing any instrument.

Target Sensing Capture reagent Assay/Signal Sample  Time LOD* Ref.
Materials volume  (min)
SP Nitrocellulose N-acetyl LFIA/Color/ 50 uL 30 5 mg/L 51
RBD paper neuraminic acid naked eye
Nitrocellulose Glycopolymers LFIA/Color/ 25 puL 25 3.1 mg/L 52
membrane naked eye
Nitrocellulose Cellular receptor LFIA/Color/ 100 pL 30 0.5 mg/L 53
membrane (ACE2) phone
NHS@MF NA ELISA/Color/ 100 pL-2 90 0.52 mg/L This
phone mL work
NHS@MF Anti-spike protein ~ ELISA/Color/ 100 pL-2 60 0.047 mg/L This
antibody phone mL work
CAP Nitrocellulose Anti-CAP antibody  ELISA/Color/ 2mL 10 0.3 ng/mL 54
membranes Scanner
Cellulose Paper LacZ DNA ELISA/Color/ 2 uL 120 100 ng/mL 55
discs Scanner
96 well plates Anti-CAP antibody  ELISA/color/ 100 pL 2.5h 10 ng/mL 36
phone
Nitrocellulose ~ Anti-CAP antibody ELISA/Color/ 100 pL 45 1 ng/mL 36
membranes phone
Nanofibrous Anti-CAP antibody ELISA/Color/ 100 pL 45 0.1 ng/mL 36
membranes phone
NHS@MF Anti-CAP antibody  ELISA/Color/  100uL- 40 0.096 This
phone 2mL ng/mL work

*LOD =Limit of detection *LFIA =Lateral flow immunochromatographic assays

2.3.6 Simultaneous detection of multiple targets

The structural features of the MF membranes also provide potential in additive sensing
of multiple targets simultaneously in a flowing through filtering sensor system. As
illustrated in Figure 2.6a, antibodies (Ab-CAP and Ab-CPS) of CAP and CPS were
immobilized on two different NHS@MF membranes, respectively. After blocking with
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the BSA buffer, these two membranes (5 mm in diameter) were mounted into a syringe
needle pocket as a filtering sensing device, and 2 mL of a mixture of CAP and CPS in
varied concentrations, together with CAP-HRP and CPS-HRP in a concentration of 1
mg/L each, was filled into a 20 mL syringe and flow through the filtering needle with a
flow rate of 6 mL/h, controlled by a SyringeONE programmable syringe pump
(NewEra Instruments, USA) (Figure 2.6b). As shown in Figure 2.6c, nine groups of the
sample mixtures were tested and collected through the sensing device following the
varied concentrations of CAP and CPS in Figure 2.6c¢. The intensity of the colorimetric
signals of the first-layer membranes showed an increasing trend, and that of the second-
layer membranes showed a decreasing trend, indicating that simultaneous detection of
CAP and CPS could be achieved without any interference of the two targets in the same
system, an advantage of potential additive detection of multiple targets in one system.
The total testing time was less than 40 min from running the sample liquid through the

sensor to the completion of tests.
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Figure 2.6. (a) Schematic illustration of the mechanism of simultaneous multiple on-
site targets detection. (b) Photograph demonstrated the fast-flow device driven by a
syringe pump. (c¢) Optical image and ARGB values of membranes treated by the mixture
of varied concentrations of CAP and CPS using a competitive ELISA approach. All data

are presented as mean = SD, with n = 3 independent experiments.
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2.4 Conclusions

Unique rapid, sensitive, additive, and volume responsive colorimetric sensor materials
were fabricated from using chemically modified framework melamine foam (MF),
which can be applied in competitive, direct, and sandwich ELISA biosensors. The MF
sensor materials demonstrated promising detection sensitivity to a SARS-CoV-2 spike
protein with histidine tag (SP-RBD-His), a transmembrane protein of the SARS-CoV-
2 virus, and chloramphenicol (CAP), often used as an antibiotic. Naked eye
recognizable SP-RBD-His reached a 1 mg/L level with a limit of detection (LOD) at
0.52 mg/L when supplemented by a smartphone for the direct ELISA sensor. In the case
of the sandwich ELISA sensor, it's capable of detecting SP-RBD-His at a concentration
of 0.1 mg/L by the naked eye and can reduce the LOD to as low as 0.047 mg/L with the
help of a smartphone. In addition, using a competitive ELISA, chloramphenicol (CAP)
can be detected at 1 ng/mL level with the naked eye and at 0.096 ng/mL with the help
of a smartphone. Moreover, due to the excellent mechanical properties and framework
structure of the MF, diffusion of the analyte through the different membrane layers is
fast and homogeneous in all directions, making the MF suitable for the simultaneous
detection of trace amounts of two or more targets in samples with large volumes in one
integrated system. The successful fabrication of such sensor materials is expected to
improve the sensitivity and broaden the applications of ELISA sensors for onsite and

personal uses.
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2.6 Supporting Information

2.6.1 Chemicals and materials

N, N’-disuccinimidyl carbonate (DSC), triethylamine (TEA), 1,4-dioxane, acetone,
phosphate-buftered saline (PBS), chlorpyrifos polyclonal antibody, pierce BCA protein
assay kit, nitrocellulose paper, and 96-well plates were purchased from ThermoFisher
Scientific. A SARS-CoV-2 spike protein receptor-binding domain with C-His tag (SP-
RBD-His) was purchased from Sino Biological. Chloramphenicol (CAP), Chlorpyrifos
(CPS) solution, human immunoglobulin G (HIgG), and fluorescein isothiocyanate
(FITC) linked dextran (FITC-Dextran, 40 kDa) were purchased from Sigma-Aldrich.
Anti-CAP antibody (Ab-CAP) and CAP-labelled horseradish peroxidase (CAP-HRP)
were purchased from Abcam (Cambridge, MA, USA). Anti-chlorpyrifos monoclonal
antibody (Ab-CPS) and chlorpyrifos (HRP) (CPS-HRP) were purchased from CD
Creative Diagnostics. 6x-His Tag Monoclonal Antibody (HIS.H8) Alexa Fluor 647
(Ab-His-647), 6x-His Tag Monoclonal Antibody (HIS.H8) HRP (Ab-His-HRP) and
SARS-CoV-2 Spike Protein (RBD) Recombinant Human Monoclonal Antibody (Ab-
SP) were purchased from Thermo Fisher. Melamine foams were purchased from

Swisstek (Swisstek Manufacturer).

2.6.2 Measurement of diffusion of biomolecules in MF

Diffusions of the dextran (FITC-Dextran, 40 kDa) and Human IgG (HIgG, 150 kDa) in
the melamine foam (MF) of different thicknesses were measured by using a side-by-

side diffusion chamber (PermeGear Co.), consisting of two 3.4 mL chambers (donator
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chamber and receptor chamber) with a 9 mm orifice. Nanofibrous membrane (NF) ,
nitrocellulose paper (NP), and MF membranes with different thicknesses (1mm, 2mm,
3mm) were placed between the two chambers separately, and the chambers were tightly
sealed and placed in a water bath to maintain a temperature at 25 °C. To prewet the
membranes, 3 mL of a PBS solution was added to each chamber individually for 15
min. Then, 0.3 mL of a solution (10 g/L of Dextran-FITC or HIgG in PBS buffer) was
injected into the donor chamber. Throughout the tests, stirring bars were placed in both
chambers at a speed of 750 rpm. At regular time intervals, 50 puL of the sample solution
was taken from each chamber and replaced with the same amount of PBS buffer
solution for 15 min. The concentrations of the FITC-Dextran and HIgG can be obtained
with a microplate reader (SpectraMax iD3 multi-Mode) according to calibration curves
shown in the supporting information (Figure S2.2). Then, the protein concentration in
the receptor chamber at increasing time periods can be utilized to determine the

diffusion properties of the biomolecules through the MF membranes.

2.6.3 Characterizations

The morphologies of the MF before and after the modification were observed by a
scanning electron microscope (Quattro ESEM, Thermo Scientific). The thickness of the
MF membranes was measured through an electronic micrometer thickness gauge
(Neoteck). The amount of NHS on the DSC modified MF (NHS@MF) membrane was
measured by following a BCA protocol. After drying in a vacuum oven for 10 min, the

membrane was placed in 1 mL of a working solution prepared by mixing 50-parts
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bicinchoninic acid (BCA) reagent A with 1-part CuzSO4 reagent B.

The NHS amount can be obtained with a micro-plate reader by calibration curves, as

shown in Figure S2.2.

2.6.4. Chemical structure of melamine foam and SEM-EDS results
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Figure S2.1. Chemical structure of melamine foam and SEM-EDS results
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2.6.5. Calibration curves of FITC-dextran, HIgG, NHS group, and an antibody

conjugated with fluor Alexa 647

(a)
018 + y =0.0001x +0.0523
R’=0.9974
0.16 o
0.14 o
@
(%)
=
© 012
2
[=]
a
@ 0104
0.08 o
0.06 o
T T T T T T T T T T T
0 200 400 600 800 1000
Concentration (mg/L)
(b)
0154
y =0.0001x +0.0363
R’= 0.9991
@ 0104
o
f =
©
2
o
(7]
o
o
0.05 4

T T T T
0 500 1000
Concentration (mg/L)

y =0.2551x + 0.186
R®=0.9951

absorbance

T T
0 5 10

concentration (g/L)

77



(d)

y = 788508x - 26963
R®=0.9901

Intensity

0 ' i ' 2
Concentration (mg/L)

Figure S2.2. Calibration curves for (a) HIgG, (b) FITC-dextran, (c) NHS, and (d) an

antibody conjugated with Alexa 647

2.6.6 Comparison of immobilized antibodies on MF, NF, and NP
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Figure S2.3. Immobilized antibody amounts on NHS@MF, NHS@NF, and
nitrocellulose paper (NP) from 1 mg/L of 100 pL of antibody solution. Data are
presented as mean + SD, with n = 3 independent experiments. *P < 0.05 (two-tailed

Student’s t-test).
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2.6.7 Optimization experiments for direct ELISA sensor

100 pL of the SP-RBD-His in a concentration of 5 mg/L were added to the NHS@MF
membranes and incubated for 30 min under gentle agitation; the membranes of the
control groups were immersed in PBS during the incubation. Then the membranes were
exposed to 3% BSA (200 nL) to block the remaining active sites. Subsequently, 100 uL
of Ab-HIS-HRP with different concentrations ranging from 0.1 mg/L to 2 mg/L were
added to the membranes, respectively. After 20 min, the membranes were first washed
with tween-20 (0.05%) and then washed with PBS buffer and dried in air. 25 pL of
TMB substrate (ThermoFisher) was then applied onto the membranes, and membranes
were placed in an LED lightbox (E mart). The colorimetric signal from the interaction
between HRP and TMB substrate was captured by a smartphone (iPhone 8) and
analyzed using Photoshop (Adobe) software. The difference of ARGB values between
the sample (2 mg/L SP-RBD-His) and control (no SP-RBD-His) groups with the
treatment of varied concentrations of Ab-HIS-HRP were recorded in Table S2.1 along
with different reaction times between the TMB substrate and HRP.

Table S2.1. Data from the optimization tests for HRP concentrations and reaction times

between HRP and TMB substrate.
Concentration 2 1 0.75 0.5 0.25 0.1
Time (min) mg/L mg/L mg/L mg/L mg/L mg/L
1 152.04 141.36 93.49 92.61 60.97 28.12
5 122.94 16113 158.99 154.24 142.09 119.11
10 109.14 132.33  142.11 14465 150.67 150.65
15 78.94 99.69 129.48 136.86 14566  149.88
20 69.01 88.44 119.46  130.35 147.13 154.04
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2.6.8 Specificity of the assay
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Figure S2.4. Specificity of the assay. (a) Images of the NHS@MF membranes with
different treatments after the addition of TMB substrate: 100 uL SP-RBD-His (2 mg/L);
200 uL BSA (3%); 100 uL SP-RBD-His (2 mg/L), and then 200 pL. BSA (3%); 200 uL
BSA (3%) and then 100 uL. Ab-HIS-HRP (1 mg/L); 100 pL. Ab-HIS-HRP (1 mg/L);
100 uLL SP-RBD-His (2 mg/L), 200 nL. BSA (3%), and then 100 pL. Ab-HIS-HRP (1
mg/L). (b) The bar diagram for the ARGB observed from the images. Data are presented

as mean + SD, with n = 3 independent experiments.

2.6.9 Optimization of the type and concentration of the blocking buffer

The NHS@MF membranes were exposed to 1%, 3%, and 5% BSA solution and 1%,
3%, and 5% skim milk solution, respectively. The membranes were then immersed into

10 mg/L SP-RBD-His for 20 min and then exposed to 1 mg/L. Ab-HIS-HRP under
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gentle agitation for 20 min subsequently. The results were then collected after several

times washing with the PBS buffer.
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Figure S2.5. Blocking optimization. Optical images and the intensity of colorimetric

signals of 1%, 3%, 5% BSA treated membranes and 1%, 3%, 5% skim milk treated

membranes. Data are presented as mean + SD, with n = 3 independent experiments.

2.6.10 Optical image without cropping

L 00ee

Figure S2.6. Optical image of sensing test of NHS@MF after the material was exposed

to different concentrations of CAP. (without image crop)

81



Chapter 3. Rapid and Ultrasensitive Colorimetric Biosensors for Onsite Detection

of Escherichia coli O157:H7 in Fluids
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Abstract

This study presents a breakthrough in the field of onsite bacterial detection, offering an
innovative, rapid, and ultra-sensitive colorimetric biosensor for detection of
Escherichia coli (E. coli) O157:H7, using chemically modified melamine foam (MF).
Different from conventional platforms, like 96-well plates and fiber-based membranes,
the modified MF features a macroporous reticulated three-dimensional(3D) framework
structure, allowing fast and free movement of large biomolecules and bacteria cells
through the MF structure in every direction and ensuring good accessibility of entire
active binding sites of the framework structure with the target bacteria, which
significantly increased sensitive and volume-responsive detection of whole-cell
bacteria. The biosensing platform requires less than 1.5 h to complete the quantitative
detection with a sensitivity of 10 CFU/mL, discernible by the naked eye, and an
enhanced sensitivity of 5 CFU/mL with the help of a smartphone. Following a short
enrichment period of 1 hour, the sensitivity was further amplified to 2 CFU/mL. The
biosensor material is volume responsive making the biosensing platform sensitivity
increase as the volume of the sample increases and highly suitable for testing large-
volume fluid samples. This novel material paves the way for volume-flexible
biosensing platforms for the record-fast, onsite, selective, and ultra-sensitive detection

of various pathogenic bacteria in real-world applications.

3.1 Introduction

Foodborne illnesses represent significant public health challenges worldwide®. Among
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these, E. coli O157:H7 is a particularly concerning pathogen because of its low
infectious dose and severe health consequences?®. This specific serotype of E. coli can
cause diseases varying from diarrheal illness to hemorrhagic colitis and hemolytic
uremic syndrome, which can lead to kidney failure or death in extreme cases. E. coli
O157:H7 was reported of causing an estimated 63,000 hemorrhagic colitis illnesses
annually in the United State*°. Its low infectious dose, high pathogenicity, and a
potential risk of contamination in water and food sources make it a significant threat to
food safety and public health®’. Currently, the detection of existence of E. coli 0157:H7
in food and water samples has relied heavily on conventional methods including
culture-based assays, polymerase chain reaction (PCR), and isothermal
amplification®>1%1!, While these methods have proven effective over time, they possess
several limitations. The culture-based assay, with its high reliability and sensitivity, is
considered the gold standard in the field of bacterial detection?. However, it is time-
intensive (2-3 days) and requires highly trained personnel, making it unsuitable for
rapid onsite detection'®>. PCR's exceptional sensitivity is counterbalanced by its need

14,15 " Tgothermal

for expensive equipment and complex preparation procedures
amplification methods amplify DNA at a consistent temperature, contrasting the
temperature cycling of PCR. While adept at detecting pathogens in trace amounts, this
method can be hindered by complex primer design and contamination risks, potentially
leading to a high false-positive rate'®. Other methods, including flow cytometry, gas
chromatography (GC), Fourier transform infrared spectroscopy (FTIR), and Raman

spectroscopy, etc., also require professional tools, being both costly and time-
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consuming®”!8, The existing diagnostic methods prove challenging to implement in
low-income countries, where high mortality rates prevail due to a lack of adequate
diagnostic tools!®?°. Therefore, there has been a pressing need for a more efficient,

affordable, and rapid detection method to combat this public health threat.

Currently, paper-based colorimetric biosensors were reported capable of detecting
pathogenic bacteria in food and water with naked eyes?-??. The straightforward design
and operation of the paper-based ELISA (p-ELISA) colorimetric sensing systems make
them an appealing choice for on-site detection systems, which are disposable and
potentially operatable by untrained personnel?>2425262' However, a variety of technical
challenges restrict their use in assessing food safety in terms of microbial contamination.
Detecting a small number of pathogenic bacteria within a large volume of a food or
water sample proves difficult by using these conventional systems because of their
relatively low detection sensitivity. Additionally, the complexity of food matrices—
including existence of fats, proteins, saccharides, fibers, and various salts—can
significantly affect the separation of target bacteria from the other contents in food or
water sample and the subsequent color development reaction. A key factor contributing
to the limitations of p-ELISA is the layered fiber mat structures of the papers and fibrous
membranes formed during the manufacturing processes, making the sensor media
heterogenous in their vertical direction from other directions. The inconsistency in the
direction significantly impedes the penetration of large biomolecules through the p-
ELISA media, leading to less incorporation of biomolecules on fiber surfaces inside the

media in comparison to the outside surfaces?. Even though the media is often described
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as having a three-dimensional structure, the inner part of the materials is seldom fully
utilized. Particularly when whole cells of microorganisms are used as antigens, their
micrometer sizes restrict them from diffusing and penetrating, and even if they manage
to traverse the layered narrow porous structure, they often become trapped and are
difficult to wash off through the system?. This structural characteristic may cause
inhomogeneous colorimetric signals, strong sample matrix effects, and high false-
positive rates of the sensors, additionally reducing the sensitivity of p-ELISA sensors
fabricated from use of filter papers and nitrocellulose or nanofibrous membranes®.
Hence, an ideal medium for ELISA bacteria biosensors is conceptualized as a

homogenous, three-dimensional, and macroporous structure, enabling unrestricted

bacterial cell migration in every direction.

In our previous studies, we demonstrated that the foam-based ELISA (f-ELISA) using
melamine foam (MF) as a medium offers unique advantages®.. It was proven to be rapid,
sensitive, additive, and volume-responsive across different types of approaches,
including direct, competitive, and sandwich ELISA by detecting SARS-CoV-2 spike
protein and chloramphenicol (CAP). In this context, we believe that f-ELISA is even
better suited for E. coli O157:H7 detection, given the larger size of bacteria compared
to chemical compounds and proteins. The application of the f~-ELISA in the detection
of bacteria cells could fully demonstrate the advantages of the macroporous features
offered by the chemically modified melamine foam. In contrast to conventional ELISA
(c-ELISA), which is restricted by the limited surface area of a 96-well plate, and other

p-ELISA methods, bacteria as antigens can move freely in every direction within this
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macroporous 3D matrix. This enhanced freedom of movement facilitates an amplified
interaction between the immobilized antibodies and antigens, leading to substantial
enrichment and heightened sensitivity in colorimetric detection. The testing process
needs less than 1.5 h to complete both preparation and detection, and the results
indicated that the sensors made of the modified MF materials can detect E. coli
O157:H7 at a level of 10 CFU/mL by naked-eye with a limit of detection (LOD) at 5
CFU/mL when supplemented by a smartphone. Following a brief enrichment period of
1 hour, the sensitivity was further amplified to 2 CFU/mL. Interestingly, the sensitivity
increases as the volume of the sample increases, making this sensing material highly
suitable for testing large-volume fluid samples, such as milk, drinking fluids,
agricultural water, etc. In essence, this study paves the way for a rapid, sensitive, and
volume-flexible biosensing platform, using E. coli O157:H7 as a proof of concept,
which holds promise for the rapid and ultra-sensitive detection of various pathogenic

bacteria in real-world applications.

3.2 Experimental Section

3.2.1 Materials

N, N’-disuccinimidyl carbonate (DSC), triethylamine (TEA), 1,4-dioxane, acetone,
phosphate-buftfered saline (PBS), 3,3',5,5'-Tetramethylbenzidine (TMB), and 96-well
plates were purchased from ThermoFisher Scientific. Escherichia coli O157 mouse
anti-E. coli monoclonal antibody (Ab-E. coli) and E. coli rabbit anti-E. coli polyclonal

(HRP) antibody (Ab-E. coli-HRP) were purchased from Lifespan Biosciences (Shirley,
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MA, USA). Melamine foams were purchased from Swisstek (Brewster, NY, USA).
Maximum recovery diluent (MRD) was purchased from Sigma-Aldrich (Louis, MO,
USA). Phosphate buffer solution (PBS), tryptic soy broth (TSB), and tryptic soy agar
(TSA) were purchased from Fisher Scientific (Fair Lawn, NJ, USA). All other
chemicals were of analytical grade and were supplied by Merck (Darmstadt, Germany).
Rifampin-resistant E. coli O157:H7 (ATCC700728), E. coli BL21 (ATCC BAA-1025),
and Listeria innocua (ATCC 33,090) were obtained from ATCC (Manassas, VA, USA).
MacConkey agar was supplied from Difco (Sparks, MD, USA). SYBR Green I nucleic
acid stain (10 x concentrate) was purchased from Invitrogen (Carlsbad, CA, USA).
Programmable syringe pump was purchased from NewEra Instruments (Suffolk County,

NY, USA).

Morphologies of all MF based samples were analyzed using a scanning electron
microscope (Quattro ESEM, Thermo Scientific). Electronic micrometer thickness
gauge (Neoteck) was used to measure the thickness of the MF membranes. Ultraviolet—
Visible spectrophotometer (UV-Vis, Evolution 600, Thermo Fisher) was used to
measure the absorbance of bacteria solution. Laser scanning confocal microscope
(Olympus FV1000) was used to obtain fluorescence microscopy Images. A light
panel (57x4”, LP-100N) was employed to provide consistent lighting for capturing

images of the sample results.

3.2.2 Bacterial culture and sample preparation

An overnight E. coli O157:H7 culture was developed and transferred by using a loop
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from stored bacteria TSA plates, which were prepared following a reported method®?,
into 10 mL of sterile TSB, followed by incubation at 37°C with constant shaking at 200
rpm. After incubation of 16-hours, the E. coli culture reached a concentration of 10°
CFU/mL. This overnight culture was centrifuged at 13,000 rpm for 1 minute to harvest
the bacterial cells, which were washed twice and resuspended in sterile PBS. The E.
coli suspension (10° CFU/mL) was then diluted in PBS to achieve varying bacterial

concentrations.

3.2.3 Measurement of diffusion of biomolecules and bacteria

The diffusions of E. coli O157:H7 through the melamine foams (MF) in three different
thicknesses, nitrocellulose paper (NP), and nanofibrous membrane (NF) were measured
using a side-by-side diffusion chamber (PermeGear Co.)*. MF membranes at different
thicknesses (1-3mm), as well as NP and NF, were separately placed between the two
chambers, which were tightly sealed in a water bath with a temperature of 25 °C. To
pre-wet the membranes, each chamber was filled with 3 mL of a PBS solution for 15
minutes. Following this, 3 mL of E. coli O157:H7 suspension (10’ CFU/mL) was
injected into the donor chamber. Stirring bars were set in both chambers, operating at a
speed of 750 rpm throughout the tests. At regular time intervals, 1 mL of the sample
solution was extracted from each chamber and added back to the chambers after the
measurement via UV-Vis at the wavelength of 600 nm3. The concentration of E. coli
O157:H7 was determined with the UV-Vis, based on calibration curves provided in the

supporting information (Figure S3.1). The subsequent analysis of bacteria
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concentration in the receptor chamber over increasing time intervals allowed for an

assessment of the diffusion properties of the biomolecules through the MF membranes.

3.2.4 Vertical flow test through materials

The vertical flow test was carried out by separately placing MF membranes at different
thicknesses (1-3 mm), NP and NF in the bottom of a 20 mL syringe creating a filtration
column (Figure S3.2). A 1 mL of E. coli O157:H7 suspension at a concentration of 10°
CFU/mL was passed through the columns containing the different testing matrices. The
collected filtrates were serially diluted and plated for bacterial counting using TSA
containing 0.05 g/L rifampicin, which allows the growth of the inoculated rifampicin-
resistant E. coli O157:H7 with prevention contamination from the tested matrices. After
passing 10 mL sterile PBS to replace any remaining bacterial solutions, the different
membranes were transferred into a sterile centrifugal tube (15 mL size) containing 1
mL of a releasing buffer (MRD with 0.01% lecithin), which were incubated for 2 min
then vortexed vigorously for 1 min to recover any captured bacterial cells*>. The
quantification of the recovered bacterial cells was performed by the same serial dilution

and plate counting method using the TSA (containing 0.05 g/L rifampicin).

3.2.5 Foam-based ELISA platform preparation

A typical chemical structure of melamine foams is shown in Figure S3.3. The chemical
modification processes of MF were same as reported in a previous publication (Figure
S3.4a)’!. The MF samples were all in the circular form of 1.0 mm thickness and 5.0

mm diameter. The structures of MF and DSC modified MF membranes (NHS@MF)
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samples were characterized by FTIR with spectra same as the ones reported in literature
(Figure S3.4b)*!. Then, a 100 uL of Ab-E. coli solution (10 mg/L) was added to the
NHS@MF membranes and incubated for 30 min at room temperature. After the
antibodies immobilization, the remaining active sites were blocked using 200 puL of 3%

skim milk (SKM), we defined the material as Ab@NHS@MF.

3.2.6 Foam-based ELISA in E. coli O157:H7 detection

The analytical performance of the biosensing platform-based MF (f-ELISA) was
evaluated by adding 200 pL of E. coli O157:H7 at varied concentrations (ranging
between 0 to 107 CFU/mL) to the f-ELISA membranes. The incubation process
continued for 30 min with mild shaking. After incubation, any unbound bacteria were
removed by washing with PBS buffer. Subsequently, 100 uL of Ab-E. coli-HRP (1
mg/L) was applied to each membrane. After incubation of 20 minutes, the membranes
were washed with a PBST solution (PBS plus 0.05% v/v tween-20), followed by a rinse
with PBS buffer and subsequent air drying. Next, 35 pL of TMB substrate was added
onto the membranes, and color images of the membranes were obtained following the

method in the literature’!.

In order to further investigate the impact of the sample volume on E. coli O157:H7
detection, varied volumes of the bacterial samples (from 100 pL to 10 mL) were

employed in experiments following the above protocol.

To ensure the long-term efficacy and repeatability of the f-ELISA system, we examined
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the stability and activity of stored antibodies on the modified MF. The Ab@NHS@MF
membranes were treated using 10% sucrose as a stabilizer followed by freeze-
drying®*3%. They were stored at a consistent temperature of 4°C and assessed over a
duration of 90 days. At predetermined time intervals, aliquots were retrieved and

utilized in the f-ELISA assay to detect E£. coli O157:H7 following the same protocols.

3.2.7 Fluorescence images of E. coli O157:H7 cells captured by Ab@NHS@MF

E. coli O157:H7 cells harvested from centrifuging 1 mL of its overnight culture at
13,000 rpm for 1 min were washed twice and resuspended with sterile PBS. A 100 pL
of 10x SYBR green I was added and incubated in the dark for 5 min. Afterward, the
labeled bacterial cells were recovered, washed with sterile PBS three times to remove
the excess SYBR green I dye, and resuspended with sterile PBS. The labeled E. coli
suspension was diluted in PBS to obtain a cell concentration of 10> CFU/mL. Then, 100
uL of E. coli O157:H7 (10° CFU/mL) were added to the Ab@NHS@MF membranes
and allowed for incubation for 30 min under mild shaking. Afterward, the membranes
were washed with PBST and then with PBS buffer and followed by air-drying. A laser
scanning confocal microscope (Olympus FV1000) with a tetramethylrhodamine-
isothiocyanate (TRITC ex 541 nm/ em 572 nm) filter was employed to acquire
fluorescence Images of the SYBR green I labeled E. coli, with the assistance of image

processing software ImagelJ to convert the acquired fluorescence image files from TIFF

into JPG®6.
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3.2.8 Detection of E. coli O157:H7 in real samples

The irrigation water sample was collected from the Campbell tract at the University of
California, Davis, the Solano County District agricultural irrigation water
system(Agwater). The Agwater sample was autoclaved to remove any background
noise created by the Agwater. Then, the autoclaved Agwater sample was spiked with E.
coli O157:H7 in a concentration range of 10 -10* CFU/mL. Non-spiked autoclaved
Agwater sample was employed as a control. For analysis of the samples using f-ELISA,
the Ab@NHS@MF membrane was mounted into a syringe needle pocket, 5 mL of the
prepared sample solution was loaded into a 20 mL syringe and flowed through the
filtering media in the needle at a controlled flow rate of 10 mL/h using a syringe pump
(NewEra Instruments, USA). Moreover, a non-autoclaved Agwater sample was tested
without spiking using the f-ELISA and the achieved results were compared with the
plate counting assay approach using a selective medium (MacConkey agar plates). The
presence of red colonies on the MacConkey agar plates indicates the presence of E. coli

O157:H7 in the Agwater sample.

3.2.9 Colorimetric data processing

Upon the addition of TMB substrate to the Ab@NHS@MF membranes, they were
positioned inside an LED lightbox and on a light panel (5”x4”, LP-100N) with an
illuminance of 12000 lux. Images were taken using a smartphone camera (iPhone 14pro

max) fixed at 50 cm above the membranes. The intensity of the color was represented

by the red channel (R) from the RGB values obtained from Adobe Photoshop (2022)

93



following Equation 1.

ARGB = RGBbackground — RGBmembranes (1)

where RGBbpackground represents the R value of the white background (without HRP), and

RGBmembranes 1 R value of the Ab@NHS@MF membranes.

3.2.10 Statistical analysis

All assays for the study were performed in triplicate. The data are presented as mean +
standard deviations (SD). Intergroup comparisons were analyzed using Student’s t-test
(two-tailed). The level of significance was defined as *P<0.05, **P<0.01,

kAP <0.001.

The linear relationship between observed and predicted values was assessed using the
correlation coefficient (R). A P-value of less than 0.05 was considered statistically

significant. All statistical analyses were conducted using GraphPad Prism version 8.0.2.

3.3 Results and Discussion

3.3.1 Filtering and Diffusion Test of Bacteria in MF Membranes

Diffusion of large molecules and particles in chartaceous materials is heterogeneous
and notably slow in vertical directions of the materials because of the layered fiber mat
structure and substantially decreased effective pore sizes?®. However, the homogeneous
3D macroporous framework structure of the MF materials in all directions enable the

penetration of large biomolecules or particles moving around with minimal resistance.

94



Based on our previous studies®!, we found that compared to the diffusion performances
of the biomolecules in various sizes (40 kDa to 150 kDa) in nanofibrous membranes
and nitrocellulose papers, which need several hours to achieve a steady state of
diffusion, the thicknesses of the MF materials and sizes of protein molecules did not
exhibit noticeable effect and could be considered negligible if the duration of interaction
between MF and the substrates extends beyond 10 minutes. However, the diffusion
properties of bacteria in the macroporous MF materials could be different, as bacteria
cells are in significantly larger dimensions than proteins and other biomolecules—with
lengths ranging from 1 to 10 microns and widths between 0.2 to 1 micron®®. Thus, as
depicted in Figure 3.1a, a side-by-side diffusion chamber was utilized to investigate the
diffusion behaviors of E. coli O157:H7, aligning with our focus on this bacterial strain
in subsequent experiments using the innovative f-ELISA system. The concentration
changes of E. coli O157:H7 in the receiver chamber represent the bacterial cells that
have diffused through the MF materials with thicknesses of 1.0 mm, 2.0 mm, and 3.0
mm, or through nanofibrous membrane (NF) and nitrocellulose paper (NP),
respectively, for a duration of 18 min, and the results are plotted in Figure 3.1b. In both
nanofibrous membranes [poly(vinyl alcohol-co-ethylene), PVA-co-PE] and
nitrocellulose papers, the diffusion of E. coli O157:H7 required several hours to attain
a steady state. Conversely, in all MF membranes, regardless of their thickness, the
steady state of diffusion was achieved in less than 11 min. The variation in
concentrations observed in the MF membranes with different thicknesses could be

attributed to the fact that the increased thickness in MF corresponds to a greater material
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volume. This increased volume can potentially retain more of the bacterial solution,
resulting in a slightly reduced concentration in the Receptor Chamber upon reaching
steady state. The diffusion test simulates the process of the MF membranes
encountering with bacteria solution samples under a specific stirring rate. As evidenced
by the results, the highly porous and homogeneous framework structure and macropore
size of the MF materials allow easy penetration of whole bacterial cells through the
media with minimum resistance. This facilitates the thorough exposure of the MF’s 3D
framework to pathogens in liquid form, substantially augmenting the likelihood of
interactions between the immobilized antibody and E. coli O157:H7, increasing the
sensitivity in pathogen detection of the f~-ELISA media. A liquid filtering test was also
conducted to evaluate the potential application of the MF media in additive filtering
sensing devices (Figure S3.2). As shown in Figure 3.1c, minimal amount of E. coli
O157:H7 was trapped when the solution flew through a 1 mm thick MF membrane, and
only slight increases in trapped bacteria cells were observed for the 2 mm and 3 mm
thick MF membranes. Both NF and NP could trap or block more bacterial cells with
significantly reduced concentrations of the bacteria shown in the filtered solutions. The
non-specific adsorption results of each medium after buffer wash were consistent with
the vertical flow test (Figure 3.1d). Besides, the non-specific binding of E. coli
O157:H7 on the MF membranes of varying thicknesses (I mm to 3 mm) was
investigated, and the results revealed that while the 1 mm thick MF membrane showed
no measurable non-specific bacterial binding, the 2 mm and 3 mm membranes, due to

their increased volumes, retained relatively more bacteria solutions, as evidenced in
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Figure 3.1d, which highlights the use of Imm MEF in the sensors. In contrast, NP and
NF samples exhibited significant retention of the bacteria. This retention could elevate
the background in biosensors using these two materials as detection platforms,
potentially increasing the false-positive rate, and reducing the sensitivity of the assay.
Therefore, the Imm thick MF was selected for subsequent tests to optimize the accuracy

and sensitivity of the f-ELISA for E. coli O157:H7 detection.
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Figure 3.1. (a) Scheme of the used side-by-side chamber; (b) the correlation between
diffusion time and concentration of E. coli O157:H7 diffused through NF, NP, and MF
in different thicknesses. (c) Vertical flow test of E. coli O157:H7 solution (at 10*
CFU/mL concentration) through various materials: NF, NP, and MF with different
thicknesses, with each material positioned at the base of a syringe. (d) The unspecific
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adsorption of E. coli onto the tested materials after buffer wash. (NF thickness
=0.21mm; NP thickness =0.18mm). Data are shown as mean + SD, based on n = 3

independent experiments. *LOD =Limit of detection.

3.3.2 Capture of E. coli O157:H7 based on Ab@NHS@MF

As our previous results indicated, the covalent immobilization of proteins onto the MF
was achieved by chemically modifying the secondary amino groups of the melamine
polymer following the reported method (Figure S3.3)*!. The chemical modification and
protein immobilization reactions on the MF are depicted in Figure S3.4. The successful
incorporations of the reactive N-hydroxysuccinimide (NHS) groups to the MF and
formation of NHS@MF were confirmed with the band of 1730 cm™ in Fourier-
transform infrared spectroscopy (FTIR)®. The antibody loading capacity on the
NHS@MF exceeded the capacities on both NHS@NF and nitrocellulose paper, when
compared by mass, resulting in considerably high number of interactive sites for target
bacterial cells than those on the materials used in p-ELISA sensors®!. After the
immobilization of anti-E. coli O157:H7 antibodies, the Ab@NHS@MF should be able
to capture the target bacteria specifically from the liquid samples as illustrated in Figure
3.2a. From SEM characterization results, it is evident that the morphology of the MF
framework structures remains unchanged after the chemical modification, protein
immobilization, and bacteria capture (Figure 3.3a-c). As demonstrated in Figure 3.3b,
in the absence of immobilized antibodies on the material, no unspecific binding was

observed. This suggests a low background in subsequent f-ELISA tests, corroborating
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the results from the diffusion and vertical flow tests mentioned earlier. Furthermore, as
shown in Figure 3.3¢,3.3d, it is very clear that when the Ab@NHS@MF membranes
were used in the capture of E. coli O157:H7 in varied concentrations (10° and 10°
CFU/mL), the amounts of the bacteria used and captured on the MF media were related.
From the results of the fluorescent microscope, after being modified with anti-E. coli
0O157:H7 antibodies, blocked with SKM, and incubated with E. coli O157:H7 solution
at a concentration of 10’ CFU/mL, the difference in signal intensities of NHS@MF and
Ab@NHS@MF is statistically significant, and the green dots, representing the bacterial
cells, homogeneously distribute through the framework of the entire membrane (Figure
3.3e-g). Given these attributes, f-ELISA could be a highly promising platform for

detecting whole-cell antigens.
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Figure 3.2. Schematic illustration of preparation and use of foam-based sandwich
ELISA (f-ELISA). (a) Immobilizing antibodies and capturing bacteria; (b) Adding
HRP-labeled secondary antibody and enzymatic substrate TMB to generate color

signals, and obtaining images using a smartphone.
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Figure 3.3. SEM images of (a) Pristine MF, (b) NHS@MF after incubation with E. coli
0157:H7 solution (10° CFU/mL); (c) Ab@NHS@MTF incubated with E. coli 0157:H7
solution (10° CFU/mL); (d) Ab@NHS@MTF after incubation with E. coli O157:H7
solution (10> CFU/mL). Fluorescent microscopic images of (¢) NHS@MF and (f)
Ab@NHS@MF, after incubation with E. coli O157:H7 solution at a concentration of
107 CFU/mL. Data are shown as mean + SD, based on n = 3 independent experiments.

*#%P < 0.001 (two-tailed Student’s t-test).

3.3.3 Analytical performance of f-ELISA

The f-ELISA sensing system, rooted in its novel approach for detecting whole-cell
antigens, showed great potential in the initial experiments. In the following section, we
will detail the performance metrics of this innovative system, focusing on its specificity
and sensitivity. The general f-ELISA procedure of detecting E. coli O157:H7 is shown
in Figure 3.2. In the presence of the anti-E. coli O157:H7 antibodies immobilized on

the NHS@MF, the E. coli O157:H7 is recognized and then captured by the MF based
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sensor media. Then the addition of Ab-E. coli-HRP to the system and its reaction with
TMB leads to the generation of colorimetric signals. By analyzing the colorimetric
signals of the f-ELISA obtained from the pictures taken by a smartphone (Figure 3.2b),

the detection of bacteria can be achieved on-site.

First, the optimization of experimental conditions, including the concentrations of
antibody and HRP, and reaction time of HRP with TMB substrate, were conducted, with
results shown in Figure S3.5. The optimal concentrations of Ab-E. coli and Ab-E. coli-
HRP were identified as 5 mg/L and 2 mg/L, respectively, and a reaction time of 6 min
was selected for the interaction between TMB substrate and HRP. To attest the
specificity of the assay, we carried out an array of control experiments, including the
tests without Ab-E. coli-HRP, Ab-E. coli, SKM, or target, respectively. The data from
these controls, shown in Figure S3.6, further confirmed the robustness of the f-ELISA

SEnsor.

Besides the negative control experiments that did not utilize HRP, there was either no
color development or a minimal color response in scenarios where Ab-E. coli was
absent, as illustrated in Figure S3.6, aligning perfectly with the results of SEM and

fluorescent microscope (Figure 3.3).

To assess the sensitivity of the f-ELISA for detecting target agents, a detection assay
was carried out using 200 puL samples with concentrations of E. coli O157:H7 ranging
from 0 to 107 CFU/mL. The visually discernible blue color signals in varied intensities

correspond to different E. coli O157:H7 concentrations, as shown in Figure 3.4a.
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Through analysis of the color intensities using Photoshop software and applying
equation (1), a linear equation for the colorimetric assay was determined as y=0.0749x
+ 26.499 (R?=0.989) between the bacteria concentrations of 50 CFU/mL to 10°
CFU/mL (Figure 3.4b). Based on Figure 3.4a, the color signal for E. coli O157:H7 at
50 CFU/mL level was naked-eye readable, while a limit of detection (LOD) of 10
CFU/mL was achieved using a smartphone acquired image and further analysis of the
image from Photoshop for the f-ELISA sensor.
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Figure 3.4. (a) Optical images and the calibration curve of the MF media in the
detection of E. coli O157:H7. (b) Linear equation for the colorimetric assay was fitted
to be y= 0.0749x+ 26.499 (R*= 0.989) between 50 and 10° CFU/mL. Data are shown

as mean £ SD, based on n = 3 independent experiments.

3.3.4 Impact of sample volumes in immunoassays

Traditional ELISA assays are typically operated within a limited range of sample

volumes. Recent innovations, particularly with p-ELISA, have pivoted towards
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miniaturization, leading to even smaller sample volumes, which are suitable for most
biological samples. However, unlike point-of-care clinical analysis, pathogens might
exist at very low concentrations in different sources such as various ground and surface
water, food samples, and treated industrial wastes. Large volumes of those samples are
available and meaningful for the detection of low concentrations of pathogens. Due to
the fact that the MF materials in different thicknesses did not lead to a significant
increase in fluid resistance (Figure 3.1) and no non-specific retention of the targeted
microorganism, amplifying the test sample volume allows for a larger number of
pathogen binding on the MF structure, thereby increasing the signal intensities.
Consequently, even trace amounts of pathogens become detectable when large volumes
of test solutions are passed through the foam sensing material. The volume-responsive
performances of the f-ELISA were extensively investigated with E. coli O157:H7
solution at different volumes: 100 puL, 200 uL, 500 puL, 1 mL, 2 mL, 5 mL, and 10 mL.
Apart from the alterations in analyte volumes, all other testing steps were the same as
the protocols used in the previous discussions. As shown in Figure 3.5a, it is clear that
different volume sizes produced varying calibration curves. Importantly, when the
sample volume was increased from 100 pL to 2 mL, the sensitivity of the f-ELISA in
detecting E. coli O157:H7 improved significantly, reducing the LOD to 5 CFU/mL
(Figure 3.5b). Due to the unique macroporous structure of the MF facilitates large
volume liquid samples can flow without any hindrance, maximizing contact, reactivity,
and effective use of the available surface area. Thus, the increase in f-ELISA sensitivity
with larger sample volumes can lead to the enhanced probability of antigen-antibody
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interactions in increased volume of fluids, creating a stronger signal from accumulated
targets. This distinctive structural feature of the f-ELISA sensors makes it suitable in
detecting fluid samples in varied volumes and also functioning as a flow-through

filtering sensor system for large-volume target solutions with low fluid resistance.

Compared to other sensing materials listed in Table 3.1, conventional ELISAs using
96-well plates exhibit a limit of detection (LOD) of 10* CFU/mL, requiring at least two
hours to complete the tests**. Paper-based ELISAs on Whatman paper reached a LOD
of 10* CFU/mL within 3 hours*'. The foam-based ELISA (f-ELISA) significantly
advanced the field with a LOD of 5 CFU/mL achieved in just 56 minutes when 2 mL
of aqueous sample was tested, making it more sensitive and less time-consuming than
most other optical biosensors, as shown in Table 3.1. These capabilities highlight the
suitability of the f~-ELISA for applications where rapid and highly sensitive on-site

detection of bacteria is essential.
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Figure 3.5. (a) Calibration curves generated using varying sample volumes for the

detection of E. coli O157:H7. (b) Influence of sample volume on the colorimetric signal
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intensities in the f-ELISA method. Data are shown as mean + SD, based on n = 3

independent experiments.

3.3.5 Enhanced sensitivity through pre-enrichment

To further enhance the biosensor's sensitivity, we incubated the target specimen in the
TSB medium for an hour under 37°C prior to the f-ELISA detection. Consequently, the
colorimetric signal of 2 mL E. coli O157:H7 at a concentration of 2 CFU/mL became
discernible through analysis of images taken by a smartphone (Figure 3.6). Even though
an extra hour is needed, the overall time taken by the f-ELISA-based biosensor,
including incubation, remains under 2 hours, a duration that is relatively rapid for

detecting bacteria concentrations.
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Figure 3.6. Optical images and the colorimetric signals before and after 1h enrichment
of E. coli O157:H7 at various concentrations. Data are shown as mean + SD, based on

n = 3 independent experiments. **P < 0.01 (two-tailed Student’s t-test).

Table 3.1. Comparison of optical biosensors for detection of E. coli O157:H7

Sensor platform Capture reagent LOD (CFU/mL) Time Application Reference
Whatman paper Antibody 10° <5 hours urine 0
Whatman filter paper Antibody 10* <3 hours lixivium samples “a
Wax-printed paper Antibody 104 2.5 hours Beef samples a2
PDA vesicle Antibody 10* 2 hours Fecal samples and water 43
96-well plate Antibody 104 2 hours Green tea sample a4
GO-Fe304 Aptamer 467 30 min Complex biological samples 45
Iron quantum cluster amino acids 8.3x10° 30 min Urine, tap water A
T-bacteriophage PPO 1ccp phage 1 15 hours Apple juice M
Functionalized Gold NPs Reduce exogenous 102 1 hour complex artificial sepsis blood 48
Chemically modified MF Antibody 5 56 min Agricultural water and milk This work
Chemically modified MF Antibody 2 2 hours Agricultural water and milk This work

*LOD =Limit of detection *PDA = Polydiacetylene *GO = Graphene oxide

3.3.6 Selectivity of f-ELISA

The selectivity of the developed f-ELISA biosensing platform was evaluated using
various bacterial strains: Pseudomonas fluorescens, Listeria innocua, Listeria
monocytogenes, Salmonella enterica, and E. coli BL21. In our tests, only E. coli
O157:H7 produced a discernible colorimetric signal, as illustrated in Figure 3.7.
Intriguingly, even a different strain of £. coli (BL21) failed to yield a significant signal,
underscoring the good selectivity of the immobilized antibody on this biosensor. This
specific reaction with only E. coli O157:H7 and the non-reactivity with other bacterial
strains provides confidence in the applications of the f-ELISA-based biosensor. It offers

the potential for accurate pathogen detection in real-world scenarios without being
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affected by the presence of other bacterial strains.

140 4 .
1 Control
120 < Pseudomonas fluorescens
i Listeria innocua
100 — Listeria monocytogenes
Salmonella enterica
i - E. coliBL21
m 80+ - E. coli O157:H7
) ]
14
<1 60+
40 -
| T
20 I
| - 1 i I
0

Figure 3.7. Selectivity of f-ELISA toward E. coli O157:H7 detection in comparison
with other bacteria strains, including Pseudomonas fluorescens, Listeria innocua,
Listeria monocytogenes, Salmonella enterica and E. coli BL21. The concentration of
each bacteria strain used in this experiment is 10° CFU/mL. Data are shown as mean +

SD, based on n = 3 independent experiments. ***P < (0.001 (two-tailed Student’s t-test).

3.3.7 Real Sample Analysis

To investigate the efficiency of the f-ELISA in real-world scenarios of E. coli O157:H7
detection, we designed artificially contaminated milk samples bought from a local
grocery market and agricultural water (Agwater) collected from the irrigation facility

at UC Davis, California. The MF membrane was mounted into a syringe needle pocket,
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5 mL of a sample solution was loaded into a 20 mL syringe and flowed through the MF
in the needle with a controlled flow rate of 10 mL/h (Figure 3.8a). For each test, E. coli
O157:H7 was detectable at a concentration of 10 CFU/mL with a sample volume of 5
mL in a flowing-through filtering sensor system demonstrated in Figure 3.8b and Figure
S3.7. Interestingly, for the non-sterilized agricultural water, the f-ELISA's colorimetric
intensity was just above that of a 10 CFU/mL spiked sample. Subsequent culture plate
assays confirmed the presence of E. coli O157:H7 at 12 CFU/mL in the agricultural
water sample by using SMAC as a selective and differential medium for the detection
of E. coli O157:H7, which aligns with the biosensor results (Figure 3.8c). The bacteria
colonies grown in the TSA medium indicated that there were some other strains of
bacteria that existed in the Agwater (Figure 3.8c). This instance effectively confirms
the biosensing platform’s specificity and precision. Overall, the results suggest that the
developed f-ELISA biosensor is reliable and accurate in detecting E. coli O157:H7 in

complex matrices.
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Figure 3.8. (a) The scheme illustrated the sensing of E. coli O157:H7 in agricultural
water and the photograph showcased a rapid-flow device operated by a syringe pump.
(b) Optical images and ARGB values of membranes treated by different concentrations
of E. coli O157:H7 in spiked samples, sterilized Agwater, and non-sterilized Agwater.
(c) Whole plate images of bacterial cultures upon exposure to non-sterilized agricultural

water. Data are shown as mean + SD, based on n = 3 independent experiments.

3.3.8 Storage Stability Evaluation for f-ELISA

Oxidation, isomerization, and hydrolysis prevent the antibody from existing long-term
in the liquid state, diminishing the efficiency of the antibody-antigen interaction®®. In

contrast, when antibodies are immobilized on a solid phase, they can retain their activity
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for an extended period®. To ensure the long-term efficacy and repeatability of the f-
ELISA system, we examined the stability and activity of the stored f-ELISA biosensing
platform. The Ab@NHS@MF membranes were prepared using 10% sucrose as a
stabilizer followed by freeze-drying®®. They were stored at a consistent temperature of
4°C and assessed over a period of 90 days. At predetermined time intervals, sample
membranes were retrieved and utilized in the f-ELISA assay to detect E. coli O157:H7
following the same protocols. The results indicate that the antibodies stored at 4°C
maintained their activity for up to 80 days, showing minimal variation from the results
obtained with fresh Ab@NHS@MF membranes (Figure S3.8). Therefore, with the
employment of sucrose as a stabilizer for antibodies, prolonged storage without

compromising the efficiency of the f-ELISA system can be achieved.

3.4 Conclusion

The development and evaluation of a novel f-ELISA biosensor for the detection of E.
coli O157:H7 are presented here. This sensor, constructed with NHS@MF, possessing
a macroporous reticulated three-dimensional (3D) framework structure, demonstrated
high sensitivity, specificity, and selectivity, outperforming other conventional methods
presented in the literatures. The method required less than 56 min to complete the
detection and demonstrated a sensitivity of 10 CFU/mL, with color signals discernible
by the naked eye, and an enhanced sensitivity of 5 CFU/mL with the help of a
smartphone. Following a brief bacteria enrichment period of 1 hour, the sensitivity was

further amplified to 2 CFU/mL. Interestingly, the sensitivity increases as the volume of
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the sample increases, making this method highly suitable for testing large-volume
samples, such as milk, agricultural water, etc. In essence, using E. coli O157:H7 as a
proof of concept, this work not only paves the way for improved bacterial detection in
environmental and food samples but also introduces f-ELISA as a new model that could

be adapted for other pathogens and contaminants.
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3.6 Supporting Information

3.6.1 Measurement of diffusion of bacteria in MF
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Figure S3.1. Calibration curve for E. coli O157:H7 at the wavelength of 600 nm.

3.6.2 Vertical flow test through materials

Figure S3.2. Photograph demonstrating the liquid filtering test using syringes and vials.
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3.6.3 Reagent modification and protein immobilization
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Figure S3.3. Chemical structure of melamine foam
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Figure S3.4. (a) Reaction of MF with DSC and proteins and (b) FTIR results of MF

and NHS@MF.
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3.6.4 Optimization experiments for the detection of E. coli O157:H7
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Figure S3.5. Optimization of (a) the reaction time between HRP and TMB substrate;
(b) the concentration anti-E. coli O157:H7 antibodies used for immobilization; (c) the
concentration of Anti-£. coli O157:H7 antibodies conjugated with HRP used as the

secondary antibody in f-ELISA.

3.6.5 Specificity of the assay
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Figure S3.6. Specificity of the assay. Images of the NHS@MF membranes with
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different treatments after the addition of TMB substrate: 100 pL Ab-E. coli (5 mg/L),
200 pL skimmed milk (SKM) (3%), 200 pL E. coli 0157:H7 (107 CFU/mL), and 100

uL Ab-E. coli-HRP (2 mg/L) were used accordingly. The bar diagram for the ARGB
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was observed from the images. Data are presented as mean = SD, with n = 3

independent experiments.

3.6.6 Onsite detection of E. coli O157:H7 in spiked mike samples
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Figure S3.7. Optical image and ARGB values of membranes treated by different
concentrations of E. coli O157:H7 in spiked milk samples. Data are presented as mean

+ SD, with n = 3 independent experiments.
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3.6.7 Antibody Storage Evaluation for f-ELISA
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Figure S3.8. Long-Term Stability Assessment. The Ab@NHS@MF membranes were
prepared by using 10% sucrose as a stabilizer followed by freeze-drying. They were
stored at a consistent temperature of 4°C and assessed over a period of 90 days. Data

are presented as mean = SD, with n = 3 independent experiments. *C = Control group
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Chapter 4. Versatility and Stability of Melamine Foam-Based Biosensors (f-

ELISA) Using Antibodies, Nanobodies, and Peptides as Sensing Probes

Melamine Foam (MF)
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Abstract

Macroporous three-dimensional (3D) framework structured melamine foam-based
Enzyme-Linked Immunosorbent Assay (f-ELISA) biosensors were developed for rapid,
reliable, sensitive, and on-site detection of trace amount of biomolecules and chemicals.
Various ligands can be chemically immobilized onto the melamine foam, which brings
in the possibility of working with antibodies, nanobodies, and peptides, respectively, as
affinity probes for f-ELISA biosensors with improved stability. Different chemical
reagents can be used to modify the foam materials, resulting in varied reactivities with
antibodies, nanobodies, and peptides. As a result, the f-ELISA sensors produced from
these modified foams exhibit varying levels of sensitivity and performance. This study
demonstrated that the chemical reagents used for immobilizing antibodies, nanobodies,
and peptides could affect the sensitivities of the f-ELISA sensors, and their storage
stabilities under different temperatures varied depending on the sensing probes used,
with f-ELISA sensors employing nanobodies as probes exhibiting the highest stability.
This study not only showcases the versatility of the f-ELISA system but also opens new
avenues for developing cost-effective, portable, and user-friendly diagnostic tools with

optimized sensitivity and stability.

4.1 Introduction

Enzyme-linked immunosorbent Assay (ELISA) has long been a gold standard method

for selective and sensitive detection of biomolecules in medical diagnostics and

1,2,3

monitoring environmental pollutants . However, the use of professional lab
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equipment and operation, together with relatively lengthy and complicated procedures,
and limited adaptability and scalability, affects the personal and on-site applications of
the method*®. In response to these challenges, paper-based ELISA (p-ELISA) emerged
as a more portable and user-friendly alternative®. By simplifying the operational
complexity, they opened the door to field applications, especially in resource-limited
settings 8. Despite these advancements, p-ELISAs still face significant drawbacks,
including compromised sensitivity and difficulties in quantifying results accurately®.
The observed limitations of the p-ELISA are partly attributed to its inherent layered
fiber mat structure, which leads to heterogeneity in the sensor media, particularly in the
vertical direction of the medial®. This inconsistency restricts the penetration of larger
biomolecules through the matrix, resulting in a lower incorporation rate of
biomolecules on the internal fibers than on the external surfaces!’2. Although often
described as three-dimensional, the internal parts of these materials are not fully utilized

in practice®.

A foam-based ELISA (f-ELISA) using macroporous framework melamine foams (MF)
as a platform was developed to overcome the constraints of paper-based systems*°,
This platform of the f-ELISA matrix features a macroporous, reticulated, three-
dimensional framework structure, enabling free movement of biomolecules in varied
sizes in every direction inside. Besides, this interconnected framework promotes
chaotic and vortex mixing, thereby increasing the frequency of contacts between

biomolecules and surfaces of the framework media, leading to improved efficiency and

effectiveness in the detection of target molecules. The f-ELISA has shown effectiveness
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in rapid and sensitive detection for various targets, such as SARS-CoV-2 spike protein,
chloramphenicol, and pathogens, using different ELISA techniques like direct,
competitive, and sandwich assays'*!>. Additionally, the f-ELISA system uses covalent
bonding to immobilize sensing probes instead of using other intermolecular interactions.
This strategy ensures a more stable and permanent attachment of small or large proteins
to the platform, significantly enhancing coating efficiency and overcoming the

limitations of the physical adsorption of smaller molecules.

However, there are several challenging questions on this system to be answered,
including the chemical immobilization process, which may lead to varied interactions
and activities with the proteins in different sizes serving as probes, and stability of the

f-ELISA biosensors, especially the storage stability.

In the ELISA system, antibodies, as the classical choice, are well-established as
indispensable reagents!®-17-18  Their remarkable specificity and affinity for target
antigens make them ideal for capturing and detecting specific molecules in complex
samples'®. Furthermore, antibodies can be easily conjugated to enzymes or fluorescence
tags, enabling the quantification of target analytes with precision?>?!, On the other hand,
variable heavy (VHH) single domain antibodies, or nanobodies, sourced from
Camelidae family, offer distinct advantages in assay development??-2%-24 They are
simpler to produce and standardize compared to traditional monoclonal or polyclonal
antibodies, contributing to more consistent and reliable assays?. Their smaller size,

about one-tenth that of conventional antibodies, does not compromise their affinity?®?’.
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Additionally, nanobodies exhibit enhanced stability and are more easily modified,
making them increasingly popular as therapeutics and analytical reagents?®:29-30
Another sensing probe, peptide, a short chain of amino acids, offers a unique set of
advantages in ELISA applications®!*>*3, Custom-designed peptides can mimic specific
epitopes, facilitating the development of highly specific assays®*. Moreover, peptides
are cost-effective and can be easily synthesized, making them an attractive economical

option333637,

In this context, use of different chemical modification methods and different sensing
probes with varied structural and bioconjugation features in f-ELISA system were
investigated in this study, which can reveal the versatility of the f~-ELISA matrix. By
preparing the performance of f-ELISA biosensors made from using different chemical
reactions and varied probes, we can compare the f~-ELISA biosensor’s adaptability and
stability of storage, making it a versatile and effective tool in diagnostics, offering
broader applications, and improving detection processes in various fields. Additionally,
with the successful incorporation of nanobodies and peptides, the biosensors could also
demonstrate the robustness of the f-ELISA matrix for potentially broadened

commercial applications.

4.2 Experimental Section

4.2.1 Materials

N, N’-disuccinimidyl carbonate (DSC), cyanuric chloride (CC), 1,1'-

Carbonyldiimidazole (CDI), triethylamine (TEA), 1,4-dioxane, acetone, phosphate-
127



buffered saline (PBS), 3,3',5,5'-Tetramethylbenzidine (TMB), goat anti-Mouse IgG
secondary antibody with HRP, 6x-His Tag Monoclonal Antibody (HIS.H8) HRP (Ab-
His-HRP), Pierce™ BCA Protein Assay Kit, and 96-well plates were purchased from
ThermoFisher Scientific (Pittsburgh, PA). The SARS-CoV-2 spike protein active trimer
with His tag (S-protein-His) (CatalogNo. SPN-C52H) was purchased from ACRO
Biosystems (Newark, DE). Anti-Human IgG (Fab specific) antibody (Ab-HIgG) and
Human IgG (HIgG) were purchased from Sigma-Aldrich (Milwaukee, WI). Goat anti-
human IgG (Fc) antibody with HRP (Ab-HIgG-HRP) was purchased from Bio-Rad
Laboratories (Hercules, CA). All Fmoc-protected amino acids were purchased from P3
Biosystems (Louisville, KY) and Chem-Impex International, Inc. (Wood Dale, IL).
Melamine foams were purchased from Swisstek (Swisstek Manufacturer). The
preparation of microsomal epoxide hydrolase (mEH), anti-mEH nanobodies (Nb-mEH),
and anti-human mEH monoclonal antibodies (Ab-mEH) was described in the previous

works®,

4.2.2 Chemical modifications of melamine foam

The modification of melamine foam using DSC was illustrated in a previous
publication'®. For the modification using CC, the process is described below: 0.5 g of
MF samples of 1 mm thickness and 5 mm diameter were first immersed in a 3 mol/L
NaOH solution at 5°C for 30 minutes. Following this, they were washed with deionized
water and then immersed in a 0.1 g/mL CC solution (prepared by dissolving 5 g of CC

in 50 mL of 1,4-dioxane) at room temperature for 2 hours. After the treatment, the
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samples were thoroughly rinsed with water and acetone, and then vacuum dried. To
modify MF using CDI, the samples (0.5 g, 1 mm thickness, 5 mm diameter) were
immersed in 0.1 g/mL CDI solution (prepared by dissolving 5 g of CDI in 50 mL of
DMF). After 6 h incubation under room temperature, the resulting samples were
thoroughly washed with N, N-dimethylformamide (DMF), and acetone, and

subsequently dried under vacuum conditions.

4.2.3 Characterizations

The morphology of the modified MF samples was examined using a scanning electron
microscope (Quattro ESEM, Thermo Scientific). This allowed for detailed observation
of the structural changes resulting from the different modification processes applied to
the membranes. The chemical structures of MF, DSC-modified MF membranes
(NHS@MF), CC-modified MF membranes (CC@MF), and CDI-modified MF
membranes (CDI@MF) samples were characterized by using FTIR spectrometer
(Nicolet 8700, Thermo Nicolet Co., USA) at a wavenumber range (4000 cm - 500
cm ). The water contact angles of the membranes were measured when a small droplet
of water came into contact with the surface, and the images were captured by a Dino-
Lite camera (Dunwell Tech. Inc., USA). This procedure helps in assessing the

hydrophobic or hydrophilic nature of the membranes before and after the modifications.

4.2.4 Peptide synthesis

The L10-2 peptides were synthesized by solid phase peptide synthesis through Fmoc

chemistry®. In general, Rink Amide MBHA Resin (~0.5 mmol/g, P3 BioSystems,
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Louisville, KY) was soaked in DMF for 2 hours before usage. In DMF, the peptides
were synthesized by a CEM Liberty Blue microwave peptide synthesizer using ethyl
cyanohydroxyiminoacetate (Oxyma) and diisopropylmethanediimine (DIC) as
coupling reagents and 4-methylpiperdine for Fmoc deprotection. After the peptide
coupling, global deprotection and cleavage were performed by TFA cocktail (TFA :
Water : Triisopropylsilane = 95% : 2.5% : 2.5%, v/v) for 2 hours at room temperature.
The TFA cocktail was drained and concentrated, and the peptides were precipitated by
cold ether. The crude peptides were purified by C-18 HPLC (LC-20AR liquid
chromatograph suite, Shimadzu). We also synthesized variants of the L.10-2 peptides,
namely L10-2a, L10-2b, and L10-2c, by incorporating one, two, or three §-amino-3,6-

dioxaoctanoic acid (AEEA) spacers, respectively, at the N-terminus of each peptide.

4.2.5 Immobilization and optimization of immunoprobes

Immobilization of Antibodies: The modified MF membranes (NHS@MF, CC@MF and

CDI@MF) were immersed in a 100 pL solution of antibody (Ab-HRP) with a
concentration of 100 mg/L. This incubation was carried out for 30 minutes. Following
incubation, the membranes were washed using PBS buffer in preparation for
subsequent measurements, as detailed in the colorimetric data analysis section of the
study. The amount of the immobilized antibodies on these membranes was determined
by the bicinchoninic acid (BCA) protein assay via a micro-plate reader and the
calibration curve of antibody concentration versus absorbance response was shown in

the supporting information (Figure S4.1a).
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Immobilization of nanobodies: The chemically modified MF membranes were

immersed in a 100 pL solution of biotinylated nanobody (Bt-Nb) with a concentration
of 100 mg/L. This incubation was carried out for 30 minutes. Following incubation, the
membranes were washed using PBS and then immersed in 100 pL streptavidin HRP
conjugate (SA-HRP) solution with a concentration of 1 mg/L and incubated for 30
minutes under mild shaking. Lastly, the membranes were washed again using PBS
buffer in preparation for subsequent measurements, as detailed in the following
colorimetric data analysis section. The amount of the immobilized nanobodies was also
determined by the bicinchoninic acid (BCA) protein assay with the calibration curve

shown in Figure S4.1b.

Immobilization of peptides: The chemically modified MF membranes were immersed

in a 100 pL solution of biotinylated L10-2 peptide (Bt-L10-2, 0.1%) for 30 minutes
with mild shaking and then washed with PBS buffer. Subsequently, the membranes
were immersed in 100 pL Streptavidin Alexa Fluor™ 647 conjugate solution (1 mg/L)
and incubated for 30 minutes with mild shaking. Afterward, the membranes were
washed again using PBS buffer and then their fluorescent intensities were measured by
a microplate reader at the wavelength of 647 nm. The amounts of immobilized peptides
were determined using a pierce quantitative fluorometric peptide assay following the

protocol®’, with the calibration curve shown in Figure S4.1c.

4.2.6 Assay procedures of foam-based ELISA

Antibody Assay: A volume of 100 pL of Ab-HIgG solution with a concentration of 5
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mg/L was added onto the CC@MF membranes and left to incubate for 30 minutes at
room temperature under gentle agitation. After the antibody was immobilized, the
membranes were treated with 200 pL of 3% skim milk (SKM) as a blocking agent and
incubated for 30 minutes to block any unbound active sites. Following the steps of
immobilization and blocking, the resulting membranes were designated as
Ab@CC@MF. Then, 100 pL of HIgG at various concentrations (0 to 50 mg/L) was
added to Ab@CC@MF membranes and incubated for 30 minutes with mild agitation.
Following this, 100 pL of 1 mg/L Ab-His-HRP was applied to each of the
Ab@CC@MF membranes. The incubation of the membranes with Ab-His-HRP lasted
for 20 minutes. After the incubation, the membranes were first washed with 0.05%
tween-20 and then with PBS buffer in preparation for subsequent measurements, as

detailed in the colorimetric data analysis section of the study.

Nanobody Assay: A volume of 100 uL. of Nb-mEH solution with a concentration of 2

mg/L was added onto the CC@MF membranes and left to incubate for 30 minutes at
room temperature under gentle agitation. After the nanobody was immobilized, the
membranes were blocked using 200 pL of 3% skim milk (SKM) and incubated for 30
minutes to block any unbound active sites. Following the steps of immobilization and
blocking, the resulting membranes were defined as Nb@CC@MF. Then, 100 pL of
mEH at various concentrations (0 to 50 mg/L) was added to the Nb@CC@MF
membranes and incubated for 30 minutes with mild agitation. Afterward, 100 pL of 1
mg/L Ab-mEH was applied to each membrane. The incubation with Ab-His-HRP lasted

for 20 minutes. Following this incubation, the membranes were then immersed into 100
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pL Ab-MIgG-HRP solution at the concentration of 1 mg/L for 20 minutes. Lastly, the
membranes were sequentially washed with 0.05% tween-20 and then with PBS buffer
in preparation for subsequent measurements, as detailed in the colorimetric data

analysis section of the study.

Peptide Assay: A volume of 100 puL of L10-2¢ peptide solution (0.1% in PBS bufter)
was added onto the NHS@MF membranes and left to incubate for 30 minutes at room
temperature under gentle agitation. Afterward, the residual active sites on the
membranes were blocked by using 200 uL of 3% skim milk (SKM) and incubated for
30 minutes. Following the steps of immobilization and blocking, the resulting
membranes were designated as Pt@NHS@MEF. Then, 100 pL of S-protein-His at
various concentrations (0 to 50 mg/L) was added to the Pt@NHS@MF membranes and
incubated for 30 minutes with mild agitation. Following this, 100 pL of 1 mg/L Ab-
His-HRP was applied to the membrane and allowed for 20 minutes of incubation.
Afterward, the membranes were washed with 0.05% tween-20 and then with PBS
buffer in sequence for subsequent measurements of the colorimetric data analysis. The
procedure for immobilizing different peptides with varied linker lengths onto the
membranes remains the same, with the only variation being the substitution of L10-2c
by other peptides (L10-2, L10-2a, or L10-2b) as the target-recognizing ligands. This
adaptation allows for the assessment of peptides with different lengths while

maintaining the same overall experimental approach.
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4.2.7 Colorimetric data analysis

Upon the addition of TMB to the membranes at the last step of the assays, they were
placed in a lightbox with an LED lightbox (from E mart) and on a light panel (57x4”,
LP-100N). The images were captured using a smartphone camera (iPhone 14pro max)
positioned at 50 cm above the samples. The change of color intensity (ARGB) was
analyzed using the red channel value (R-value) from the RGB color model, as measured
by the Photoshop software. ARGB value was calculated by the R-value difference

between the white background and the membrane, following the equation:

ARGB = RGBbackground — RGBmembranes (1)

RGBbrackground denotes the R-value of the white background (without the presence of

HRP), and RGBmembranes refers to the R-value of the sample membranes.

4.2.8 Storage stability test

To assess the long-term efficacy and consistency of the f-ELISA using various sensing
probes, we investigated the activity of f-ELISA biosensors made with antibodies and
nanobodies on the CC modified MF, and the biosensors made with peptides on DSC
modified MF after stored under two conditions for a duration of up to 30 days. The
membranes underwent lyophilization and were then divided into two equal portions.
One portion was kept at a steady temperature of 4°C, while the other was maintained
under room temperature (~25°C). The membranes were subsequently evaluated over a
30-day period. At specific time points, samples were collected and employed in the f-
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ELISA assay to identify corresponding targets of HIgG, mEH, or S-protein-His,
respectively, following the same protocols. After the addition of TMB substrate, the

colorimetric signal intensity was calculated by the following equation:

ARGB of x day

Signal(%) = TRGB of 0 day

4.2.9 Statistical analysis

For this study, each assay was conducted three times. The data are presented as mean +
standard deviations (SD). Differences between groups were evaluated using the two-
tailed Student’s t-test, with significance levels defined as *P < 0.05, **P < 0.01, and
*#%P < 0.001. A P-value of less than 0.05 was considered statistically significant. The
correlation between the observed and predicted values was determined by the
correlation coefficient (R). The limit of detection (LOD) was determined using the
formula 3.3 o/S, where o represents the standard deviation of the response and S is the
slope derived from the calibration curve. All statistical analyses were performed using

GraphPad Prism software.

4.3 Results and Discussion

4.3.1 Chemical modifications of melamine foam

In this study, we applied three distinct chemical modification approaches to melamine
foam (MF) membranes with a thickness of I mm and diameter of 5 mm (Figure 4.1a)
to create reactive sites for biomolecules with free amino groups (Figure 4.1b). These

modifications involve the activation of secondary amine groups on the MF (Figure S4.2)
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using reagents of DSC, CDI, and CC, which introduced N-hydroxysuccinimide (NHS),
2-acetylimidazole, and chloro-1,3-triazine functional groups onto the material. This
process yielded three intermediates, NHS@MF, CDI@MF, and CC@MF, each capable
of reacting with amino groups in proteins or peptides, as shown in Figure 4.1c. ATR-
FTIR analysis validated the successful incorporation of reactive groups to MF,
evidenced by specific spectral peaks, including NHS@MF’s carbonate peak at 1707
cm!, CDI@MF’s amide peak at 1728 cm™', and CC@MF’s carbon-chloride peak at 794
cm’!, as shown in Figure 4.1d. The SEM images presented in Figure 4.1e demonstrate
that the MF samples retain their morphology of framework structures intact after the
chemical modifications. The images reveal a consistent pore size of approximately 150
um and a fiber diameter of around 7 pum within the MF framework. This consistency
indicates that the modification processes could not significantly damage or change the
reticulated, macroporous, and 3D structure of the MF material but only altered the
surface chemical structures and properties, such as hydrophilicity of the material
surfaces, as depicted in Figure 4.1f. The CC@MF membrane exhibited the highest
hydrophobicity, attributed to the less-polar nature of the triazine ring, while NHS@MF
showed greater hydrophilicity compared to both CC@MF and CDI@MF, due to the
presence of the ester group connection to succinimide ring (Figure 4.1c¢). For platforms
using fiber-based membranes, high hydrophobicity of the material can cause
inhomogeneous colorimetric signals and inefficient use of the internal surface area, due
to the hydrophobic surface repelling the aqueous solution®*'. However, the unique

foam-like, reticulated, and macroporous structure of the MF enables aqueous solutions
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to permeate the 3D matrix even with a hydrophobic surface, overcoming the surface
tension. Once biomolecules are immobilized on the MF surface, the materials are
uniformly hydrophilic. Therefore, the MF material here with high hydrophobicity does

not impede aqueous molecule movement within the structure, overcoming a common

15,16

limitation seen in fiber-based systems
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Figure 4.1. (a) Optical view of a commercial MF and standardized membranes with a
thickness of 1 mm and diameter of 5 mm. (b) Schematic illustration of the reagent

modification and the following ligand immobilization. (c¢) Reaction of MF with DSC,
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CDI, and CC, and ligands with free amino group. (d) ATR-FTIR results of MF after
different modifications. (¢) SEM images of MF, NHS@MF, CDI@MF, and CC@MF.

(f) Water contact angle results of MF, NHS@MF, CDI@MF, and CC@MF.

4.3.2 Antibody immobilization

The three differently modified membranes were used for antibody immobilization,
employing Ab-HRP as an indicator to qualitatively assess the number of the molecules
immobilized. The intensity of the colorimetric signals served as an indicator after the
addition of TMB substrate, with darker blue colors indicating a higher quantity of
immobilized antibodies. Among all, the CC@MF membranes demonstrated the most
intense colorimetric signal under identical experimental conditions, a difference that
was visually discernible in the optical images of each membrane, as presented in Figure
4.2a. To accurately quantify the immobilized antibodies, a BCA assay kit was
conducted on each membrane, which was incubated with 100 mg/L of the human
antibody solution for 30 minutes at room temperature, facilitating the antibody
immobilization for subsequent quantitative analysis. The amount of antibodies
immobilized on each membrane was determined using the calibration curve provided
in Figure S4.1a. The CC@MF membrane demonstrated the highest amount of the
antibody immobilization (Figure 4.2b), aligning well with the results of the qualitative
analysis previously mentioned. The higher immobilization amounts of antibodies on
the CC@MF membranes can be attributed to its more hydrophobic nature, which

enhances hydrophobic interactions between the CC@MF surface and the antibodies
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and consequently increases the probability of molecules contacting the surface, thereby
enhancing the efficiency of covalent bond formation between the ligands and the
membranes. Additionally, the chemical structure of CC@MF, as shown in the reaction
scheme, provides two active sites per secondary amine, compared to the single active
site in the other two modifications, which also likely contribute to the increased
antibody binding on the CC@MF membranes. Besides, the CC@MF framework
structure morphology was intact after the immobilization of the antibody (Figure S4.3a).
Hence, for the subsequent f-ELISA experiments utilizing antibodies as the target

recognizing ligand, CC@MF has been chosen as the preferred platform.

4.3.3 Performance of antibody based f-ELISA

The CC@MF membranes immobilized with antibodies were employed in sandwich f-
ELISA to detect targets. In this case, Ab-HIgG was first immobilized on the membranes
and then the antigen HIgG was added, which can be specifically captured by Ab-HIgG.
Subsequently, Ab-HIgG-HRP was introduced to bind with the captured HIgG, resulting
in colorimetric signals generated by the reaction of HRP with the TMB substrate, as
depicted in Figure 4.2c. To confirm the specificity of the assay, various control
experiments were performed. The results indicated that in the absence of the HRP
enzyme or the Ab-HIgG, there was either no color development or a very minimal color
response (Figure S4.4). This outcome demonstrates the specificity of the assay,
particularly highlighting the negligible color change in negative control setups where

key components were omitted.
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To assess the sensitivity of the f-ELISA in detecting targets, an assay using varied HIgG
concentrations (0 to 5 mg/L) was performed, and the visually discernible blue color
signals corresponding to different concentrations of the HIgG are shown in Figure 4.2d.
The color intensities were analyzed using the Photoshop software, and from this
analysis, a linear equation for the colorimetric assay was fitted as y=460.60x + 7.83
(R?=0.98) within the range of 0 to 0.1 mg/L. The results of the assay demonstrate that
the detection of HIgG by the naked eye was feasible at a concentration as low as 0.02
mg/L, with the limit of detection (LOD) determined to be 0.013 mg/L, aided by a

smartphone camera and subsequent Photoshop analysis.

In addition, the selectivity of this f-ELISA biosensing platform was tested using various
similar proteins, including mouse antibody (MIgG), rabbit antibody (RIgG), goat
antibody (GIgG), and human serum albumin (HSA). Notably, only HIgG showed a
significant colorimetric response, as shown in Figure 4.2e. The absence of a response
from other proteins, including antibodies from other species highlights the selectivity
of this f-ELISA sensor. The selectivity in distinguishing HIgG demonstrates the
potential of this f~-ELISA biosensor for accurate HIgG detection in medical diagnostics,

unaffected by the presence of these tested proteins.
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Figure 4.2. (a) Schematic illustration of Ab-HRP immobilization; optical images and
colorimetric comparison results among different MF membranes. (b) Quantification of
antibodies immobilized on different MF membranes via BCA assay kit. (c) A diagram
of the antibodies as immunoprobes in f-ELISA for human IgG. (d) Optical images and
the calibration curve of f-ELISA by using Ab-HIgG as the capture antibody. (e)
Selectivity of f-ELISA toward HIgG detection in comparison with rabbit IgG (RIgG),
goat IgG (GIgG), mouse IgG (MIgG), and Human serum albumin (HSA). The
concentration of each protein used in the selectivity assay is 1 mg/L. The data are
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presented as the mean + standard deviation (SD) from three independent experiments.
Statistical significance was determined using a two-tailed Student’s t-test.*P < 0.05,

**%*P < ().001. *)LOD = limit of detection.

4.3.4 Nanobody immobilization

The chemically modified membranes were initially immersed in a solution containing
biotinylated nanobodies (Bt-Nb). Following this, streptavidin-horseradish peroxidase
(SA-HRP) was used as an indicator to qualitatively determine the amount of nanobodies
immobilized on each membrane, with darker colors indicating a higher quantity of
immobilized nanobodies (Figure 4.3a). Among all, the CC@MF membranes
demonstrated the most intense colorimetric signal under identical experimental
conditions. This difference was visually discernible in the optical images of each
membrane, as presented in Figure 4.3b. The same BCA assay was conducted to quantify
the amount of nanobodies immobilized on each membrane. The amount of nanobodies
immobilized on each membrane was determined using a calibration curve provided in
Figure S4.1b. The CC@MF membrane still demonstrated the highest amount of
immobilization of the nanobody (Figure 4.3c). The higher immobilization of the
nanobodies on the CC@MF membranes can be attributed to the same reason as the
immobilization of the antibodies mentioned above since even though the size of the
nanobody is ten times smaller than the antibodies, it is still considered a single-domain
antibody. Besides, the CC@MF retains the framework structure morphology and the

nature after the process of the nanobody immobilization (Figure S4.3b). Therefore, the
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CC@MF was employed in the subsequent f-ELISA experiments utilizing nanobodies

as the sensing probes.

4.3.5 Performance of nanobody based f-ELISA

In this study, nanobodies targeting human microsomal epoxide hydrolase (Nb-mEH),
an enzyme found in plasma that has been unveiled to have a significant association with
the metastasis of Kaposi's sarcoma to the liver, were utilized in this case*’. These
nanobodies possess the specific capture ability to the human microsomal epoxide
hydrolase (mEH) and were prepared according to the methods described previously
as sensing probes and immobilized on the CC@MF membranes. Subsequently, anti-
human mEH monoclonal antibodies (Ab-mEH) were applied as detection antibodies
once the mEH was specifically captured on the membranes. Following this, anti-mouse
antibodies conjugated with horseradish peroxidase (Ab-MIgG-HRP) were introduced
as secondary antibodies to interact with Ab-mEH. This setup generated colorimetric
signals through the reaction between HRP and TMB substrate, as illustrated in Figure
4.3d. To assess the sensitivity of the nanobody-based f-ELISA in detecting targets, an
assay using varied mEH concentrations (0 to 10 mg/L) was performed, and the visually
discernible blue color signals corresponding to varied concentrations of the mEH are
shown in Figure 4.3e. The color intensities were analyzed using the Photoshop software,
and from this analysis, a linear equation for the colorimetric assay was fitted as
y=47.67x + 25.41 (R?>=0.97) within the range of 0.02 mg/L to 1 mg/L. The results of

the assay demonstrate that the detection of the mEH by the naked eye was feasible at a

143



concentration as low as 0.5 mg/L, with the limit of detection (LOD) determined to be
0.33 mg/L, aided by a smartphone camera and subsequent software analysis. The
selectivity test of the nanobody-based f-ELISA was also conducted. Figure 4.3f
revealed that only the human mEH could be visually identified, while other enzymes
did not exhibit chromogenic reactions. The assay demonstrated high specificity for the
human mEH, with minimal cross-reactivity to human soluble epoxide hydrolase (SEH),
epoxide hydrolase 3 (EH3), epoxide hydrolase 4 (EH4), and denatured human mEH.
Notably, it did not exhibit cross-reactivity with rat mEH, given the 80% similarity in
gene sequences between the human mEH and rat mEH. These results highlight the
strong specificity and selectivity of the nanobody-based sandwich f-ELISA for

targeting human mEH.
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standard deviation (SD) from three independent experiments. Statistical significance
was determined using a two-tailed Student’s t-test.*P < 0.05, ***P < 0.001. *LOD =

limit of detection.

4.3.6 Peptide immobilization

The same modified MF membranes were initially immersed in a solution containing
biotinylated peptides (Bt-L10-2). Afterward, streptavidin-horseradish peroxidase (SA-
Alexa 647) was used as an indicator to qualitatively determine the amount of peptides
immobilized on each membrane, with higher fluorescent intensity indicating a higher
quantity of immobilized peptides (Figure 4.4a). Different from antibodies or
nanobodies, the CC@MF membranes demonstrated the lowest fluorescent signals
under identical experimental conditions, while NHS@MF showed the highest intensity
among these membranes, a difference of each membrane that was visually discernible
in the optical images captured under the Bio-Rad imaging system, as presented in
Figure 4.4b. To accurately quantify the immobilized peptides, a Pierce fluorescent
quantitative peptide assay was conducted on each membrane, which was incubated with
a 0.1% peptide solution for 30 minutes at room temperature. The amount of the peptides
immobilized on each membrane was determined using the calibration curve provided
in Figure. Slc. The NHS@MF membrane showed the highest amount of the peptide

immobilization (Figure 4.4c), consistent with the results of the qualitative analysis.

In comparison, distinct binding behaviors were observed for small peptides (10 AAs,

~1800 Da) and larger proteins like antibodies (~150 kDa) and nanobodies (~15 kDa)
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on surfaces of MFs in varied hydrophilicities. This phenomenon can be attributed to the
nature of these biomolecules and their interactions with the surface of the modified MF
membranes. Hydrophilic surfaces, due to their polar or charged groups, are more
conducive to immobilizing small peptides, which typically have fewer hydrophobic
regions. Conversely, the complex structures of larger proteins, possessing multiple
hydrophobic regions, tend to bind more efficiently with hydrophobic surfaces due to
hydrophobic interactions, increasing the probability of contact between large
biomolecules with the reactive sites on the surfaces. This distinction in binding
efficiency is crucial, especially considering the structural and size-related differences
between small peptides and large proteins, influencing their interactions with different
surface chemistries. Besides, the morphology of NHS@MF framework structure was
unchanged as well after the process of peptide immobilization (Figure S4.3c). Therefore,
based on the results, the NHS@MF was employed as the matrix to immobilize peptides

as the target recognizing reagents for the subsequent f-ELISA experiments.

4.3.7 Performance of peptide based f-ELISA

In this study, L10-2 peptides with a nanomolar binding affinity toward the SARS-CoV-
2 spike protein (S-protein)**, were used as a capture reagent immobilized on NHS@MF
membranes. Here, anti-His antibodies-HRP conjugates (Ab-His-HRP) were utilized as
the detection antibody to quantify the captured His-tagged spike protein active trimer
(S-protein-His) through colorimetric signals generated from the HRP-TMB substrate

reaction, as shown in Figure 4.4d. When assessing the sensitivity of this peptide-based

147



f-ELISA biosensor, we observed unexpectedly low colorimetric signals, as indicated in
Figure 4.4f. Such a result could be caused by potential steric hindrance of the solid
material surfaces, as the L10-2 tightly linked to the surfaces and its refrained
conformation limiting the ability to bind to the spike protein. To address this issue, we
added a different number of AEEA linkers at the N-terminus as the spacers to push the
binding peptides away from the NHS@MF surface, minimizing the interference
brought by the close distance between the material surface and the peptide. The
resulting L10-2 analogs (Figure 4.4e, Figure S4.5-S4.8), named L10-2a-c by the
increasing length of spacers, were immobilized on the NHS@MF membranes through
the same chemistry. Compared to the original version of L10-2, stronger signal
intensities were observed at both 5 and 50 mg/L concentrations of S-protein His with
these L.10-2 analogs. More importantly, the signal intensity was also affected by the
spacer length, as longer AEEA spacers resulted in stronger detection signals for samples
with the same concentrations (Figure 4.4f). Besides, the trend in signal enhancement
was also visually discernable in the optical images of each membrane, as illustrated in
Figure 4.4f. This correlation between the increased linker length and signal strength
highlights the impact of the spacer on the sensitivity of f-ELISA biosensors and the
solid surface interference to the bioactivity and bioconjugation of the immobilized
peptides. Such improvement has little to do with the differences in immobilization
capacity, as all peptide analogs showed similar immobilization amounts (Figure S4.9).
The key factor enhancing signal strength is the extended spatial separation provided by
the longer linkers, which effectively mitigates steric hindrance. Therefore, L10-2¢c was
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used as the target recognizing ligand in the following experiments.

To assess the sensitivity of the peptide-based f-ELISA in detecting targets, an assay
using varied S-protein-His concentrations (0 to 50 mg/L) was performed, and the
visually discernible blue color signals corresponding to varied concentrations of the S-
protein-His are shown in Figure 4.4g. The color intensities were analyzed using
Photoshop software. From this analysis, a linear equation for the colorimetric assay was
fitted as y=52.72x + 26.10 (R?=0.95) within the range of 0 mg/L to 1 mg/L. The results
of the assay demonstrate that the detection of S-protein-HRP by the naked eye was
feasible at a concentration as low as 0.5 mg/L, with the limit of detection (LOD)
determined to be 0.38 mg/L, aided by a smartphone camera and subsequent software

analysis.
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Figure 4.4. (a) Schematic illustration of biotinylated L10-2 peptide (Bt-L10-2)
immobilization and the use of streptavidin with Alexa 647 conjugation as the signal
development tracer. (b) Optical images captured from Bio-Rad imaging system and
fluorescence results among different MF membranes. (c) Quantification of peptides
immobilized on different MF membranes via pierce quantitative fluorometric peptide
assay. (d) A diagram of the peptides as immunoprobes in f-ELISA for SARS-CoV-2
spike protein with His tag (S-protein-His). (e) Schematic illustration of L10-2 and
peptides with 1-3 AEEA linkers. One AEEA linker was added to the N-terminus of L10-
2a, two with L10-2b, and three with L10-2c. (f) Optical images and the colorimetric

results of f-ELISA by using peptides with different numbers of linkers as illustrated
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above. (g) Optical images and the calibration curve of f-ELISA by using L10-2c peptide
as the capture antibody. The data are presented as the mean + standard deviation (SD)
from three independent experiments. Statistical significance was determined using a

two-tailed Student’s t-test.*P < 0.05. *LOD = limit of detection.

4.3.8 Storage stability evaluation for f-ELISA

All biosensors face a challenge of stability for prolonged storage under conditions of
low or room temperature, which is critical for broad applications of the biosensor
products. The stability difference of sensing probes of antibodies, nanobodies, and
peptides on the f-ELISA biosensors could provide a clue for a potential solution, which
was the main focus of the study. To compare the long-term storage stabilities of the f-
ELISA biosensors, Ab@CC@MF, Nb@CC@MF, and Pt@NHS@MF membranes
were prepared according to the immobilization protocol described in the experimental
section. The membranes were then freeze-dried and stored under two different
conditions: 4°C and room temperature, for a duration of 30 days. At specific time points,
samples were collected and employed in the f-ELISA assay to identify HIgG (5 mg/L),
mEH (5 mg/L), or S-protein-His (5 mg/L), respectively, following the same protocols.
As shown in Figure 4.5a, under storage condition at 4°C, the activity of the
Ab@CC@MF declined the fastest among all three biosensing platforms, dropping to
80% after one week, while the immobilized peptide on the Pt@NHS@MF lost
approximately 20% of its activity after about 15 days of storage. The Nb@CC@MF

showed the best storage stability under 4°C and maintained over 90% of the
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colorimetric signal when detecting 5 mg/L mEH after 30 days. At the same time,
Ab@CC@MF and Pt@NHS@MF still retain good stability with close to 70% of the
original colorimetric signal in detecting 5 mg/L HIgG and S-protein-His, respectively.
When these biosensing platforms were stored at room temperature, as depicted in
Figure 4.5b, the colorimetric signal intensities decreased more significantly compared
to those stored at 4°C. The Ab@CC@MF only retained 50% of the activity after 5 days
and can be considered inactive after 20 days. Pt@NHS@MF showed better stability,
but the activity still dropped below 50% of the original colorimetric signal after 10 days.
In contrast, Nb@CC@MF displayed the best stability among three f-ELISA biosensors
with the colorimetric signal maintained above 70% of the original intensity after stored
for 30 days under room temperature, indicating that the immobilized nanobody on the
foam was more stable than other two probes. The results indicate that the lower
temperature storage condition could prolong the stability of the f-ELISA biosensors,
and Nb@CC@MF 1is the best one for long-term storage under both 4°C and room

temperature.

The superior stability of nanobodies compared to antibodies and peptides on the
surfaces of the foams can be attributed to their unique structural properties. Nanobodies
are single-domain antibody fragments that are lack of the light chain and the first
constant domain of the heavy chain found in conventional antibodies. This compact
structure makes nanobodies more resistant to denaturation and aggregation, which are
common causes of protein instability*’. In contrast, the larger size and more complex

structure of antibodies make them more susceptible to degradation, especially at room
152



temperature**. Peptides, although smaller than nanobodies, exhibit better stability than
antibodies due to their simpler structure. However, peptides are still less stable than
nanobodies because they lack a well-defined tertiary structure, which makes them more
prone to oxidation and other chemical modifications that can lead to a loss of activity*°.
Peptides are short chains of amino acids that do not possess complex folding and have
less stabilizing disulfide bonds. This lack of structural complexity and stability makes
peptides more susceptible to degradation than nanobodies, particularly under harsh
conditions such as elevated temperatures or prolonged storage. Therefore, by
successfully incorporating nanobodies into the biosensing platform, we achieved
enhanced storage stability compared to platforms utilizing antibodies or peptides. This
improved stability of the nanobody-based biosensing platform is crucial for maintaining
the efficacy and reliability of the f-ELISA system, making it a promising tool for

various diagnostic and research applications.

Besides, compared to p-ELISA, in which the sensing probes were immobilized on the
matrix through physical adsorption and the activity of the fixed antibody without adding
any stabilizer dropped to 50% after just one day of storage at 4°C and dropped to lower
than 20% after two days under room temperature “®, the f-ELISA biosensors
demonstrated significantly improved storage stability due to the covalent bond between
the matrix and probes. This enhanced stability can be attributed to the several
advantages offered by covalent bonding over physical adsorption for immobilized
antibodies, such as stronger attachment, specific orientation, reduced denaturation, and

resistance to environmental factors. In conclusion, the superior storage stability of f-
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ELISA biosensors, achieved through covalent immobilization of sensing probes, makes
them a more reliable and practical choice for point-of-use applications compared to

traditional p-ELISA systems.
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Figure 4.5. Comparison of the colorimetric signal (%) of Ab@CC@MF, Nb@CC@MF,
and Pt@NHS@MF over a 30-day storage period at different storage temperatures: (a)
4°C and (b) 25°C (room temperature, RT). The membranes were used to detect HigG
(5 mg/L), mEH (5 mg/L), and S-protein-His (5 mg/L), respectively, using the f-ELISA
assay at specific time points during the storage period. The colorimetric signal (%)
represents the percentage of the initial signal intensity retained at each time point. The
data are presented as the mean + standard deviation (SD) from three independent

experiments.

4.4 Conclusion

The macroporous framework melamine foam could be chemically modified with three
different reagents, and the resulted foam materials demonstrated good reactivity to

immobilize antibodies, nanobodies and peptides to produce foam-based Enzyme-
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Linked Immunosorbent Assay (f-ELISA) biosensors. Among them, the CC@MF could
work better with antibodies and nanobodies, while NHS@MF revealed better reactivity
with peptides. Solid surfaces could inhibit interactions and activities of peptides as
sensing probes on the foams. The f-ELISA biosensors made from using antibodies,
nanobodies, and peptides, with sizes ranging from 1800 to 150,000 Daltons, all
demonstrated excellent selectivity and sensitivity to the corresponding targets.
Additionally, the f-ELISA biosensor (Nb@CC@MF) made of using nanobodies as
sensing probes, demonstrated best storage stability versus the other two biosensors
using antibodies and peptides as probes. The results offer valuable insights for the
application of f-ELISA biosensors as point-of-use devices. Overall, by exploring
different functionalization methods and sensing probes on this innovative biosensing
platform, various types of f-ELISA system can be developed, establishing a library that

enables a wide range of applications.
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4.6 Supporting Information

4.6.1 Calibration curves for antibodies, nanobodies, and peptides
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Figure S4.1. Calibration curves for (a) antibody, (b) nanobody, and (c) peptide.

4.6.2 Chemical structure of melamine foam
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Figure S4.2. Chemical structure of the melamine foam.
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4.6.3 SEM images of MF membranes with the immobilized ligands

Figure S4.3. SEM images of (a) antibodies-immobilized CC@MF (Ab@CC@MF), (b)
nanobodies-immobilized CC@MF (Nb@CC@MF), and (c) peptides-immobilized

NHS@MF (Pt@NHS@MF).

4.6.4 Specificity of the assay
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Figure S4.4. Specificity of the assay. Images of the NHS@MF membranes with
different treatments after adding TMB substrate: 100 uL. Ab-HIgG (5 mg/L), 200 uL
skimmed milk (SKM) (3%), 200 pL. HIgG (1 mg/L), and 100 pL Ab-HIgG-HRP (1
mg/L) were used accordingly. The bar diagram for the ARGB was observed from the

images. Data are presented as mean = SD, with n = 3 independent experiments.
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4.6.5 Chemical structure and mass spectrometry of peptides
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Figure S4.5. Chemical structure and mass spectrometry of L10-2.
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Figure S4.6. Chemical structure and mass spectrometry of L10-2a.
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Figure S4.7. Chemical structure and mass spectrometry of L10-2b.
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4.6.6 Immobilization number of varied peptides on modified MFs
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Figure S4.9. Quantification of varied peptides immobilized on NHS@MF membranes

via pierce quantitative fluorometric peptide assay.
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Chapter 5. Executive Conclusion

The development of the foam-based ELISA (f-ELISA) system, utilizing chemically
modified melamine foam (MF) as a biosensing platform, has been the primary focus of
this dissertation. The unique 3D macroporous reticulated structure of the MF allows for
rapid mass transfer of large biomolecules and even bacteria cells through the framework
in all directions. This structural feature ensures excellent accessibility of the entire
active binding sites on the framework to the target molecules, resulting in significantly

increased sensitivity and volume-responsive detection capabilities.

In Chapter 2, unique rapid, sensitive, additive, and volume responsive colorimetric
sensor materials were fabricated from using chemically modified framework melamine
foam (MF), which can be applied in competitive, direct, and sandwich ELISA
biosensors. The MF sensor materials demonstrated promising detection sensitivity to a
SARS-CoV-2 spike protein with histidine tag (SP-RBD-His), a transmembrane protein
of the SARS-CoV-2 virus, and chloramphenicol (CAP), often used as an antibiotic.
Naked eye recognizable SP-RBD-His reached 1 mg/L level with a limit of detection
(LOD) at 0.52 mg/L when supplemented by a smartphone for the direct ELISA sensor.
In the case of the sandwich ELISA sensor, it's capable of detecting SP-RBD-His at a
concentration of 0.1 mg/L by the naked eye and can reduce the LOD to as low as 0.047
mg/L with the help of a smartphone. In addition, using a competitive ELISA,
chloramphenicol (CAP) can be detected at 1 ng/mL level with the naked eye and at

0.096 ng/mL with the help of a smartphone. Moreover, due to the excellent mechanical
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properties and framework structure of the MF, diffusion of the analyte through the
different membrane layers is fast and homogeneous in all directions, making the MF
suitable for the simultaneous detection of trace amounts of two or more targets in
samples with large volumes in one integrated system. The successful fabrication of such
sensor materials is expected to improve the sensitivity and broaden the applications of
ELISA sensors for onsite and personal uses. The foam-based ELISA (f-ELISA)

platform was first introduced in this chapter.

Chapter 3 described the application of the f-ELISA system in the development of a
novel biosensor for the detection of E. coli O157:H7. Building upon the advantages of
f-ELISA using melamine foam (MF) as a medium, which were demonstrated in Chapter
2, this chapter explored the suitability of f-ELISA for detecting E. coli O157:H7. Given
the larger size of bacterial cells compared to chemical compounds and proteins, the
application of f-ELISA in this context could fully showcase the benefits of the
macroporous features offered by the chemically modified MF. In contrast to
conventional ELISA (c-ELISA), which is restricted by the limited surface area of a 96-
well plate, and other p-ELISA methods, bacteria as antigens can move freely in every
direction within this macroporous 3D matrix. This enhanced freedom of movement
facilitates an amplified interaction between the immobilized antibodies and antigens,
leading to substantial enrichment and heightened sensitivity in colorimetric detection.
The testing process needs less than 1.5 h to complete both preparation and detection,
and the results indicated that the sensors made of the modified MF materials can detect

E. coli O157:H7 at a level of 10 CFU/mL by the naked eye with a limit of detection
170



(LOD) at 5 CFU/mL when supplemented by a smartphone. Following a brief
enrichment period of 1 h, the sensitivity was further amplified to 2 CFU/mL, which is
considered to be ultrasensitive for bacteria detection. In essence, using E. coli O157:H7
as a proof of concept, this work not only paves the way for improved bacterial detection
in environmental and food samples but also introduces f-ELISA as a new model that

could be adapted for other pathogens and contaminants.

Chapter 4 investigated the versatility and stability of chemically modified MF as a
general platform for preparing f-ELISA biosensors using different sensing agents,
including antibodies, nanobodies, and peptides. The study revealed that the MF could
be chemically modified with three different reagents: DSC, CDI, and CC. Among them,
CC@MF worked better with antibodies and nanobodies, while NHS@MF showed
better reactivity with peptides. The f-ELISA biosensors made using antibodies,
nanobodies, and peptides, with sizes ranging from 1800 to 150,000 Daltons, all
demonstrated excellent selectivity and sensitivity to their corresponding targets.
However, solid surfaces could inhibit interactions and activities of peptides as sensing
probes on the foams, which could be overcome by introducing spacers between the
peptides and the MF surface. Additionally, the f-ELISA biosensor (Nb@CC@MF)
made using nanobodies as sensing probes demonstrated the best storage stability
compared to the other two biosensors using antibodies and peptides as probes. The
superior stability of nanobodies was attributed to their unique structural properties,
making them more resistant to denaturation and aggregation. Incorporating varied

ligands expands the f-ELISA system's adaptability and functionality, making it a
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versatile and effective diagnostic tool with broader applications and improved detection
processes across various fields. The successful use of nanobodies and peptides also

demonstrates the biosensors' enhanced storage stability.

In conclusion, the f-ELISA platform developed in this dissertation offers a rapid,
sensitive, selective, versatile, and robust biosensing solution for the detection of a wide
range of targets, from small molecules to proteins and bacteria. The platform's unique
structural features and adaptability to various sensing probes make it a promising tool
for diverse applications in environmental monitoring, food safety, and medical

diagnostics.
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