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Abstract

Biosensors are highly selective and sensitive towards target molecules and should be
convenient for on-site toxicant detection. However, the conventional biosensors, including
enzyme-linked immunoassay (ELISA), are lacking high sensitivity and hard to reveal a
significant colorimetric signal for detecting a trace amount of toxicant. Thus, the detection
requires analytical instruments, which limit the application of biosensors for on-site
detection. In this dissertation, highly sensitive and portable colorimetric biosensors for the
detection of trace amounts of toxicants were designed and fabricated by covalently
immobilizing antibodies onto controlled microporous and nanofibrous membranes. The
high specific surface of the nanofibers significantly increased the number of immobilized
antibodies and the binding capacity with the target toxicant. Thus, the sensitivity of the
nanofibrous membrane biosensor was dramatically increased, and a trace number of
toxicants could reveal a naked-eye detectable color. Additionally, the diffusion of large
biomolecules inside nanofibrous membranes was investigated, revealing the
heterogeneous structures of electrospun nanofibrous membranes significantly hinder the
diffusion of antibodies into the membrane and dramatically limit the sensitivity of
nanofibrous membrane biosensors. Such structural drawbacks of regular electrospun
nanofibrous membranes could be overcome by increasing hydrophilicity and controlling
microporous structure. Moreover, an ultra-highly sensitive and portable biosensor was

fabricated after optimization.

Specifically, chapter 1 summarizes the background information of biosensor and

toxicant detection. Chapter 2 reviews the conventional toxicant detection methods, the



technique of fabricating electrospun nanofibrous membrane, and the development of
biosensors. In chapter 3, the nanofiborous membrane ELISA biosensors were fabricated
for the detection of residual antibiotics in foods. The biosensors exhibited a significant
naked-eye distinguishable color at chloramphenicol at 0.3 ng/mL, revealing the potential
for on-site detection applications. The novel nanofibrous membrane ELISA biosensors
revealed several times increased sensitivities. However, the sensitivity was lower than
the expectation based on the design of nanofibrous membrane sensors, which could be
attributed to the hindered diffusion behavior of antibodies inside nanofibrous membranes.
In chapter 4, the diffusion and partition behavior of proteins inside nanofibrous
membranes were studied. Different from other micro-porous materials, electrospun
nanofibrous membranes possess layer-by-layer accumulative heterogeneous structures.
The effective pore sizes of the nanofibrous membranes were much smaller than the
measured pore sizes, affecting the diffusion of proteins through the system and limiting
the sensitivity of the biosensors. The results provided insights into the design of proper
nanofibrous materials for optimizing the performance of biosensors. In chapter 5, an ultra-
highly sensitive and portable colorimetric biosensor was fabricated by controlling
microporous structure and increasing hydrophilicity. The protein could rapidly diffuse
through the membrane, and the sensitivity of the membrane-based ELISA was

dramatically improved. Lastly, chapter 6 summarizes the achievements of the dissertation.
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Chapter 1. Introduction

1.1 Introduction

Toxicant is a harmful substrate produced by synthesis or naturally occurring. The
naturally produced toxicant is also called a toxin, including small molecules, peptides, or
proteins. Although toxin residues occur naturally, anthropogenic toxicants are more toxic
than others to cause serious environmental concerns. (Ames, Profet et al. 1990) The
synthesized toxicants are increasingly used in agricultural and industrial activities,
resulting in toxicant residues in air, water, soils, food, and industrial products. (Rossignol,
Genuis et al. 2014) The majority of synthesized toxicants in agriculture are pesticides and
antibiotics. (Anani, Mishra et al. 2020) The arable lands in high population areas may
have high pesticide residues because the pesticides and fertilizers have been over-used
in such areas to increase the yield of agricultural products and control pests. In the USA,
1.2 billion pounds of pesticides were used in 2016, and these pesticides may accumulate
in corps. (Donley 2019) In a report from the United States Environmental Protection
Agency (EPA) in 2016, 0.46 percent of crop samples contained pesticides. Among them,
over 55% of samples were domestic, and the rest were imported from foreign countries.
(Donley 2019) Meanwhile, when pesticide gets into the soil, it sticks strongly to soil
particles and take weeks to years to break down, resulting in chemical residues in soils.
Then, the pesticide residues could enter surface or ground waters by either leaching from
soil or soil runoff after rain events and volatilizing into the atmosphere days or weeks after

application. (Majewski and Capel 2019) In a review from Van Dijk et al., over 80 pesticides



were detected in the rain, and 30 pesticides were detected in the atmosphere. (Van Dijk
and Guicherit 1999) In addition to the agricultural products, livestock and seafood
products also have the issue of abuse of veterinary drugs such as antibiotics. In stock
farming, the antibiotics are administered via injection or feed additives to heal the iliness,
prevent healthy animals from infections, control the spreading of bacteria and promote
the growth of the animals. (Gothwal and Shashidhar 2015) According to a report from the
Union of Concerned Scientists (UCS), over 16 million kilograms of antibiotics are used in
the U.S. annually, and approximately 80% of antibiotics are used for livestock. Among the
veterinary antibiotics, over 70% of antibiotics are used as feed supplements for growth
promotion, and only 20% of veterinary antibiotics are used for therapeutic purposes.
(Mellon, Benbrook et al. 2001) Some antibiotics may be slowly or poorly metabolized by
animals and accumulate in the tissues, resulting in antibiotics residues in livestock. The
antibiotic residues in livestock frequently happen at inappropriate antibiotic usage, failure
to withdraw drugs, or poor livestock production practices. (Mellon, Benbrook et al. 2001)
As the surveys exhibited, 0.78% of milk samples were confirmed containing antibiotic
residue at high concentration; and 5 out of 47 antibiotics were detected in shrimp, salmon,
tilapia and trout. (Done and Halden 2015, Sachi, Ferdous et al. 2019) Meanwhile, the use
of some antibiotics was not optimized in the pharmacokinetics, leading to poorly adsorbed
by the animal gut and extraction with the urine and feces, consequently resulting in
antibiotic residues in the environment. (Luo, Chen et al. 2019) In a federal survey of
pharmaceutical compounds, various antibiotics were detected in 27% of 139 rivers with

concentrations higher than 0.7ppb. (Kolpin, Furlong et al. 2002)



Exposure to harmful natural or anthropogenic toxicant residue may cause acute or
chronic diseases. For instance, organophosphorus pesticides, the most used insecticides,
could inhibit the function of acetylcholinesterase, leading to the accumulation of the
neurotransmitter acetylcholine in synapses with consequent neurotoxicity. (Carr,
Chambers et al. 2001) Sudden exposure to a large dose of organophosphorus pesticides
may cause health problems such as vomiting, irregular heartbeat, paralysis, difficulty
breathing and weakness. Chronic exposure to a small dose of organophosphorus
pesticides may lead to persistent health effects, including memory and attention deficits,
anxiety, depression and irritability. (Choi, Joo et al. 2006) Another example, antibiotic
residues could increase the frequent occurrence of resistant genes and develop the
antibiotic-resistance from microorganisms. These “super bacteria” may spread to other
microbial populations and become a challenge to human health. (Kadri 2020) As a report
exhibited, antibiotic resistance causes more than 2 million infections and over 23
thousand deaths in the USA each year. Worldwide, antibiotic resistance has already
exceeded 50 percent in some main bacteria groups, including Escherichia coli (E. coli)

and Staphylococcus aureus (S. aureus). (Kadri 2020)

For controlling and monitoring the toxicant residues, U.S. federal agencies have
established strict regulations for each toxicant. For pesticides, EPA studies the toxicity,
evaluates both non-occupational exposure and cumulative effects, inspects the toxic
effect to infants and children, and sets maximum residue limits (MRLs). (EPA 2020)
Meanwhile, to ensure the safety of food supply and maintenance, the U.S. Department of
Agriculture (USDA) enforces the Maximum Residue Limits (MRLS) of pesticides for meat,

poultry and egg, and the Food and Drug Administration (FDA) enforces the tolerance for



seafood and milk. (USDA 2020) Besides, each state enforces pesticide regulations to
protect the urban environment and ensure local food safety. For instance, the California
Department of Pesticide Regulation (DPR) enforces regulation for the usage of
organophosphorus pesticides with lower MRLs. Especially, pesticide chlorpyrifos was
prohibited from use in California after December 2020, but it is allowed to use in federal
with MRLs at a level of 0.1ppm. (DPR 2020) Similarly, the FDA and veterinary feed
directive (VFD) establish regulation for each antibiotic, set the classification as toxicity
and prohibit the usage of some antibiotics for animal production. (FDA 2019) For example,
chloramphenicol (CAP), an extensive spectrum antibiotic with remarkable penetration into
the tissues, was prohibited from feeding animals in the USA. (FDA 2020) For ensuring
the concentration of toxicant residue at MRLs, sensitive and selective detection methods

are necessary to monitor the toxicant residue in the environment.

The common and standard analytical methods for detecting varied toxicants include
gas chromatography (G.C.), high-performance liquid chromatography (HPLC) and
enzyme-linked immunosorbent assay (ELISA). (Sullivan, Simon et al. 1983, Sharma and
Whiting 2005, Costa, Baugh et al. 2009) Chromatography is a technique for separating
mixtures and purifying analytes. Then, the purified analytes could be monitored and
guantitated by computerized detectors. The chromatography methods are sensitive and
reliable but have limitations at on-site detection. The samples need to be sent to a modern
laboratory and analyzed by trained personnel via specific instruments. For simplified
operation, an alternative is ELISA which can detect varied analytes based on the specific
interaction between antibodies and analytes. The concentration of analytes could be

guantified by measuring the intensity of the colorimetric signal and comparing the



intensities of the colorimetric signal to the calibration curves. The ELISA could be applied
in quantifying a wide spread of analytes, including pesticides, antibiotics, biomarkers and
bacteria. The conventional ELISA is easy to operate and selective to specific analytes but
still has many challenges. It still requires specific and expensive lab instruments, such as
plate reader, bio-incubation oven and shaker, which make it hard for on-site detection,
point-of-care detection and home use. (Pang, Zhao et al. 2018) Meanwhile, the sensitivity
of conventional ELISA is not high enough for detecting trace analytes with concentrations

below the sub-ppb level. (Zhou, Wang et al. 2012)

Due to potential daily exposure to toxicant residues, it is necessary to design a field-
developable or on-site use analysis method for unprofessional users. The ideal analysis
method should have merits, including easy operation, independence from instruments,
and desired sensitivity. Especially, it should exhibit a significant signal when the
concentration of toxicant is at MRLs from government regulations. The current standard
detection methods, both chromatography and ELISA, are not suitable for the on-site

detection of toxicants.

For achieving a highly sensitive on-site detection, an alternative biosensor is designed
based on the affinity binding between antibody and antigen and can measure the
concentration of analytes by using different types of signals such as electric signals and
fluorescent signals. (Verma, Bhardwaj et al. 2015) Since the electric signals in the
presence of analytes are easy to be recorded by a transducer, such biosensors usually
have higher sensitivity than the conventional colorimetric ELISA. Meanwhile, the
biosensors could be used as point-of-care detection with a portable device, such as

micro-fluid chips. (Uniyal, Sharma et al. 2018) However, since the electric signal is not

5



directly visible, the analysis still requires specific and expensive instruments to measure
the electric signal. Based on the requirements of on-site detection and personal use, an
ideal biosensor should be a colorimetric biosensor exhibiting a significant colorimetric
signal which could be qualitatively analyzed by naked eyes or measured by a smartphone,

even while the concentration of analytes is low.

Colorimetric biosensors, such as paper-based ELISA, lateral flow assay and micro-
fluid-based ELISA, have been designed and fabricated for on-site detection independent
from specific instruments. (Nery, Kubota et al. 2013) The microplates of conventional
ELISA are substituted by a low-cost filter paper, and the expensive detectors, such as
plate readers, are not necessary for paper-based ELISA. The paper-based ELISA system
could be applied at on-site detection or home use because of low cost, easy operation,
naked-eye distinguishable signal and independence from instruments. For instance,
pregnancy test strips are one type of lateral flow assays, which transfer the concentration
of human chorionic gonadotropin to a colorimetric signal. (Zhang, Ma et al. 2019)
However, since the bioreceptors have less affinity to the filter paper than the micro-plate
wells, the sensitivity of paper-based colorimetric biosensors is even lower than the
conventional plate ELISA. (Gwyn, Cooley et al. 2017) Thus, the paper-based colorimetric
biosensors are not suitable to detect toxicants whose MRLs are at ppb level. (Zhang, Ma

et al. 2019)

The sensitivity of colorimetric biosensors could be remarkedly improved by using a
nanofibrous membrane as a support material for loading bioreceptors. Nanofibers are
one-dimensional fibrous material with diameters at hundreds of nanometer ranges, which

could be fabricated by various organic or inorganic materials, including metal, silicon,



carbon and polymers. (Simsek, Rzayev et al. 2016) Because of the ultra-small diameter
of nanofiber, the nanofibers media always have an ultra-high specific surface area which
could be calculated by the surface area-to-volume ratio. (Roco 2003) More bioreceptors
could be loaded on the surface or inside nanofibrous media, leading to the improvement
of sensitivity. Thus, the sensitivity of nanofiber ELISA could be dramatically improved,
and a significant colorimetric signal could be exhibited when detecting trace toxicants at
a sub-ppb level. Besides, nanofibrous membranes also have unique properties, including
high porosity, micro-pore size, proper mechanical strength, and flexibility in surface
modification. (Li and Xia 2004) Given above, nanofibrous membrane-based ELISA has

the potential to be applied for on-site detection with high sensitivity.
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Chapter 2. Literature Review

2.1 Detection techniques for toxicants

2.1.1 Gas chromatography / High Performance Liquid Chromatography —

Mass spectrometry

Gas chromatography (GC) is used for separating different components of a mixture,
purifying a particular analyte, and analyzing vaporized compounds. In a GC analysis, a
gaseous or liquid sample is injected into a temperature-controlled glass or metal column,
mixes with a carrier gas (mobile phase), and passes through the solid particles filled
columns (stationary phase). The mobile phase consists of an inert gas such as helium,
argon and nitrogen, and the stationary phase is a layer of viscous liquid on the surface of
inert solid particles. (Harris 2010) The analyte molecules could be adsorbed either on the
solid particles or column walls. Since the chemical molecule has a different rate of
progression, the various components of the analytes reach the end of the column at
different retention times. Thus, each particular analyte could be separated by the GC
column. A computerized detector, such as a flame ionization detector or thermal
conductivity detector, is connected to the end of the column for monitoring the retention
time at which each analyte reaches the outlet of the column. (Harris 2010) For GC
guantitative analysis, there are many requirements for the samples. In general, the
analytes are required to be vaporized below 300 °C without decomposition. The samples
are also required to be salt-free, and a reference standard is necessary to be measured

at the same time.
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If the samples are less volatile or samples contain salts, high-performance liquid
chromatography (HPLC) is required. In an HPLC, pumps are commonly required to mix
analyte samples with varied solvents and pass the mixture through a column. The mobile
phase of HPLC is a liquid made up of organic solvents, ultrapure water and other
ingredients which are compatible with the sample, and the stationary phase is made by
solid, porous and surface-active small particles. The separation of various components is
based on their differential partitioning and various interactions with the stationary phase.
These interaction forces include dispersion interaction, hydrophobic interaction, dipole-
dipole interaction, hydrogen bonding, ionic interaction, and 1r-11 interaction between the
substrates and the stationary phase. (Snyder and Ritchie 2010) Sample retention time
depends on the interactions with the stationary phase, the analyte molecules, and the
solvent. Analytes that have weak interaction with the stationary phase and strong
interaction with the mobile phase would reach the outlet of the column rapidly. Based on
the different separation mechanisms, the HPLC could be categorized as partition
chromatography, normal-phase chromatography, displacement chromatography,
reversed-phase chromatography, size-exclusion chromatography, ion-exchange
chromatography, and aqueous normal-phase chromatography. Reversed-phase
chromatography is the dominant HPLC mode, especially for detecting analytes from
mixtures of organic compounds. In reversed-phase chromatography, the column is
packed with non-polar silica particles, such as octadecyl, octyl and phenyl-hexyl, acting
as a stationary phase; and the mobile phase consists of mid to high polar organic solvents,
such as acetonitrile, isopropanol, tetrahydrofuran, and methanol. The relatively

hydrophobic and less polar analytes could be adhered to the silica surface by the
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hydrophobic alkyl ligands, resulting in a longer retention time. (Mallik, Qiu et al. 2018) On
the contrary, in normal—-phase chromatography, the stationary phase is made by polar
silica particles, and the mobile phase consists of the non-polar and non-aqueous solvent.
Normal—phase chromatography is effective and efficient for separating analytes dissolved
in non-polar solvents. (Abbott 1980) Besides, the size-exclusion chromatography could
separate compounds on the basis of molecular size, which is effective for protein
separation and detection. In ion-exchange chromatography, retention is based on the
attraction between analyte ions and charged silicas on the column. In the partition
chromatography, the stationary phase is made by loading retained solvent on the surface
of the fibers, leading to separate analytes by differences in their polarity. (Kim, Ryu et al.

2018)

A mass spectrometry (MS) is usually combined with GC and HPLC for providing a
structural identity of each separated component and dramatically improving the detection
sensitivity. MS is used to measure the mass-to-charge ratio (m/z) of ions and export a
mass spectrum. The mass spectrum could be used to calculate the exact molecular
weight of the sample components, identify unknown compounds via molecular weight,
guantify known analytes, and determine the structure and chemical properties of
molecules. (Sparkman 2000) In general, an MS consists of three components: ionization
source, mass analyzer, and ion detection system. First, the analyte molecule is converted
to gas-phase ions, which can transport in external electric and magnetic fields.
Electrospray ionization and matrix-assisted laser ionization are two techniques for solid
or liquid. (Fenn, Mann et al. 1989) And chemical ionization and electron ionization are two

common techniques for gaseous analytes. (McNaught and Wilkinson 1997) In the
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chemical ionization source, the analyte molecule is ionized by ion-molecule reactions
during collisions; and in the electron ionization source, an energetic electron interacts with
analyte molecules to produce ions. Once ionized, the ions are separated according to m/z
ratios in electric and magnetic fields in a vacuum because the motion of the charged
particle is determined by the m/z ratio. The commonly used mass analyzers include time-
of-flight analyzer, quadrupole mass filter, ion trap analyzer, and so on. Each analyzer type
has its merits and limitations, but all have the same mechanism. (El-Aneed, Cohen et al.
2009) The final component of MS is the detection system. The m/z ratios and relative
abundance of each separated ion would be recorded. Then, a mass spectrum exhibits
the m/z ratios against relative abundance. Each peak in the mass spectrum represents a
component of the analytes, and the structure of analytes could be identified by analyzing

the relative abundance of components.

Since the HPLC/GC-MS is a reliable, sensitive, and selective technique, it is widely
used for detecting varied toxicant residues. For example, HPLC-MS is the standard
technique for detecting antibiotic residues. Hammack et al. (Hammack, Carson et al. 2003)
determined chloramphenicol (CAP) residues in shrimp with a liquid chromatography
tandem mass spectrometer. The LOD was found at 0.3 ug /kg, which met the confirmation
criteria recommended by the U.S. Food and Drug Administration. Rgnning et al.
developed an LC-MS method for detecting CAP residues in several food matrices. The
critical concentrations were found with decision limit and detection capability values of 20

and 40 ug/kg for the 321 —152 ion transition and 20 and 30 ug /kg for the 321 — 194 ion

transition, respectively. (Rgnning, Einarsen et al. 2006) Recently, Veach et al. optimized

and improved the sensitivity of HPLC-MS methods for CAP detection with LOD at 0.01
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ug/kg. (Veach, Baker et al. 2015) Similarly, Kaufmann et al. developed an ultra-high
performance liquid chromatography combined with high-resolution mass spectrometry for
detecting nitrofuran and chloramphenicol residues in fish. The technique could achieve a

low LOD at 0.05 ug/kg. (Kaufmann, Butcher et al. 2015)

2.1.2 Enzyme-linked immunosorbent assay

Enzyme-linked immunosorbent assay (ELISA) is a plate-based immunoassay for
detecting and quantifying specific analytes, including peptides, antibiotics, proteins, and
bacteria. (Walker 2009) In an ELISA analysis, the antigen specifically reacts with
antibody-forming a bioconjugation, and the bioconjugation is incubated with the
appropriate dyes to produce a detectable colorimetric signal. Before ELISA was
developed, the commonly used immunoassay was radioimmunoassay, where
radiolabeled antigen or antibody provides a radioactive signal. (Yalow and Berson 1960)
As radiolabeled molecule has a potential health threat, researchers spent around
decades to develop a suitable alternative with a nonradioactive signal. The first ELISA
technique was introduced by Engvall and Perlman in the 1970s. The IgG analytes were
captured by microplate wells where antibodies were pre-coated, and chromogenic
reporters were employed to produce colorimetric signals. (Engvall and Perlmann 1971,
Nassau, Parsons et al. 1976) Recently, new ELISA techniques also employ fluorescent,
phosphorescent, chemiluminescent, and electrochemiluminescent reporters to create
guantifiable signals, which could produce a high intensity of the signal and improve
sensitivity. (Leng, McElhaney et al. 2008) In 2012, Roberto et al. developed an ultra-

sensitive ELISA, where gold nanoparticles were used as chromogenic reporters. The
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aggregation of gold nanoparticles could change the optical properties of nanoparticles,
and the ultra-sensitive ELISA could give a naked-eye color change from red to blue with

the presence of analytes.

Various ELISA technologies have been developed for different types of analytes and used
with different detectors. Based on the types of analytes, the ELISA methods have several
formats, including direct, indirect, sandwich and competitive ELISA. (Crowther 2001) In
the direct ELISA, the analyte antigens are coated on the plates, and enzyme-modified
antibodies are captured by the loaded antigen. In the indirect ELISA, firstly, the analyte
antigens are coated on the plates; secondly, primary antibodies are added and captured
by the antigens; then, enzyme-modified second antibodies are captured by the primary
antibodies. In the sandwich ELISA, firstly, primary antibodies are coated on the plates;
then, analytes are added; lastly, enzyme-modified second antibodies are added and
captured by the analyte antigens. When the analytes are small molecules such as
antibiotics, a competitive ELISA is required, where analytes and enzyme-linked analytes
are added to the antibodies coated plates at the same time. The advantages and

shortcomings of each ELISA are listed in Table 2.1. (Crowther 2001)

The commercial ELISA method consists of five main procedures: 1) the bioreceptors,
including antigens or antibodies, are coated onto polystyrene microplate wells by
physically adsorption; 2) block agents, such as bovine serum albumin (BSA) and milk
whey, are added into the pre-coated microplate for blocking the unsaturated surface
reactive sites; 3) the analyte samples are added into the as-prepared microplate and
incubated at a specific temperature so that analytes could bind to the pre-loaded

bioreceptors; 4) after incubation, the microplate is washed to remove all unbonded

16



analytes, and a dye substrate is added to each microwell to produce color change; 5) the
intensity of the colorimetric signal is analyzed by a detector, such as a plate reader. (Lin
2015) Developing a high binding plate is the first step for building an ELISA system. The
micro-plates of all ELISAs are made by polystyrene, which is a hydrophobic polymer and
could adsorb the proteins by non-specific hydrophobic force. If the antigen is a small
molecule, the antigen needs to be linked with a protein, such as BSA, to be coated on the
plates. The common method for coating is adding a 2—100 ug/mL of antibodies or antigen
phosphate-buffered saline (PBS) solution into the plate wells. Then, the coated plates are
incubated for several hours at room temperature or overnight at 4 °C. (Gardas and
Lewartowska 1988) The hydrophobic adsorption could arise many issues, including poor
immobilization efficiency, binding of contaminants, and denaturation of protein. Especially,
the antibodies may be loaded with improper orientation: the antigen-binding sites on the
antibody could be blocked to the plates, resulting in false-negative results. (Lee, Park et
al. 2012) Thus, a surface-modified plate is employed for avoiding passive adsorption. The
plates could be pre-coated with protein A, protein G, glutathione and metal-chelate, which
could capture antibodies with proper orientation and preserve the antigen-binding affinity.
(Chen, Chen et al. 2018) In some ELISA systems, the bioreceptors are small molecules
such as peptides or nucleic acids, which could not be passively adsorbed on the
polystyrene. In this case, the plates are pre-coated with streptavidin which could efficiently

bind with the biotinylated peptides or nucleic acids. (Bockstahler, Li et al. 2002)

The bioreceptors could be biological molecular species, such as antibodies, enzymes,
peptides, and nucleic acids, or a living biological system, including cells, tissues or

organisms. A proper bioreceptor requires strong interaction with analytes, high selectivity,
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stability and durability. (Vo-Dinh and Cullum 2000) Among bioreceptors, antibodies are
currently the most commonly used bioreceptors because antibodies have a stable
structure and highly specific affinity to analytes. An antibody is a Y-shaped protein
generated by the immune system to identify antigens such as bacteria and viruses.
Antibodies include polyclonal, monoclonal or recombinant, depending on the synthesis
methods. (Huang, Garcia-Carreras et al. 2020) Polyclonal antibodies are the most
common ones, which are produced by conventional immunization procedures. The
monoclonal antibodies are produced by cloning a unique white blood cell. Since
monoclonal antibodies have monovalent affinity binding to one antigen, the monoclonal
antibodies are more selective. Recombinant antibodies, such as nanobodies, are
antibody fragments. Unlike polyclonal and monoclonal antibodies, which need
hybridomas and animals in the production process, recombinant antibodies are generated
in vitro using synthetic genes. (Khongorzul, Ling et al. 2020) Currently, various antibodies,
such as anti-antibiotics and anti-pesticides, are now commercially available. However,
the antibody ELISA also has some limitations. Since the antigens only bind to the
antibodies which have correct conformation, the antibody ELISA could not be applied in
high temperature, organic solvents or high salty solvents, which could denature the 3rd
or 4th structure of antibodies. (Goode, Rushworth et al. 2015) Thus, the ideal working

environment is PBS solvents.

After the plates are coated by bioreceptors, a blocking buffer is added to each well.
Since the number of binding sites on each microplate well is higher than the number of
loaded proteins. It is necessary to block the remaining binding sites to prevent the non-

specific adsorption of analytes during subsequent steps. (Crowther 2001) The blocking
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solution is made up by adding inert proteins, such as BSA or milk whey protein, into a
PBS solution. When selecting blocking proteins, there are two requirements: 1) the signal-
to-noise ratio needs to be improved after blocking, and 2) the blocking protein would not
sterically inhibit the affinity binding between antibody and antigen. (The signal-to-noise
ratio is represented by the ratio between the signal obtained from the analyte sample and
signal obtained from the non-analyte sample.) The inadequate amounts of blocking
solution would result in high background signal, low signal-to-noise ratio, and low
sensitivity. On the other hand, excessive amounts of blocking solution may inhibit the
antibody-antigen interactions or inhibit the affinity between antibody-antigen
bioconjugation and enzyme reporters, resulting in a reduction of the signal intensity. The
ideal blocking solution would precisely bind to all the remaining reactive sites, eliminating
background signal, increasing the signal-to-noise ratio and improving the sensitivity
consequently. (Steinitz 2000, Xiao and Isaacs 2012) Thus, preliminary empirical testing

is necessary for optimizing the blocking parameters for each ELISA analysis.

After blocking, the varied analytes and enzyme reporters would be added to the coated
plates subsequently. The commonly used enzyme reporters include horseradish
peroxidase (HRP), alkaline phosphatase, [(-galactosidase and acetylcholinesterase.
(Tighe, Ryder et al. 2015) Then, the corresponding dye substrates are selected for
performing ELISA based on the types of enzyme reporters. The enzyme reporters could
convert the substrate to a detectable signal, and the intensity of the signal is directly
proportional to the number of analytes captured by the coated plate. The substrates
determine the types of signals and signal intensity. Generally, the common types of

substrates include a chromogenic substrate, fluorescent substrate and chemiluminescent

19



substrate. The common colorimetric substrates include 3,3',5,5'-tetramethylbenzidine, o-
phenylenediamine, and 2,2'-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid), which
could work as hydrogen donors for the reduction of hydrogen peroxide by peroxidase
enzyme reporters. The colorimetric ELISA may have lower sensitivity than fluorescent or
chemiluminescent ELISA but could reveal a visualized signal and enable the kinetic study.
Fluorescent ELISA is more sensitive and has a wider dynamic range than colorimetric
ELISA, but a fluorometer with proper excitation and emission filters is required.
Chemiluminescence is a chemical reaction that generates a light signal. The common
chemiluminescent substrate is luminol, which is oxidized and reaches the excited state in
the presence of a peroxidase enzyme and peroxide solution. Since the detector could
record the accumulation of emission light, the chemiluminescent ELISA is the most
sensitive ELISA, but its signal would decay when the substrate is exhausted. (Crowther

2001, Ma and Shieh 2006)

As a selective and convenient analysis technique, ELISA has also been widely applied
in toxicant detection and compared with HPLC/GC-MS methods. Scortichini et al.
established an ELISA qualitative screening method for measuring CAP in muscle, eggs,
honey and milk. The detection capability values are below the minimum required
performance limit (0.3ppb) for all the samples. (Scortichini, Annunziata et al. 2005)
Impens et al. developed and validated a method to detect CAP in seafood tissue. In this
analysis method, ELISA was used for screening CAP, and GC-MS or LC-MS was used
for confirmation. The ELISA screening was carried out directly on the aqueous extract of
the seafood, and confirmation was performed after extraction. This selective technique

could detect CAP residue at the 0.1ppb level. (Impens, Reybroeck et al. 2003) Zhang et
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al. developed a chemiluminescent ELISA to detect CAP in chicken muscle. The luminol
solution was used as the substrate, and horseradish peroxidase was used as the enzyme
reporter. The chemiluminescent ELISA was found at 10 times more sensitive compared

to the colorimetric ELISA. (Zhang, Zhang et al. 2006)

Table 2.1. Comparison of different ELISA formats

ELISA format Advantages Disadvantages

Direct ELISA Rapid detection Low sensitivity
Fewer incubation steps Less commercial antibodies

Indirect ELISA Increased sensitivity Cross-reactivity

Commercial antibodies

Sandwich ELISA Highly sensitive More incubation steps

Commercial antibodies

Competitive ELISA Small analytes Limited sensitivity

Low accuracy

2.1.3 Biosensors

Although HPLC/GC-MS and plate ELISA have many merits, such as sensitive and
precisive detection of targets, they have many limitations such as requiring expensive
instruments, complicated operations, and long extraction and preparation time, which limit
their applications in point-of-care inspections. Contrarily, various biosensors could be
applied as the relatively convenient analytical technique for rapid detection. The

biosensor is an analytical device that can specifically detect chemical or biological
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components with high sensitivity. Similar to plate ELISA, bioreceptors, such as antibodies,
enzymes, peptides, etc., are required to be pre-loaded on a solid support material for
fabricating a biosensor. Then, the bioreceptors could interact with the specific analytes to
produce a bioconjugation which could combine with a specific enzyme to produce a signal
for recording. (Bondavalli 2019) However, there are two main differences between plate-
ELSIAs and biosensors: 1) ELISAs are on a micro-plate, but biosensor could be
fabricated on varied solid media, including fiber, film and electrode; 2) ELISAs usually
exhibit an optical signal, but biosensors exhibit different signal, such as electric signal.

(Gaudin, Cadieu et al. 2005; Campbell, Huet et al. 2009)

The biosensors could be categorized by the types of transducers. A wide variety of
transducers have been designed and fabricated in the past decade. In general,
electrochemical, mass sensitive, thermometrical and optical transducers are the
commonly used transducers for the detection of toxicant residues. Among these
transducers, the electrochemical biosensors are the most frequently developed
biosensors, and these techniques were introduced in the 1950s. (Pohanka and Skladal
2008) In the electrochemical biosensor analysis, varied bioreceptors are immobilized onto
the surface of an electrically conductive material, such as carbon electrode or conductive
fiber. The basic mechanism for electrochemical biosensors is converting chemical
information to an electrical signal. The chemical reactions between immobilized
bioreceptors and analytes could produce or consume ions and electrons, which affect the
electrical properties (such as electric current, impendent or potential) of the biosensor.
The first developed electrochemical biosensor is an amperometric biosensor where the

current is proportional to the analyte concentration. (Thévenot, Toth et al. 2001) Montiel
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et al. developed an amperometric biosensor to detect three different types of antibiotic
residues in milk. The antibodies were immobilized on the magnetic beads, and HRP was
employed to enhance the signal. Compared with HPLC and LC-MS, the amperometric
biosensor could exhibit a low LOD at 0.8ng/mL with a rapid detection time at 5mins.
(Montiel, Campuzano et al. 2015) Recently, the most popular electrochemical biosensor
is the impedimetric electrochemical biosensor which measures the variation of resistance
and interfacial capacitance between the electrode surface and a solution. The
impedimetric electrochemical biosensor has many merits, including the highest sensitivity,
no labelling and rapid detection. (Kim, lezzi Jr et al. 2019) Thavarungkul et al. fabricated
an impedimetric label-free immunosensor for detecting penicillin in milk. Anti-penicillin G
was immobilized on a gold working electrode, and the impedance was carried out at the
optimum frequency of 160 Hz. The impedimetric immunosensor system provided an ultra-
low LOD at 3.0 x 10-15 M and a short detection time at 45mins. (Thavarungkul, Dawan
et al. 2007) Wu et al. immobilized an anti-neomycin antibody on a nanotube to fabricate
a paper-support impedimetric biosensor for neomycin detection, which has a low LOD at

0.04ng/mL. (Wu, Kuang et al. 2012)

Thermometric biosensors could measure the released or adsorbed heat from biological
reactions. The thermometric biosensors have merits, including simple operation and
convenience. Xu et al. developed a flow-injection thermometric biosensor for rapidly
guantifying diazepam and verified the detected results by HPLC. Each sample only needs
15 min to generate an entire heat signal, and the cycle time, including regeneration and
retrimming, is shorter than 45 min. The thermometric biosensor has a linear range at

45.37 - 726.71 ng/mL and a corresponding LOD at 33.71 ng/mL. The sensitivity is not
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outstanding, but it meets the requirement of diazepam detection for the patient. (Xu, Bai

et al. 2017)

Mass-sensitive transducers, also called gravimetric biosensors, could detect the mass
change after bio-conjugation formed. The common mass-sensitive biosensors include
piezoelectric crystals, quartz crystal microbalances, and surface acoustic waves. A
piezoelectric biosensor could record the oscillators on piezoelectric effect due to analytes
bound on the piezoelectric crystal surface. (Pohanka 2017) The quartz crystal
microbalance biosensor could record the mass change by measuring the change in
frequency of quartz crystal resonators. (Vo-Dinh and Cullum 2000) Surface acoustic wave
biosensors could record the acoustic wave travelling along the surface of materials after
analytes interact with bioreceptors. (LaAnge, Rapp et al. 2008) However, the sensitivity of
mass-sensitive transducers is lower than the sensitivity of electrical biosensors. Karaseva
and Ermolaeva developed a quartz crystal microbalance biosensor for the detection of
CAP from meat, milk and egg. However, the announced detection of limitation is 5-
10ng/mL, which is higher than the minimum required performance level of CAP
(0.3ng/mL). (Karaseva and Ermolaeva 2012) Another team developed a novel quartz
crystal microbalance biosensor based on a molecularly imprinted polymer for the
detection of CAP in meat, milk, honey and shrimp. The LOD is lower than the minimum
required performance level only when detecting CAP in honey and shrimp. (Marx,

Zaltsman et al. 2004)

Optical biosensors are based on the optical signal when a dye molecule reacts with
the enzymes. The optical biosensors have a large number of subclasses based on the

different light types. Colorimeters or fluorescence biosensors measure the absorbance or
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emission light of dye molecules; flow cytometric immunoassay biosensors measure the
light scatter when an analyte passes through the light beam; surface plasmon resonance
biosensors measure the change of refractive index on the surface of solid, and
chemiluminescent biosensors measure the optical signal from a chemical reaction
catalyzed by enzymes. (Damborsky, Svitel et al. 2016) The first article on developing an
optical biosensor was published in the 1990s, but the optical biosensors were widely
applied for toxicant detection after the 21st century. Chu et al. employed a fluorescence
biosensor for aminoglycosides detection in milk; Song et al. fabricated a polymer nanobelt
based fluorescence biosensor to detect sulfadimethoxine in milk; Chen et al. developed
a multiplex biosensor based on fluorescence for the detection of varied antibiotics and
compared the results with those from the conventional ELISA; and Fernandez et al.
developed a portable surface plasmon resonance biosensor, which contains three parallel
channels, for evaluation of toxicant in milk. (Chu, Wu et al. 2008; Song, Jeong et al. 2012;
Chen, Wang et al. 2009; Fernandez, Pinacho et al. 2011) Among optical biosensors, the
most common one is paper-based ELISA, which is fabricated by adapting a conventional
ELISA on nitrocellulose and filter papers to establish a diagnostic tool. (Hawkes, Niday et
al. 1982) Paper-based ELISA was first documented by Whitesides at Harvard University
in 2010, where hydrophobic polymer was patterned on the hydrophilic filter paper to
fabricate a platform for interacting with antigens. (Cheng, Martinez et al. 2010) Since the
paper-based ELISAs have merits, including low cost, direct visualization, and easy
operation, they have been widely used in on-site detection, point-of-care detection and
gualitative detection. Shih et al. applied a paper-based ELISA to rapidly detect

Escherichia coli in 5 hours. The research provided a fast, easy to perform, and less
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expensive method for detecting bacteria in low- and middle-income areas. (Shih, Chang
et al. 2015) Nilghaz and Lu fabricated a paper-based microfluidic device for detecting
antibiotic residues in pork. The paper had both filtration and detection function, and the
device had a LOD at 1ppm for detecting norfloxacin residues. (Nilghaz and Lu 2019)
Zhang et al. developed a low-cost and simple paper-based microfluidic device for
multiplex determination of different types of chemical contaminants in food. The device
was fabricated by physically adsorbing fluorescence-labelled DNA on filters. (Zhang, Zuo
et al. 2015) The optical biosensors have many merits, such as portable devices, low cost
and visible signal. But optical biosensors are less sensitive than electrochemical

biosensors.

2.2 Electrospun nanofiber and their application

2.2.1 Electrospun Nanofiber

The most common materials for producing nanofiber are natural and synthetic
polymers. Examples of natural polymers include protein (such as silk fibroin, gelatin and
collagen) and polysaccharides (such as cellulose, alginate and chitosan). (Vasita and
Katti 2006) Examples of synthetic polymers include polycaprolactone, poly (vinyl alcohol-
co-ethylene), polyurethane, poly(3-hydroxybutyrate-co-3-hydroxyvalerate)  and
polystyrene. (Khajavi, Abbasipour et al. 2016) The fabricating methods are determined
by the types of raw materials. The techniques for fabricating nanofibers include thermal-
induced phase separation, drawing, template synthesis, self-assembly, sea-island

methods, and electrospinning. Among them, electrospinning is the most commonly used
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technique to fabricate nanofibers. (Li and Xia 2004, Sarbatly, Krishnaiah et al. 2016)
Electrospinning is the process of applying electrostatic forces to fabricate fibers from
polymer solutions. At four centuries ago, William Gilbert, an English physicist, first found
that the liquid could warp into a cone shape and form a spherical drop when the solution
was held under electrostatic attraction. (LF Nascimento, S Araujo et al. 2015) In the late
19th century, scientists found that the liquid could be ejected in a tiny jet stream at the
equilibrium between electrostatic force and liquid surface tension. (Rayleigh, Magazine
et al. 1882) After the first patent about electrospinning was published in the early 20th
century, scientists spent much effort and time attempting nanofiber production. (Cooley
1900; Simons 1966; Tucker, Stanger et al. 2012) In the 1930s, Formals had designed
and fabricated polymer filaments under an electric field. (Huang, Zhang et al. 2003) In the
1950s, Vonnegut successfully applied an electric field on a small volume of liquids and
produced droplets with micrometre diameter, which was a precursor for electrospinning
nanofiber. (Vonnegut and Neubauer 1952) In the 1960s, Simons designed and optimized
an electrospinning instrument to produce electrospun non-woven fabrics. (Huang, Zhang
et al. 2003) In the 1970s, Baumgarten successfully created a modern electrospinning
process and developed modern electrospinning instruments. (Baumgarten 1971) At the
same time, hundreds of polymer solutions had been applied in the electrospinning, and
more than one hundred ultrafine fibers had been successfully obtained. (Huang, Zhang
et al. 2003) In the 1980s, the electrospinning process has been widely applied in varied
applications, including bio-engineering, drug delivery and filtration. But none of the above
research could be applied in industrial manufacture for fabricating fiber in nanometer size.

Only in the 1990s, electrospinning had been rediscovered by D. Reneker. (Doshi and
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Reneker 1995) Then, electrospinning became popular among scientists and researchers

and continues to be researched and developed even today.

The mechanism of electrospinning had also been studied and analyzed in the 20th
century. Briefly, electrospinning begins with a charged polymer solution and a grounded
electrode which is placed at some distance away from the polymer solution droplet. An
electric field is applied between polymer solution and ground electrode, resulting in the
accumulated charge on the surface of the solution. Then, the polymer solution deforms,
and a liquid droplet with accumulated charge is generated. When a sufficient electric field
is applied, the electrostatic repulsion force is equal to the liquid surface tension forces.
Then, the interaction of the charges in the droplet and the external electrical field stretch
liquid droplet into a conical shape liquid droplet, which is called Taylor cone. (Kessick,
Fenn et al. 2004) In 1964, Sir Geoffrey Ingram Taylor firstly documented the Taylor cone
and theoretically studied the factors affecting the formation and size of a liquid cone under
an electric field. He found the cone would be stretched with the increase of the intensity
of the electric field. Finally, the semi-vertical angle of the Tylor cone will reach 49.3°.
(Taylor 1964) When the electrical potential keeps increasing, the Tylor cone becomes
unstable, resulting in that a jet stream is emitted from the Taylor cone and moving toward
the grounded electrode. Since the discharged fluid jet is unstable, the polymer fluid is
elongated under an electric field, resulting in a long and thin jet. The jet moves straight
at a short distance and starts a whipping path at a certain distance. The initial straight
path is controlled by Rayleigh instability, and the whipping path is controlled by bending
and whipping instabilities. (Reneker, Yarin et al. 2000) During the whole process, the

solvent would be evaporated, resulting in forming a small diameter fiber.
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Based on the above mechanism, various configurations were developed and used for
electrospinning. The majority of instruments for electrospinning include four main
components: 1) a high voltage supply for generating electric potential, 2) a small diameter
tube (such as a syringe) with a needle for storing polymer solution, 3) a pump for extruding
polymer, and 4) a metal collector for collecting nanofibers. (Bhardwaj and Kundu 2010)
The electrode is attached to the tips of the needle, and the ground electrode is connected
with the metal collector. As the mechanism explains, when the applied repulsive
electrostatic force overcomes the surface tension of polymer solution, the jet stream of
polymer solution is ejected from the tip of the needle, transports toward ground electrode
collectors, solidifies with the evaporation of solvent and forms nanofibers at the meal

collector.

2.2.2 Parameters that affect the morphology of electrospun nanofibers

The morphology of nanofibers formed by electrospinning is shown in microporous
nanofibrous structures and is influenced by many factors and parameters. The majority
of factors include: 1) the solution properties, 2) the process parameters, and 3)

environment factors. (Bhardwaj and Kundu 2010)

The polymer concentration is the most critical solution property for electrospinning.
Beads or discontinuous electrospun fibers are generated when polymer concentration is
lower than the concentration that can cause polymer chain entanglement; contrarily,
bands and micrometre diameter fibers form when the polymer concentration is too high.

(Almetwally, EI-Sakhawy et al. 2017) The fiber diameter and pore size increase with the

29



increase of the polymer concentration. (Greiner and Wendorff 2007) The solution
viscosity should also be considered when electrospinning polymers. The continuous
fibers could not be generated when solution viscosity is too low, but the Taylor cone could
not form in a highly viscous solution because of the high surface tension. Besides, the
molecular weight of polymer has a significant effect on both the rheological and electrical
properties of the polymer solution. Low molecular weight polymer solution would cause
the instability of the polymer solution jet, resulting in beads and discontinuous fibers.
Contrarily, the fiber cross-section changes from circular to flat when the molecular weight

of the polymer is too high. (Bhardwaj and Kundu 2010; Mohammadian and Haghi 2014)

The process parameters include the intensity of applied voltage, flow rate, the distance
between needle and collector, and types of collectors. As the mechanism explained, the
jet could only be ejected from the Taylor cone when the threshold voltage reached. A
higher applied voltage could increase the repulsive force between each charge located
on the jet, resulting in a longer whipping path. With more solvent evaporation in the patch,
a thinner fiber is fabricated in the process. (Pillay, Dott et al. 2013) The flow rate has a
dramatic influence on the diameter of fiber. Slow flow rates reduce the size of the Taylor
cone and volume of polymer jets, ensuring the evaporation of solvent during the whipping
path and resulting in a smaller diameter fiber. Meanwhile, when flow rates are high, and
the size of the Taylor cone is large, more fiber beading would form due to insufficient
evaporation. (Shin, Hohman et al. 2001) Similarly, the working distance also affects the
diameter of fibers by controlling the evaporation time. Short distances limit the solvent
evaporation and drying of polymer jet, resulting in a wet nanofiber. But the long-distance

could reduce the intensity of the electric field, resulting in beads and discontinuous fibers.
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(Pillay, Dott et al. 2013) Lastly, the collector is critical to determine the orientation and
alignment of fibers. Nanofibers are homogenously distributed and less oriented on a static
plate collector. The oriented nanofibers need be collected by a rapidly rotating drum or a
rotating disc which could mechanically stretch the fiber and help the alignment of the

fibers. (Zander 2013)

Environment factors, including relative humidity and temperature, also have a
dramatical influence on the morphology of electrospun fibers. The temperature affects the
evaporation rates of polymer solution jets by controlling the vapour pressure of solvents.
A thinner fiber could be produced at a higher room temperature. The influence of relative
humidity is complicated. For water-based solvents, the increase of relative humidity would
increase vapor pressure of the solvent and slow down its evaporation, resulting in an
increase of diameter, porosity, and pore size nanofiber mats. Such electrospun
nanofibers have an ideal surface feature for specific applications, including tissue
engineering and drug delivery. However, high relative humidity may cause a thinner fiber
for non-polar solvents because moisture could help the solidification of polymers. (Casper,
Stephens et al. 2004) Generally, the nanofiber needs to be fabricated at low relative
humidity (10-40%). However, when relative humidity is too low, solvents may evaporate
rapidly, and the solidified polymer could block the needle tips. Besides, for fabricating a
thin nanofibrous membrane, hot air is commonly used to increase the evaporation rates,
and a vacuum pump could be applied to remove solvents. When the oxygen-sensitive
nanofiber is fabricated by electrospinning, inert gases, such as nitrogen or argon, are
necessary to fill the spinning chamber to prevent the oxidization of the polymer at

extremely high voltage.
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2.2.3 Applications of electrospun nanofibers

Due to the unique as-mentioned properties, nanofiber could be employed in a broad
scope of applications in nanoscale devices, including water or air filtration, clinical use,
energy storage, and protein adsorption. (Venugopal, Ramakrishna et al. 2005; Martins,
Araujo et al. 2007) Filtration is the major application of nanofibrous membranes. The pore
size of the nanofibrous membrane is varied from nanometer to micrometer range,
compactible to filters for removal of submicron particles from air or water. Meanwhile, the
hydrophilicity and ionic charge of the nanofiber surface contribute to adsorbing and
dissolving chemical elements from air or water. Thus, nanofibrous membranes with
proper pore sizes and proper chemical properties could be employed as mechanical and
chemical filters. (Schreuder-Gibson, Truong et al. 2003) These nanofibers incorporated
with nonwoven fabrics have been widely used in filtration products, such as facemasks,
aerosol filters, personal care fabrics, defensive clothing, wastewater filters, water/oil
separation film and heavy metal adsorption film. (Kumar and Nahm 2011; Zhang, Chae
et al. 2012; Li, Wang et al. 2013; Wang, Si et al. 2014; Si, Fu et al. 2015; Wang, Yu et al.

2016)

Nanofibers are widely used in clinical textiles and biological applications because the
pore size of nanofibrous media is compatible with the size of cells. The nanofibers have
been used as drug delivery substrates, artificial organs, artificial blood vessels, and tissue
engineering. (Pham, Sharma et al. 2006; Nisbet, Forsythe et al. 2009) Synthetic
biocompatible nanofibers such as poly (lactic acid), polycaprolactone and poly (lactic-co-

glycolic acid) have been applied as scaffold production. (Azimi, Nourpanah et al. 2014)
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The diameter of such nanofibers varies from 50nm to 500 nm, the porosity of these
nanofibrous membranes is above 90%, and pore size is controlled at micrometer range.
These nanofiber scaffolds have an ideal morphology and micro-structure for cellular
recognition, attachment, and differentiation. (Khajavi, Abbasipour et al. 2016) Due to
proper cellular recognition, biocompatible polymers initiate immune responses rarely.
(Cheng, Jun et al. 2017) Meanwhile, they also have other merits, including low toxicity,
biodegradation, and proper mechanical properties. (Hejazi and Mirzadeh 2016) The
biocompatible and biodegradable nanofibers also could be used as drug delivery and
drug-releasing substrate. The nanofibers possess high drug-loading capacity due to the
ultra-high specific area. Then, since the diffusion of drug molecules inside nanofibrous
material is extremely slower than the diffusion of such molecules inside other porous
material, the drug could release slowly for the exertion of long-term therapy. (Sharifi,

Sooriyarachchi et al. 2016)

Since some polymers have proper electric conductivity, these nanofibers could be
applied in energy materials, including semiconductors, battery separators, fuel cells and
supercapacitors. (Zhang and Pan 2015) For an instant, polyaniline nanofiber and their
composites, prepared by polymerization of aniline monomer under acid conditions, have
high conductivities and high specific capacitance. Such nanofiber composites could be
used as supercapacitor electrodes. (Zhang, Zhang et al. 2010; Yanilmaz, Dirican et al.
2019) Compared with conventional capacitance material, nanofiber-based capacitors
have many merits, including flexibility, wearability, fast charge and discharge rates, high
power densities, and long lifetime. Besides, carbon nanofiber is widely used as a

substrate material for metal oxides in rechargeable lithium-air batteries. Carbon
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nanofibers could be made into open macro-porous structures, providing ideal support for

the oxygen reduction reactions. (Yang, He et al. 2009)

Besides, the surface of nanofibers could be modified by functional chemical
compounds for specific applications. (Wang, Yu et al. 2016) For instance, the surface of
nanofibers could be modified with chelating groups for heavy metal adsorption and
purification. (Zhu, Yang et al. 2011; Foong, Wirzal et al. 2020) Nanofibers could be
functionalized by N-halamine or photoactive agents for anti-bacterial and antifouling
applications. (Zhang, EI-Moghazy et al. 2020; Ma, Ramos et al. 2021; Ma, Wisuthiphaet
et al. 2021) Especially, nanofibers could be modified with proper biological groups such
as peptides and antibodies. Such biological functionalized nanofiber could be used for
protein adsorption, detection and purification. (Zhu, Sun et al. 2012) Zhu et al. modified
poly (vinyl alcohol-co-ethylene) nanofibrous membranes by eight different bio-functional
linking agents and immobilized protein A/G onto the modified membranes for selectively
recognizing and capturing 1gG. Among all of these linking agents, disuccinimidyl
carbonate was found to be the most effective agent for immobilizing protein A/G. However,
since its high reactivity toward amine groups, multiple binding sites may form between
nanofibers and protein A/G, subsequently changing the conformation of the protein A/G
and eventually resulting in less captured IgG. Glutaraldehyde was found to have the
highest IgG binding capacity because it has high efficiency for immobilization of protein
A/G and would not affect the conformation of protein A/G. The results indicate that the
nanofibrous membranes are flexible to be modified by different linking agents and the
modified nanofibrous membranes have the potential to be applied as biosensors. (Zhu

and Sun 2015)

34



2.3 Nanofiber-based biosensors

2.3.1 The merits of nanofiber-based biosensors

The nanofiber biosensor is fabricated by coating various bioreceptors on an
electrospun nanofibrous substrate for specific analyte detection. Compared with
conventional biosensor systems, the nanofiber biosensors have the following merits: 1)
high sensitivity, 2) proper mass transfer, 3) convenient operation process, and 4) less
false positive or negative results. These advantages of nanofiber biosensors could be
attributed to the unique properties of electrospun nanofibers, including ultra-high specific

surface area, high porosity, portability and flexibility for surface modification, respectively.

The ultra-large surface area of electrospun nanofibers could improve the antibody
capacity, leading to high sensitivity. As the mechanism of ELISA explained (as shown in
the introduction of this dissertation), compared with the conventional biosensor, the
nanofiber biosensors could reveal the strong intensity of signal when detecting the same
concentrated analytes, resulting in remarkably high sensitivity. Mertz et al. (Mertz,
Kunduru et al. 2011) compared the sensitivity of polystyrene nanofiber biosensor and
polystyrene bead biosensor for C-reactive protein detection. The sensitivity of the

nanofiber biosensor was found around twice higher than the polymer bead biosensor.

The conventional biosensor may have the mass transfer issue, especially when
detecting small molecule analytes from a complicated system such as detecting
biomarkers from blood plasma. (Qureshi, Gurbuz et al. 2012) The blood plasma contains

many large-size components such as exosomes and cells, which may be adsorbed on
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the surface of conventional biosensors and sterically block the interaction between
biomarkers and bioreceptors, eventually leading to inaccurate and imprecise detection of
small size biomarkers. The parallel samples always reveal a huge error bar, resulting in
a high signal-to-noise ratio and low sensitivity. Li et al. fabricated a surface-modified
mesoporous nanofibrous membrane for biomarker detection from blood plasma samples.
In this research, the nanofibers acted in two roles: 1) support solid substrates for loading
bioreceptors, 2) filter matrices for blocking and removing large size components. The
surface of the nanofibers was modified by hydrophilic agents for reducing non-specific
adsorption. Thus, the reaction between biomarkers and bioreceptors is rarely sterically
inhibited. Such nanofiber biosensors could increase 6 folds in the sensitivity and 5 times

in signal-to-noise for direct blood plasma detection. (Li, Liu et al. 2020)

Besides, nanofibers could be fabricated as the support material of portable biosensors
for on-site detection. Since the nanofiber biosensor has a higher sensitivity than the
conventional biosensor, a low concentration of analytes could cause a significant signal
via a nanofiber biosensor. Thus, a highly sensitive detector is not necessary for nanofiber
biosensors. Meanwhile, the micro-porous nanofibrous material is an ideal filtration
material that could block impurities. Thus, professional filtration columns and extraction
instruments may not be required for nanofiber biosensors. Given the above advantages,
the nanofibrous membrane biosensors have the potential to be applied as point-of-care
detection with inexpensive commercial devices. Shaibani et al. fabricated a portable
nanofiber biosensor for rapid Escherichia coli detection in orange juice. The nanofiber
sensor was placed inside a 3D printed microfluid chip for sample transferring, and a LED

light was applied for the light source. The LOD of this sensor was found to be 102 CFU/mL.
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(Shaibani, Etayash et al. 2018) Cetin et al. fabricated a portable and rapid glucose
biosensor based on poly(3,4-ethylenedioxythiophene) nanofibers for glucose detection.
The LOD was found to be 2.9 yM with a short response time at 2—3 s. (Cetin and Camurlu
2018) Jiang et al. developed a low-cost and portable electrochemical nanofiber biosensor
for rapid detection of milk allergen casein. The substrate material was fabricated by a
graphene /carbon nanofiber / gelatin methacryloyl composite which has high conductivity
and good biocompatibility. Rat basophilic leukemia (RBL-2H3) mast cells, as bioreceptors,
were immobilized on the surface of the biosensor. And a portable electrochemical station
was applied as the detector. The LOD was found to be 32ng/mL with a short detection

time. (Jiang, Ge et al. 2019)

Lastly, since the bioreceptors are physically adsorbed on the surface of conventional
biosensor materials by physical adsorption, the materials are usually hydrophobic
polymer materials such as nitrocellulose. The blocking agents hardly cover all the
unsaturated reactive sites, and the enzyme reporters could be non-specifically adsorbed,
resulting in false-positive results. Contrarily, since the hydrophobic force is not as strong
as covalent binding, the adsorbed bioreceptors could be washed off in the washing steps,
resulting in false-negative results. (SternesjO and Gustavsson 2006) On the contrary, the
surface of electrospun nanofiber could be modified by varied linking agents, leading to
covalent immobilization of bioreceptors. Thus, the bioreceptors are hardly washed off by
PBS solution, resulting in fewer false-negative results. Since some linking agents such as
N-hydroxysuccinimide (NHS) ester could be hydrolyzed in the aqueous solution, the
enzyme reporters would not be linked with biosensors by non-specific binding, resulting

in less false-positive results. Wang et al. electrospun a bioactive and antifouling
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nanofibrous membrane for rapidly detecting model target protein (mouse IgG) with no
false-positive results. The nanofibrous membrane was made of a poly(oxanorbornene)
derivative, which is a hydrophilic polymer and flexible to modify. The biotin (bioactive
agents) and triethylene glycol (antifouling agents) were modified on the nanofiber. Since
HRP would not be non-specifically adsorbed on the antifouling agent modified nanofiber,
no false-positive results were detected by the nanofiber biosensor. (Wang, Yang et al.

2020)

2.3.2 Recent advances in nanofiber biosensors

The commonly developed nanofiber biosensors include an impedimetric biosensor,

electrochemical biosensor, optical biosensor, and so on.

Nanofiber-based impedimetric biosensors measure the changes in charge
conductance and capacitance on the nanofiber surface as the selective binding of the
analytes. (Kim, lezzi Jr et al. 2019) Migliorini et al. developed a urea impedimetric
biosensing by depositing zinc oxide nanoparticles modified by polyamide 6 and
polypyrrole electrospun nanofibers onto a fluorine-doped tin oxide electrode. Such a
composite material exhibited excellent properties for the immobilization of urease enzyme,
resulting in high sensitivity for urea detection with a LOD at 0.011 mg/dL. (Migliorini,
Sanfelice et al. 2018) Gokce et al. fabricated an impedimetric DNA biosensor by using
polyurethane/poly(m-anthranilic acid) (PU/P3ANA) electrospun nanofibers. The
PU/P3ANA nanofiber was deposited on an indium tin oxide polyethylene terephthalate

electrode. Then, a probe DNA was immobilized by covalent binding with carboxyl groups
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on the nanofibers. The nanofiber biosensor was ultra-sensitive for Salmonella spp
detection with a LOD at 0.1 pM. (Gokce, Akalin et al. 2018) Yagati et al. developed an
impedimetric aptamer biosensor for detecting tumor marker MUC1 with electrospun core-
shell nanofibers. The surface of its carbon electrode was modified with honey and
polyvinyl alcohol core-shell electrospun nanofibers, multi-walled carbon nanotubes and
gold nanoparticles. Then, MUC1-binding aptamer was immobilized on the surface of the
composite material. The resistance of the electrode was measured by electrochemical
impedance spectroscopy. The biosensor exhibited a linear range from 5 to 115 nM of
MUC1 and a LOD at 2.7 nM. (Yagati, Park et al. 2017) Ye et al. used a functionalized
nanoporous alumina membrane to fabricate a rapid and highly sensitive impedance
biosensor for detecting histamine from seafood. The biosensor was modified with
magnetic nanoparticles for histamine accumulation, impurity filtration, and signal
amplification. The LOD was found at 1 pM. Such biosensors showed a potential for rapid

detecting histamine to confirm the safety of seafood products. (Ye, Ding et al. 2017)

The electrochemical biosensors are the most common and sensitive biosensors, and
their sensitivity could be further improved by incorporating them with nanofibers. Jeong
et al. fabricated a high-performance field effective transistor-based biosensor by N-doped
carbon nanofibers for cortisol detection. The morphology of the nanofibers was controlled
by the vapor pressure conditions during vapor deposition polymerization. After thermal
annealing, acid treatment, and antibody attachment, the field-effective transistor
transducers exhibited high sensitivity and accurate selectivity to the detection of cortisol
molecules with a LOD at 10aM and linear range at 100aM to 10nM. (Jeong, Oh et al.

2019) Wang et al. developed a molybdenum disulfide nanosheet arrays / carbon

39



nanofibers biosensor for the detection of levodopa and uric acid. The biosensor was
fabricated by hydrothermal synthesis and electrospinning. Due to the superior
conductivity and high specific surface area of carbon nanofibers, the carbon nanofiber
modified biosensor had a low LOD at 0.91 and 0.73 uA/uM for levodopa and uric acid,
respectively. The biosensor also displayed good stability and repeatability. (Wang, Yue
et al. 2019) Demiroglu et al. fabricated lignin/polyacrylonitrile/graphene-enhanced
nanofibers as an electrode material of an electrochemical biosensor for detecting
acetaminophen. Biopolymer lignin was blended with polyacrylonitrile and graphene. And
nanofibers in sizes less than 100nm were obtained via electrospinning, thermal
stabilization, and carbonization. The results indicated that the carbon nanofiber modified
electrode exhibited a remarkable improvement in conductivity, resulting in a highly
sensitive response to analytes. (Demiroglu Mustafov, Mohanty et al. 2019) Alim et al.
developed a novel glucose biosensor based on polymerized multi-porous tin oxide
nanofiber. Multi-porous tin oxide nanofiber was synthesized by the electrospinning
method and polymerized with polyaniline. Such nanofiber possesses a high surface area
and good electrical conductivity. Then, glucose oxidase and horseradish peroxidase were
immobilized on the surface of the nanofibers. The nanofiber biosensor exhibited a longer

linear range, low LOD and quick response time. (Alim, Kafi et al. 2019)

Optical biosensors are direct, convenient and portable biosensors for toxicant analysis.
The signal of optical biosensors is directly visual and could be measured by a camera or
smartphone. A novel optical biosensor for direct and selective detection of serotonin in
serum was developed by Ramon-Marquez et al. A commercially available nanofiber was

applied to capture serotonin directly from serum. Then, primary and secondary antibodies
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were immobilized onto the analytes. Subsequently, serotonin phosphorescent emission
was measured from the solid surface. Since the signal was detected by a phosphorescent
detector, the interference from emission fluorescence of other molecules in the serum
sample could be avoided. Thus, the developed nanofiber biosensor could be directly
applied in serum analysis with a simple clean-up protocol. The serum samples from seven
healthy volunteers were detected by the device with a correlation coefficient of 0.997.
(Ramon-Marquez, Medina-Castillo et al. 2016) Wang fabricated a near-infrared optical
nanofiber biosensor for 2,4,6-trinitrotoluene (TNT) explosive detection by directly loading
TNT binding peptide to single-walled carbon nanotubes utilizing the m-m interaction
between the aromatic amino acids and carbon nanotube. The results showed a highly
selective and sensitive detection of TNT explosive targets with a LOD at 0.01ppm and
linear range at 0.01ppm-10ppm. (Wang 2018) Chandra et al. developed a label-free
ultrasensitive optical sensor by immobilizing antibodies on polyaniline nanofibers. The
molecular conformation of polyaniline polymer before and after immunological
interactions was studied by various instruments, including proton nuclear magnetic
resonance, Fourier transformed infrared and selected area electron diffraction. The
spectroscopic properties of the polyaniline polymer changed because the immunological
interactions happening on the surface could change the polymer conformation. Based on
the optical properties of the polyaniline polymer, an IgG biosensor was developed with a

LOD at 37 pM. (Chandra, Bharadwaj et al. 2017)

Nanofiber-based ELISA is the most studied optical biosensor by incorporating the
ELISA system on the nanofiber matrix. Due to the ultra-high specific surface area of

nanofibers, the bioreceptor capacity and sensitivity of ELISA should be remarkedly
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improved accordingly. However, based on published research, the sensitivity of nanofiber
ELISA is slightly higher than micro-plate ELISA. Yang et al. developed an electrospun
nanofiber ELISA for HIV detection. The track-etched polycarbonate membrane was
applied as the solid substrate. Compared with plate ELISA, the antibody capacity of the
nanofiber sensor was increased to 10 times, and the sensitivity was increased to 5 times.
(Yang, Niu et al. 2008) Mahmoudifard et al. covalently immobilized antibody on
polyethersolfone electrospun nanofibrous membrane for biosensing applications. The
polyethersolfone nanofibrous membrane was fabricated by electrospinning, activated by
an oxygen plasma, modified through 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide / N-
hydroxysuccinimide (EDC/NHS) coupling strategy, subsequently. The antibody capacity
was increased to 2.3 times, and the sensitivity was increased to 1.2 times. (Mahmoudifard,
Soudi et al. 2016) Falcucci et al. fabricated a poly(e-caprolactone) electrospun nanofiber
ELISA for human papillomavirus (HPV) type 16 detection. The sensitivity was increased
to 5-6 times. (Falcucci, Paolini et al. 2021) Sadir et al. compared three different fiber-
based ELISAs for C-reactive protein detection. The electrospun poly-L-lactic acid
nanofiber, cellulose acetate nanofiber and a microfiber of commercial cotton swabs were
selected for testing. The LODs of each fiber-based platform were 13 pg/ml, 53 pg/ml and
27.32 pg/ml, respectively. The nanofiber ELISA did not exhibit improved sensitive

detection than the microfiber ELISA in this research. (Sadir, Prabhakaran et al. 2014)
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2.4 Research objectives

The progress of conventional and updated analysis techniques in detecting and
guantifying toxicants have been reviewed. The regular ELISA methods offer critical
perspectives but still have many limitations and challenges. The current commercially
available ELISA can provide results with satisfying accuracy and sensitivity. However,
conventional ELISA is expensive and not available for on-site detection. The nanofiber-
based impedimetric and electrochemical biosensors have remarked sensitivity and have
the potential to be developed as portable sensors for on-site applications. However, such
biosensors could not prove visual signals and depend on expensive instruments such as
electrochemical stations. The nanofiber-based optical biosensors, especially nanofiber-
based ELISA, are convenient and visible. However, the existing nanofiber-based ELISA
just slightly improves the sensitivity because of the hindered diffusion of larger-

biomolecules.

According to the current progresses in the development of highly sensitive biosensors
and the need for on-site detection, | proposed to development and fabrication of highly
sensitive colorimetric personal use biosensors by incorporating ELISA on nanofibrous
membranes. For achieving the goal, the dissertation is comprised of three objectives in

the following subsequence:

1) To design and fabricate a portable colorimetric biosensor with nanofibrous

membranes.

2) To study the mass transfer and adsorption property of large biomolecules, including

antibodies and enzymes, through micro-porous nanofibrous membranes.
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3) To optimize the biosensors and dramatically increase the sensitivity for toxicant

detection based on the knowledge obtained from Objective 2.

This dissertation will report the research achievement in six chapters. Chapter 1 and
chapter 2 are introduction and literature review, respectively. Chapter 3 reports the
fabrication of a naked-eye distinguishable colorimetric biosensor for toxin detection with
nanofibrous membrane-based ELISA. In this chapter, an antibiotic, chloramphenicol
(CAP), was selected as a model analyte because CAP is banned by EPA recently but
potentially exists in import seafood products. (Aldeek, Hsieh et al. 2017) A poly (vinyl
alcohol-co-ethylene) (PVA-co-PE) nanofibrous membrane was electrospun, modified with
different crosslink agents, and immobilized with anti-CAP antibodies. The antibody
capacity was dramatically increased, and the signal intensity was dramatically increased.
Consequently, a low concentration of CAP (0.3 ppb) could reveal a naked-eye detectable
color change. A “Yes or No” biosensor was fabricated to determine whether the
concentration of CAP is beyond the benchmark concentration or not. The successful
design and fabrication of the nanofiber ELISA provide new paths towards the
development of field-deployable biosensors without assistance from any instruments.
Chapter 4 reports the diffusion property of protein molecules through microporous
nanofibrous membranes. Since the specific surface area of the nanofibrous membrane is
hundreds or thousands of times higher than the plate materials, the amount of antibody
immobilized on the nanofibers and sensitivity of nanofiber ELISA should be improved
accordingly. However, both antibody capacity and sensitivity of all the existing nanofiber
biosensors were significantly lower than their theoretical values. For instance, in chapter

3, the amount of incorporated antibody increased by 7 times, and the sensitivity of the
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sensor only increased by twice. After analysis, we found the large biomolecules have
hindered diffusion behavior in the nanofibrous media, resulting in the accumulation of
antibodies on the surface but not diffusing into the membranes, significantly reducing the
benefits provided by the nanofibrous membranes. The classical diffusion model of protein
molecules through porous media is based on the research of 3-dimensional homogenous
matrices. But nanofibrous membranes have heterogeneous structures possessing much
smaller effective pore sizes than the measured pore sizes, which was ignored by previous
researchers. Thus, the diffusion coefficient of proteins inside a nanofibrous membrane is
around tens or hundreds of times lower than the predicted results from a classical
diffusion model, and the diffusion property of the protein is predictable only when the pore
size of the nanofibrous membrane is at least 1000 times higher than the protein size. The
results of this fundamental study provide insights into designing and optimizing the pore
structure of nanofibrous membrane for further improving the sensitivity of nanofiber ELISA.
Chapter 5 reports the development of an ultra-highly sensitive colorimetric biosensor on
the nanofibrous membrane for toxin detection by improving the diffusion properties of
large-biomolecules inside nanofibrous media. Not only we fabricated a novel nanofiber
device in this objective, but also it is the first document about the influence of nanofiber
microstructure on biosensor behavior which was ignored by previous researchers. Based
on the results from chapter 4, we fabricated large pore size nanofibrous membranes as
support materials for ELISA. The nanofibrous membrane with proper micro-structure
avoids the hindered diffusion issue of large biomolecules inside a nanofibrous membrane.
The sensitivity of the properly designed nanofiber ELISA could be dramatically improved

with a limit of detection (LOD) for CAP detection at 0.005ppb. The successful design and
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fabrication of the ultra-highly sensitive nanofiber biosensor prove the hypothesis of
chapter 4 and provide insight into remarkedly improving the performance of nanofiber

ELISA by optimizing the microstructure. Lastly, chapter 6 is the executive conclusion.
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Chapter 3. Design and fabrication of a highly sensitive and
naked-eye distinguishable colorimetric biosensor for
chloramphenicol detection by using ELISA on nanofibrous

membranes

3.1 Introduction

Antibiotics are widely applied in the medical treatments of human infections and
prevention of diseases in stock and aquaculture farming. (Witte 1998; Lipsitch, Singer et
al. 2002; Chang, Wang et al. 2015) Due to their broad applications in agriculture and
aquaculture production, residual antibiotics could exist in food products. (Chang, Wang
et al. 2015; Khachatourians 1998) Frequent exposure to residual antibiotics could lead to
the development of antibiotic-resistant bacteria. Approximately 2 million people acquire
infections caused by antibiotic-resistant pathogens each year in the United States. (CDC
2014) The cost of associated with antibiotic-resistant bacterial treatment has doubled over
the past few decades and reached $2 billion in 2014. (CDC 2014) As a result, the United
States Department of Agriculture (USDA) and the US Food and Drug Administration (FDA)
have established strict regulations on tolerant concentrations for specific antibiotics in
aquaculture and farmed products. Although precise and selective measurements of
antibiotics are available by mass-spectrometry, the routine analysis is currently cost-
prohibitive due to the complexity of the analytical methods involved. Thus, rapid, accurate,

and on-site detection is needed to track residual antibiotics in the food supply.
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The conventional detection methods for antibiotics in foods include Liquid
Chromatography or Gas Chromatography-Mass Spectrometry (LC/GC-MS) and Enzyme-
Linked Immunosorbent Assay (ELISA). (Mungroo and Neethirajan 2014; Kimmerer 2009)
The LC/GC-MS is a reliable, sensitive, and selective technique but has limitations such
as the use of expensive apparatus, complicated procedures, the need of trained operators,
and long preparation time, which limit their uses in on-site inspections and instant
examinations. (Hirsch, Ternes et al. 1998; Haller, Mdller et al. 2002) Contrarily, ELISA is
a relatively convenient analytical technique with good selectivity. Firstly, the analytical
targets are specifically captured by antibodies that are pre-loaded on surface of solid
supports; Then, the dye substrate reveals colorimetric signal after reacting with the
enzyme conjugation of analytical targets. Thus, the concentration of analytical targets
could be analyzed by measuring the intensity of colorimetric signal. However, the
conventional ELISA could not generate naked-eye distinguishable color at detection of
low concentration of the targets. Thus, the conventional ELISA process is dependent on
the use of plate readers or instruments to detect targets in low concentrations, which limits
its application for on-site detection of a trace number of targets. (Wang, Lin et al. 2019;
Xie, Wen et al. 2019; Wu, Liu et al. 2019; Huang, Zhang et al. 2019; Wu, Huang et al.
2020) For achieving naked-eye detection, the color intensity needs to be improved via
replacing the conventional dye substrates by intensified chromogenic agents, such as
gold nanoparticles or quantum dots. (De La Rica, & Stevens 2012; Wang, Lin et al. 2019;
Xie, Wen et al. 2019) Furthermore, the sensitivity could be further increased by
functionally modifying gold nanoparticles to assist particle aggregation and amplify the

signal. (Wu, Liu et al. 2019; Huang, Zhang et al. 2019; Wu, Huang et al. 2020; Liu, Dou
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et al. 2020) However, the gold nanoparticles may increase the cost and have protentional
environmental issues. On the other hand, the colorimetric signals also could be increased
via capturing more analytical targets on a solid surface such as developing new
antibodies or nanobodies with high affinity. (Niu, Zhang et al. 2019; Ji, Dong et al. 2020)
However, this developing process is time-costing and may slightly improve the sensitivity.
To meet the demand for on-site and instrument-independent detection, we report the
development of a highly sensitive and naked-eye distinguishable paper-based ELISA
biosensor by employing microporous and nanofibrous membranes as solid support media
of antibodies. The ultrahigh surface of the nanofibers in the paper-like membranes could
dramatically increases the areas and improves the number of immobilized antibodies
incorporated onto the surfaces, which can quickly capture analytes in the environment,
leading to dramatically intensified colorimetric signals enough for human eye detection.
The poly(vinyl-co-ethylene) (PVA-co-PE) was selected as polymer to fabricating
nanofibrous membranes because it possesses abundant hydroxyl groups which could be

modified by

The electrospun nanofibrous membranes were modified by glutaraldehyde solution
(GA), cyanuric chloride (CC), and N, N’-disuccinimidyl carbonate (DSC), respectively,
which possess different reactivities to the hydroxyl group and hydrophilicity to interact

with proteins

In this study, we focus on (CAP) because it is banned in the USA but may present in
imported US aquaculture products. (CDC 2014) The developed immunoassay biosensor

demonstrated high sensitivity for detecting CAP with naked eyes..
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3.2 Materials and Methods

3.2.1 Materials

Glutaraldehyde solution 25% (GA), cyanuric chloride (CC), N, N’-disuccinimidyl
carbonate (DSC), triethylamine (TEA), 1,4-dioxane, acetone, hydrogen peroxide (30 wt%),
pH 6.4 citric acid buffer, phosphate-buffered saline (PBS), Pierce™ BCA Protein Assay
Kit, Millipore column and high-binding 96-well plates were purchased from Thermo Fisher
Scientific (USA). Poly(vinyl-co-ethylene) (PVA-co-PE, PE content of 27%, MWn =90,000),
chloramphenicol (CAP), florfenicol (FF), thiamphenicol (TAP), penicillin (PCN), 3,3',5,5'-
tetramethylbenzidine (TMB), fluorescein isothiocyanate labeled immunoglobulin G (FITC-
IgG), and bovine serum albumin (BSA) were obtained from Sigma-Aldrich (USA). Anti-
CAP antibody (Ab) and CAP labelled horseradish peroxidase (CAP-HRP) were
purchased from Abcam (Cambridge, MA, USA). Nitrocellulose membrane (0.45um) was

purchased from Bio-Rad (USA).

3.2.2 Fabrication of PVA-co-PE nanofibrous membranes

PVA-co-PE nanofibrous membrane was fabricated according to the literature. (Si,
Zhang et al. 2018; EI-Moghazy, Zhao et al. 2018) PVA-co-PE (Mn = 90,000) was added
into a mixture of isopropanol and water (weight ratio 7:3) with stirring at 80°C for 2 hours
to prepare electrospinning solutions. The concentration of PVA-co-PE in the
electrospinning solution was 8 wt%. Then, the solution was transferred into 20mL
syringes, capped by a 6-gauge needle and loaded onto a programmable syringe pump
(Kats Scientific Co.). The solution was fed at a constant rate of 2mL per hour. A high
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voltage of 25 kV (EQ30, Matsusada Inc.) was employed on needle tips generating a
continuous polymer jet stream. The PVA-co-PE nanofiber membranes were deposited on
a copper grid covered the rotating receiver with a fixed distance of 20 cm. Residual
isopropanol/water solvent was removed by drying the produced nanofibrous membranes

in a vacuum oven at 50 °C for 1 hour.

3.2.3 Modification of nanofibrous membranes.

For CC modified nanofibrous membranes, 0.1g of PVA-co-PE nanofibrous membranes
were immersed into 3M NaOH aqueous solution at 5°C for 30 mins and then were
immersed into 0.1 g/mL CC solution (prepared by dissolving 5g CC in 50 mL of 1,4-
Dioxane) at room temperature for 2 hours. The resulting membranes were removed out,
washed with water and acetone, and vacuum dried. For GA modified membranes, 50mL
of 25 wt% GA aqueous solution was prepared, and then 0.1g of PVA-co-PE nanofibrous
membranes were immersed into the GA solution at room temperature for 2 hours. The
resulting membranes were washed with water and acetone, and vacuum dried. For DSC
modified membranes, 5 g of DSC and 0.2 g TEA were dissolved in 50 mL of 1,4-dioxane
solvent, then 0.1 g PVA-co-PE membranes were added into this as-prepared solution.
The mixture was stirred at 80°C for 2 hours. The resulting membranes were washed with

1,4-dioxane and acetone, and vacuum dried.
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3.2.4 Immobilization of antibody

The antibody stock solution was diluted to concentrations of 0.1g/L, 1g/L, and 2g/L in
a PBS buffer. Then 10pL of each antibody solution was dropwise added to the center of
pre-punched 1cm? modified PVA-co-PE membranes. Then, the membranes were
incubated into a bio-oven at 25°C for 20 mins. After that, unreacted antibodies on the
membranes was washed-off using a PBS buffer. The number of the immobilized proteins
was determined by bicinchoninic acid (BCA) protein assay via UV-vis spectroscopy with
three replicates for each experiment. The absorption intensity at wavelength 562 nm was
recorded for representing the number of antibodies. The protein immobilization reaction
efficiency was calculated by dividing the number of immobilized proteins by the number
of injected proteins. The resulting membranes were immersed into a 1 wt% BSA solution
to block any unreacted sites, and rinsed by a washing buffer (PBS solution containing

0.05% Tween 20) to remove excess unbound proteins.

3.2.5 Analysis of colorimetric signals from ELISA

A competitive ELISA assay was used to detect antibiotics. A test solution was prepared
by mixing 50uL of CAP solutions in varying concentrations (ranging between Ong/mL to
100ng/mL) with 50uL of 500ng/mL CAP-HRP. Then, the antibody immobilized
membranes were exposed to the mixture solution under gentle agitation for 20 mins. Then,
the membranes were washed with the PBS buffer and dried in air. A TMB substrate was
prepared by mixing 100uL of 0.6 wt% TMB solution, 25uL of 1 wt% H202 aqueous solution,

and 6.25 mL of citric acid buffer together. 20 uL of the as-prepared TMB substrate was
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added onto the membranes, and the membranes were placed in an LED lightbox (E mart)
for 15 mins. A colorimetric signal was observed under the LED light (Lux 10,000). The
colorimetric signal was captured by a smartphone (iPhone 6s) and quantitatively analyzed
by Image J software. The smartphone camera was kept at the top of nanofibrous
membranes with the fixed distance at 50cm to record the digital images of membranes.
Then, the red, green, and blue values (RGB values) in the red channel (R value) could
be scanned by an installed imaging app (such as ColorAssist) or by a software (such as
Image J) after transferring digital images to a computer. Moreover, the R values were
further analyzed and utilized to analyze the concentration of CAP. The sample size is

three for all experiments.

3.2.6 Analysis of colorimetric signals from conventional ELISA

The CAP solutions in varying concentrations were analyzed by both the 96-wells plate-
based and nitrocellulose membrane-based ELISA, respectively. The antibody solution
was diluted to concentrations of 2g/L and was added to each well or each membrane,
respectively. The samples were incubated in a bio-oven at 37°C for 1 hour. Then, the
procedures of blocking, rinsing, and addition of a test solution and TMB substrate were
conducted as described in experimental section 2.5. The absorbance intensity of 96-wells
plate-based ELISA was recorded by a microplate reader (ThermoFisher Inc.). A
smartphone (iPhone 6s) was used to analyze the colorimetric signal from the

nitrocellulose membrane-based ELISA.
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3.2.7 Extraction of salmon sample

Wild-caught and farmed salmon samples were purchased from local supermarkets in
Davis, CA. 1 g of salmon samples were mixed with 3 mL of PBS solution. The mixture
was homogenized at a vortex oscillator and filtered by a Millipore column to remove solids
and lipids. (Zhang, Richardson et al. 2017) Various concentrations of CAP were added
into the filtered solution to make the spiked samples. Subsequently, the 50pL of the filtrate
was mixed with 50uL of 500ng/mL CAP-HRP to prepare the test solution, which was

directly added to the functional nanofibrous membranes.

3.3 Results and Discussion

3.3.1 Fabrication of nanofibrous membrane-based ELISA

In the present study, the incorporation of the antibody onto the surfaces of nanofiber
membranes could increase sensitivity and produce color signals readable by naked eyes.
Schematic design and workflow of the nanofiber membrane-based ELISA immunosensor
are shown in Scheme 3.1. PVA-co-PE was selected as a polymer to produce nanofibrous
membranes by electrospinning. The electrospinning process fabricates nano-size fiber
and provides an ultra-high specific area for membranes. An SEM image of a PVA-co-PE
nanofibrous membrane is shown in Figure 3.1la, with an average fiber diameter of
approximately 400nm and micro-size pores. (Figure 3.1b) PVA-co-PE nanofibrous
membranes were previously shown to provide desired reactions with proteins. (Zhu and
Sun 2015) Here, hydroxy groups on the material could be activated by GA, CC or DSC
for immobilization of antibodies. (Figure 3.1c)
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Scheme 3.1. Design, fabrication, and work mechanism of nanofibrous membrane-based

ELISA.

The GA, CC, and DSC modified membranes possess different reactivities and
hydrophilicity to interact with protein molecules. Among three reactive groups, CC is the
least reactive and most hydrophobic one, while GA has medium reactivity and
hydrophilicity, and DSC is the most reactive and most hydrophilic. Fourier-transform
infrared spectroscopy (FTIR) proved successful incorporations of the reactive groups,
including aldehyde peak of GA at 1722cm, triazine peak of CC at 1547 cm, and
carbonate peak of DSC at 1730cm. (Figure 3.1d) The chemically modified nanofibrous
membranes retained the micro-porosity and nanofibrous structures (Figure 3.le),
reflecting the structural stability of the nanofibers and ensuring proper applications in
further steps of reactions with biomolecules. Here, the CC modified nanofibers became
swollen and adhesive because of alkali treatment of the PVA-co-PE membranes. The
original nanofiber diameter of 449.57nm increased to 726.31nm after the CC modification
as shown in Figure 3.1f. In contrast, the morphologies of the GA and DSC modified
membranes were unchanged, with the nanofiber diameter slightly increased to 532.51nm

and 547.19nm, respectively. Additionally, the GA, CC, and DSC reagents on the surfaces
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of the fibers also improved hydrophilicity and wettability of PVA-co-PE fibers. The water

contact angles of the membranes were measured after 1 second (1s) water contact as

shown in Figure 3.1g. The original membranes were relatively hydrophobic with a water

contact angle of 89.8°. Since CC is a non-polar reagent, the slight improvement of the

membrane hydrophilicity (a water contact angle at 72°) may be attributed to polymer

swelling during alkali treatment. In contrast, the more polar reagents (GA and DSC)

modified membranes exhibited improved hydrophilic property with water contact angles

at 31.1° and 22.8°, respectively. However, water could be fully adsorbed on the three

modified membranes after 10s wetting time (0° water contact angle).
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Figure 3.1. Microstructure and chemical modifications of nanofiborous membranes. a)

SEM and b) Fiber diameter distribution of PVA-co-PE membrane; ¢) Reaction schemes

of PVA-co-PE membrane with three reagents (CC, GA, and DSC) and proteins; d) FTIR

spectra of PVA-co-PE membranes before and after modifications of CC, GA, and DSC;
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e) SEM images and f) Fiber distributions of these nanofibrous membranes after

reactions with CC, GA, and DSC; g) Water contact angles of these membranes.

3.3.2 Immobilization of protein onto nanofibrous membranes

The three modified membranes were then employed to immobilize antibodies as
shown in Figure 3.1c. Here, FITC-IgG was used to qualitatively reveal the number of
immobilized molecules by showing the intensities of fluorescence (brighter fluorescence
indicates more immobilized proteins). The fluorescence images of each immobilized
membranes are shown in Figure 3.2a. FITC-IgG diffused more homogenously into the
more hydrophilic DSC and GA membranes than into the CC modified ones. An increase
of the FITC-IgG solution concentration also improved the number of immobilized proteins
on the CC membranes but not the GA and DSC membranes because the accessible

reactive sites of the GA and DSC modified membranes may be saturated.

The number of immobilized antibodies and reaction efficiencies was quantitively
measured by the bicinchoninic acid assay (BCA) test (Figure 3.2b and c). The CC
modified membranes exhibited the lowest number of immobilized proteins, which was
caused by the hydrophobic property and lower reactivity of the CC groups. Conversely,
the hydrophilic and higher reactive reagents, GA and DSC, showed an increased number
of immobilized proteins on the membranes. Besides, the CC modified membranes
exhibited relatively low efficiency (20%). Contrarily, the immobilization efficiency on the
GA and DSC treated membranes achieved at around 100% at the low FITC-IgG

concentration but dramatically decreased with the protein concentration increased, which
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confirmed the speculation that the reactive sites on these modified membranes were
saturated. To compare the performance of reagents, the number of immobilized
antibodies should be the same on each membrane. Thus, a concentration of 1g/L proteins
was used in the immobilization reaction on the CC membranes, and a concentration of

0.5g/L proteins was applied to the GA or DSC membranes.
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Figure 3.2. Immobilizing antibody onto nanofibrous membranes. a) Fluorescence
images of three modified membranes immobilized with FITC-1gG; b) Immobilized
antibody amounts on modified membranes; c) Immobilization reaction efficiency; d)
SEM images of nanofibrous membranes after immobilization with the antibody; e) Fiber

distributions of these membranes
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Lastly, the impact of the immobilization reactions on the morphology of the nanofibrous
membranes was studied by using an FE-SEM, as shown in Figure 3.2d. Compared with
SEM images in Figure 3.1e, all fibers of three membranes revealed a slight swelling after
being immobilized with the bio-macromolecule, but all fibers were still in the nanofiber
level, which was further described by the slight changes of fiber diameter distributions as

shown in Figure 3.2e.

3.3.3 Competitive ELISA on the nanofibrous membrane

Antibodies of CAP were immobilized on the chemically modified nanofibrous
membranes, and the membranes were employed to detect CAP. The detection procedure
is schematically described in Scheme 3.1. To find a proper concentration of CAP-HRP
solution to be added onto the membranes, a checkerboard test was applied. A

concentration of CAP-HRP at 250 ng/mL was identified as the optimal concentration.

Color signals could be observed under different concentrations of CAP solutions
containing 250 ng/mL of CAP-HRP with various exposure times (Figure 3.3). TMB was
used as an indicator of hydrogen peroxide generation via the catalytic effect of the
peroxidase (CAP-HRP) enzyme. The oxidized TMB compound reveals a blue color
(absorbance wavelength located at 605nm), indicating the number of CAP-HRPs
conjugated with the antibodies on the membranes. The red channel value (R value) from
red, green, and blue (RGB) results show the most significant change from the readings
obtained with the smartphone. Thus, the R value was employed to represent the color

intensity, with a lower R value indicating higher CAP concentration. As shown in Figure
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3.3a, colorimetric signals were not homogenous on the CC modified membranes, causing
relatively high error bars on R values in the plots. The blue color almost disappeared on
the CC membranes at a low concentration of CAP at 0.3 ng/mL. The R value of the color
signal reached a maximum value at 0.3ng/mL with 45 units higher than the R value at
Ong/mL and 30 units higher than that at 0.2ng/mL. These differences were easily visible
by the naked eyes. On the contrary, although the GA and DSC treated membranes
presented homogenous color signals (lower error bars), they could only distinguish higher
CAP concentrations (0.5ng/mL by the GA modified membranes and 1ng/mL by the DSC
modified membranes, respectively). Furthermore, the R values measured on the GA or
DSC modified membranes could not achieve the maximum (155 units) at 1ng/mL of CAP
because a considerable number of CAP-HRPs was likely bound to the immobilized
antibodies on the membranes. The CAP molecules seem to have better competitive
ability than CAP-HRP molecules with the antibody on the CC modified membranes, which
is likely due to the conformation change after immobilization. For example, the
conformation of loaded antibody may be affected by the membranes, and loaded antibody
on CC membranes has a higher affinity with CAP than CAP-HRP. Therefore, more CAP
could be captured on the CC modified membranes, and the sensitivity of the membrane
was the highest. In general, all three membranes demonstrated varied abilities to detect
trace amounts of CAP in solutions, with the CC modified membranes showing the highest
sensitivity in the applications and being considered as the best substrate for the

preparation of naked eye readable colorimetric sensors for CAP detection.

Besides, the exposure time also has the influence on the sensitivity. The oxidation of

TMB by hydrogen peroxide and CAP-HRP is slow at the beginning of the reaction, due to
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a lower concentration of generated hydroxyl radicals, becomes faster with the increase in
reaction time, and gradually slows down again when the reagents are consumed. Thus,
a membrane captured more CAP-HRPs (less CAP) should reveal a brighter color more
rapidly than a membrane containing fewer CAP-HRPs (more CAP) in a short reaction
duration. Finally, all membranes should exhibit the same color intensity at the end of the
reaction theoretically because the same number of TMB molecules added. The CC
modified membranes revealed distinct color change, as well as with significant R value
difference, for solutions containing 0.2ng/mL and 0.3ng/mL CAP at a reaction time of
5mins, and the difference became more significant at 15mins. In contrast, the GA
modified membranes exhibited a fast reaction with TMB, producing a more significant
color difference within a short time (5mins) than at long reaction time (15mins). The
corresponding R value difference between 0.2ng/mL and 0.3ng/mL was around 30 units
at 5mins but decreased to 20 at 15mins. More CAP-HRPs on the GA-modified
membranes prompt faster and possibly more sustained oxidation reaction of TMB, which
can also explain why the color signal difference between 0.3ng/mL and 0.5ng/mL became
significant with reaction time increase on the GA treated membranes. For the best use of
the sensors in on-site detection for naked-eye observation, the color difference for a
detectable range of a target should be significant and consistent for a reasonable duration.
Hence, the GA treated membranes can be used for sensors to detect 0.5ng/mL CAP but
may not be suitable to distinguish 0.3ng/mL CAP. Similarly, the sensors made from the
DSC treated membranes would be useful in the detection of higher concentration CAP
because the color difference between 0.5ng/mL and 1ng/mL of CAP became less

significant within the duration.
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Figure 3.3. Optical images and color intensities (R values) of membranes modified by a)

CC; b) GA; and c) DSC in the detection of CAP

3.3.4 Understanding naked-eye distinguishable sensor

By using microporous and nanofibrous membranes as solid media for ELISA assay,
we achieved the goal of developing highly sensitive - colorimetric sensors for the antibiotic,
CAP. A calibration curve of color intensity difference between the control and sample
groups was established based on the following equation, and the results are presented

in Figure 3.4.

B — (Rmax_Rx )

BO (Rmax_RO )

Here, Rmax is the maximum R value, Rxis R value at specific CAP concentration,
and Ro represents the R value at Ong/mL of CAP. A higher ratio represents the

concentration of CAP close to Ong/mL of CAP, and a lower ratio means more CAP in

75



solutions. The concentrations of CAP varied from 0.01ng/mL to 100ng/mL in the
calibration curve (Figure 3.4). Thus, the concentration of CAP in a solution was
guantitively measured by determining the color intensity and deriving it from the
calibration curve. The limitation of detection (LOD) was 0.1ng/mL, and the linear range
was located between 0.1ng/mL to 0.4ng/mL. The linear relation equation could be
described as B/B0=(-140.2)*log(Concentration of CAP)-54.5 (R?=0.989). The narrow
linear range may be due to the color intensity recorded by RGB value rather than optical
density with conventional ELISA. Furthermore, the linear range is probably extended, and

the LOD could decrease when employing specific devices to record absorbance intensity.
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Figure 3.4. Competitive ELISA intensity ratio. Color intensity ratio is plotted against CAP

concentration.

Besides the LOD and linear range, the lowest naked-eye distinguishable concentration
is also a critical factor for portable devices, especially at where it is not convenient to use
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smartphones or cameras. For example, although 0.1ng/mL of CAP could be detected and
below 0.3ng/mL of CAP could be measured quantitatively, the membranes treated by low
concentrated CAP could only reveal a slight color change which is hardly distinguished
by naked eyes. The color changes of sensors at a benchmark concentration, such as a
government regulation limit, should be the most significant and confirmative to the naked
eyes. Based on the optical images shown in Figure 3a and plot in Figure 3.4, we
estimated that at the benchmark concentration of 0.3ng/ml CAP, the CC treated

membrane could result in a fade blue color significant enough for the naked eyes.

Then we compared the performance of nanofibrous membrane-based ELISA with
other ELISA devices. Here, a 96 well plate was applied as support media for commercial
ELSA, and a nitrocellulose membrane was applied as support media for conventional
paper-based ELISA. (Figure 3.5). Although UV-vis absorbance intensity from 96-wells
plate-based ELISA represented the LOD at 0.1ng/mL, the naked-eye distinguishable
color change could only be observed between 1ng/mL of CAP and 10ng/mL of CAP.
(Figure 3.5a) Meanwhile, the conventional paper-based ELISA revealed a high LOD
(10ng/mL) and a slight color difference between 10ng/mL and 100ng/mL, probably
because the extra enzymes were stuck in the pores and hardly washed off. (Figure 3.5b)
Compared to published results of other developed ELISA sensors for CAP, nanofibrous
membrane-based ELISA has certain advantages at the sensitivity of naked eye distinction.
(Table 3.1) Thus, the use of the nanofibrous membranes with ultrahigh surface area
indeed intensified colorimetric signal of the ELISA and produced sensors for rapid and

sensitive detection without employing any instruments.
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Figure 3.5. Optical images and color intensities (Absorbance or R values) of

conventional ELISA. a) 96 well plate-based ELISA,; b) nitrocellulose-based ELISA

Table 3.1. Comparison of lowest distinguishable CAP concentration among competitive

ELISA from literature.

Solid Signal Amplifying Lowest Lowest naked- reference

Substrate instrument eye
distinguishable distinguishable
concentration concentration

(ng/mL) (ng/mL)
96 well plates NA 0.1 NA Wesongah,
Murilla et al.
2007
96 well plates Fluoro- 0.05 NA Shen, Zhang
immunoassays et al. 2006
96 well plates Biotin- 0.042 NA Wang, Zhang
Streptavidin et al. 2010
Amplified
96 well plates Biotin- 0.10 NA Chughtaiet,
Streptavidin Magqgbool et
Amplified al. 2017
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lateral flow
assay

96 well plates
Paper-based
Lateral flow
assay

Solution

Solution

Solution

96 well plates

Nitrocellulose
membranes
Nanofibrous

membrane

Colloidal Gold
Particles

Gold
Nanoparticles
NA

Quantum Dots

lon amplified
GNP
DNAzyme-
functionalized

gold nanoprobe

DNA amplified
GNP
NA

NA

NA

0.3

0.3

100

0.016

1.9

0.00013

2.2

0.1

1

0.1

10

800

0.625

9.4-31.3

NA

150

10

10

0.3

Byzova,
Zvereva et al.
2010
Wang, Chen
et al 2016
Duyen,
Matsuura et
al. 2017
Xie, Wen et
al. 2019
Wu, Liu et al.
2019
Huang,
Zhang et al
2019
Wu, Huang et
al. 2020
This work

This work

This work

3.3.5 Selectivity and the impact of interference

Antibiotics with similar structures to CAP, such as florfenicol (FF), thiamphenicol (TAP)

and penicillin (PCN), may interfere with the high-sensitivity of nanofibrous membrane-

based ELISA, resulting in false positives. To test whether FF, TAP and PCN bind to the

CC-activated nanofibrous membrane sensor with CAP antibodies, each antibiotic was

tested at a concentration of 100 ng/mL alongside a control group that did not contain any

antibiotics. CAP showed a dramatical color change, but the other three antibiotics

presented unchanged colors to the control group (Figure 3.6a). The selectivity of the

competitive ELISA usually is described by a cross-reactivity ratio (CR%) which is

calculated by the ratio of 50% inhibition concentration (ICso) between other antibiotics and
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CAP. Here, 100 ng/mL FF, TAP and PCN exhibited 92.85%, 97.31% and 100% color
intensity of the control group respectively, but the 1Cso of CAP is around 0.2ng/mL,
indicating that the CR% values of the sensor to other antibiotics were lower than 0.5%.
Thus, the results suggest that the antibody is specific to the target antibiotic, CAP, with

high selectivity.

As a test for practical applications, farmed and wild-caught salmon samples were
tested with the CC nanofibrous membrane-based immunosensor (Figure 3.6b and c). 0
ng/mL and 100 ng/mL CAP solutions were used as the reference in the tests. The
brightest blue color was achieved on the 0 ng/mL treated membrane, while the 100 ng/mL
treated membrane exhibited a white color. Three pieces of wild-caught salmons were
extracted. The wild samples revealed bright color suggesting that the wild-caught
salmons did not contain any CAP or contain CAP at a concentration lower than the
detection limit of 0.1ng/mL. The R value of the wild samples was 91.55+4.13, which was
close to the membrane treated by 0 ng/mL of CAP (92.0+4.64). Then, a known quantity
of CAP was spiked into the wild salmon filtrate. The samples spiked with 0.1ng/mL CAP
revealed a bright blue color (no significant color change from the reference), but the
samples spiked with 0.3ng/mL and 0.5ng/mL exhibited white color close to the membrane
treated by 100ng/ml CAP, and the color difference is distinguishable by naked eyes. The
R values of the spiked salmon samples were 100.10+3.52, 145.04+1.81 and 155.92+2.36,
respectively, which were close to R values of these concentrated CAP in PBS buffer
(Figure 3.3a). 0.0967ng/mL of CAP was detected in 0.1ng/mL spiked salmon sample with
recovery at 96.7% and standard deviation at 6.09% (n=3); 0.289ng/mL of CAP was

detected in 0.3ng/mL spiked salmon sample with recovery at 96.3% and standard
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deviation at 4.5% (n=3). Three pieces of farmed salmon samples were collected. The
immunoassay test results exhibited farmed samples contained CAP, and the residual

CAP amount was above 0.5ng/mL.
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Figure 3.6. Sensitivity and practicality of the sensor. a) interferences of varied
antibiotics; b) optical images and c) R values of the reference, wild-caught salmon,

farmed salmon and spiked salmon samples

3.4 Conclusions

In conclusion, we have developed a highly sensitive and naked-eye distinguishable
immunoassay biosensor using microporous nanofibrous membranes as supported ELISA
media. The ultrahigh surface area of the nanofibrous membranes and abundant reactive
sites on surfaces of the nanofibers significantly increased antibody immobilization,
enhanced colorimetric signal, and improved sensitivity of the membrane-based sensors.
The PVA-co-PE nanofibrous membranes were successfully modified by different reactive
agents, including CC, GA and DSC, without damaging the structure of membranes.
Although all modified membranes revealed homogenous and bright color after capturing

CAP-HRP and reacting with dye substrate, CC treated membranes had higher sensitivity
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and kept stable colorimetric signal with time-consuming. Compared with conventional
ELISA and present studies, the nanofibrous membrane-based biosensor could achieve
highly sensitivity and lower naked-eye distinguish limitation. The sensor also
demonstrated a desired selectivity to the target antibiotic. A test with salmons proved that
the sensor could accurately quantitively measure CAP in spiked samples and could detect

a trace amount CAP in real farmed salmon samples.
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Chapter 4. A study on diffusion of protein molecules

through microporous nanofibrous membranes

4.1 Introduction

Electrospun nanofibrous membranes possess ultrahigh specific surface areas and
have become promising materials in air filtration, chemical separation, and protein
purification. (Sundarrajan, Tan et al. 2014; Ge, Zong et al. 2018; Zhu and Sun 2014, Tang,
Zhang et al. 2019) The membranes have found increased applications in sensors,
enzyme immobilizations, drug delivery, and protein separations. (Zhao, Si et al. 2020;
Zhu and Sun 2012; Yu, Zhu et al. 2009) Because of the ultrahigh specific surface areas,
the nanofibrous membranes could immobilize enormous amounts of proteins on surfaces
of nanofibers by either physical adsorption or chemical covalent bonding. Theoretically,
the surface areas of the nanofibers could be hundreds or thousands of times higher than
that of macro-sized fibrous materials, and the expected performance of the nanofibrous
membranes should be increased accordingly. However, experimental results on the
membranes were lower than the theoretically speculated values. (Haider, Haider et al.
2018; Rezaei, Ghani et al. 2016; Fu, Duan et al. 2018) After analyzing the structural
features of the nanofibrous membranes, inhibited diffusion of large biomolecules in the
micro-porous nanofibrous membrane is considered to be caused by several factors.
(Garcia-Galan, Berenguer-Murcia et al. 2011; Taniguchi, Kobayashi et al. 1989) When
large biomolecules flow through the porous materials, the diffusion of the molecules could
be significantly decreased due to potential steric inhibition and solute-to-polymer

interactions. (Cannell and Rondelez 1980; Davidson and Deen 1988; Deen 1987; Yao
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and Lenhoff 2006) As a result, the number of loaded proteins inside the membranes could

be lower than the theoretically expected values.

The diffusion of solutes in polymer network membranes was studied by assuming
cylinder pore structures in the materials, and the influence of material structural properties
on the diffusion of solutes was revealed. (Lustig and Peppas 1988) Then, the impact of
polymer properties, such as hydrophilicity and swelling ratios, on the diffusion of solutes
in hydrogels was investigated. (Liu, Kotsmar et al. 2013; Vagias, Sergelen et al. 2017)
However, the hypothesized cylindrical pore structure may not fit the structural features of
the electrospun microporous nanofibrous membranes, where randomly distributed pores
exist in differently stacked layers of horizontal fiber webs. A hindered diffusion of spherical
molecules through fibrous materials was investigated, and a correlation between fiber
volume fraction and the diffusion coefficient was established. (Clague and Phillips 1996)
Furthermore, the performance of the fibrous matrix in solute sieving was optimized by
comparing the transport of spherical particles through the fibrous media and a row of
parallel cylinders. (Punyaratabandhu, Kongoup et al. 2017) These results explained well
on diffusions of inert molecules through fenestrated systems having weak interactions
with the open and homogenous fibrous matrices. The diffusion of proteins in varied
hydrogels or polymer solutions revealed the influence of matrix structures on diffusion
coefficiency. (Vermonden, Censi et al. 2012; Masaro and Zhu 1999; Dechadilok and Deen

2006; Gutenwik, Nilsson et al. 2004)

The microstructures of the nanofibrous membranes are dramatically different from
these polymeric materials. The hydrogels and polymer solutions are homogenous

systems in three dimensions (3D), but the electrospun nanofibrous membranes are
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structures formed with a layer-by-layer accumulation of randomly oriented horizontal
nanofiber webs. The pores in the top layer of the fibrous webs could be blocked by
another layer of similar webs underneath, leading to the fact that the measured pore size
of a membrane could be significantly larger than the pore size that a molecule diffusing
through the membrane will encounter. Here, we define this pore size of the membrane as
the effective pore size of the membrane, which could be significantly smaller than the
measured pore sizes of membranes. This is a special structural feature of the nanofibrous

membranes, which has not been addressed in the literature.

The special structural feature could affect the transport of large molecules such as
proteins through the vertical direction of the nanofibrous membranes. Such a feature
makes the nanofibrous membranes excellent filter media for ultrafiltration, (Chen, Du et
al. 2018) but potentially reducing the loading of enzyme molecules to surfaces of
nanofibers inside the membranes and consequently lowering desired sensitivity of the
biosensors. Meanwhile, the ultrahigh specific surface areas of the nanofibrous materials
could enhance interactions with biomolecules during the diffusion process. Thus, the
transport behavior of larger biomolecules through the system should be investigated

systematically.

In this work, microporous nanofibrous membranes were prepared by electrospinning a
diluted polyacrylonitrile (PAN) solution and employed to investigate the diffusion of
proteins through the fibrous media. The PAN membranes are structurally stable in
aqueous systems. The membrane morphologies were controlled with varied sizes of fiber
diameter and membrane pore prepared by adjusting electrospinning conditions. A side-

by-side diffusion chamber was used to measure diffusion coefficients of proteins in the
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fibrous membranes with varied porosity and fiber diameters, which also simulate the
loading of biomolecules on the membranes during the preparation of biosensors. (Zhao,
Si et al. 2020) The diffusions of proteins in this system were affected by a size ratio
between protein and measured pores, protein-polymer interactions, and properties of
proteins employed in diffusion studies. Diffusions of proteins in the nanofibrous
membranes were analyzed using theoretical models applied for 3-dimensionally
homogenous polymer systems. The results revealed that only the membrane with very
large pores could match the modeled diffusion behavior of large molecules and the
heterogeneous structures of the membranes in the diffusion direction significantly

reduced the diffusion of large molecules inside the nanofibrous membrane materials.

4.2 Materials and method

4.2.1 Materials.

Polyacrylonitrile (PAN, Mn=150,000), bovine serum albumin (BSA), lysozyme, human
immunoglobulin G (IgG), and horseradish peroxidase (HRP) were obtained from Sigma-
Aldrich (USA). N, N-Dimethylformamide (DMF), phosphate-buffered saline (PBS pH=7.4)
citrate buffer (pH=4.4), sodium bicarbonate (NaHCOs3), and sodium carbonate (Na2COs3)
were supplied by Fischer Scientific (USA). Pierce™ BCA protein assay kit was purchased

from Thermo Fisher Scientific (USA).
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4.2.2 Fabrication of fibrous membranes

PAN was dissolved in DMF at 80 °C to prepare varied concentrations of PAN in 6, 7, 8,
10, 12 wt. %, respectively. Then, the PAN solutions were transferred into 20mL syringes
and loaded on infusion single-channel syringe pumps (Kats Scientific Co.). A 6/G needle
was caped on a syringe, and the feeding rate was set at 2 mL/hr. A high voltage of 20 kV
was employed on the needle tip, generating a continuous jet stream. The relevant PAN
nanofibers were deposited on an aluminum foil-covered rotating receiver with a fixed
distance of 20 cm. In controlling pore sizes of the membranes, the humidity of the
electrospinning chamber was adjusted to 30%, 40%, 50%, 60%, and 70% relative
humidity, respectively, by using a humidifier (Urpower Co.). The temperature was
controlled at 25 £1 °C for all PAN solution. Residual DMF solvent was removed by drying

the produced PAN nanofibrous membranes in a vacuum oven at 80 °C for 2 hours.

4.2.3 Characterization of fibrous membranes

Morphologies of the PAN nanofibrous membranes were obtained by a scanning
electron microscope (SEM, Quattro ESEM, Thermo Scientific™). The pore size and the
distribution of fiber sizes of the membranes were measured with a capillary flow
porometer (Porous Media Inc., Ithaca, NY). Fiber diameter was measured from SEM
images with the help of a photoshop program. The thickness of the PAN membranes was
measured through an electronic micrometer thickness gauge (Neoteck). The fiber volume
fraction and porosity of the membranes could be calculated by the mass, apparent volume

and density of PAN polymer.
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4.2.4 Measurement of protein diffusion in fibrous membranes

Protein diffusion in the fibrous membrane was measured by using a side-by-side
diffusion chamber (PerneGear Co.) which consists of two 3.4 mL chambers with a 9mm
orifice. A PAN fibrous membrane was mounted between two chambers, and chambers
were well sealed and placed in a water bath to maintain the temperature at 25 °C. Then,
3 mL of a PBS solution was added to each chamber respectively for prewetting the
membranes. After 2 hours, 0.3 mL of a protein solution (10g/L in PBS buffer) was injected
into the donor chamber, while the same amount of the PBS solution was added into the
receptor chamber at the same time. Stirring bars were placed in both chambers and
maintained at 750 rpm rate during the experiments. 20 yL of the sample solution was
taken from each chamber at regular intervals and replaced with the same amount of the
PBS buffer solution for at least 5 hours; then, the samples were diluted with 80 pL of the
PBS buffer. The protein concentration was measured with the Pierce BCA protein assay
kit (Thermo Fisher™). The working agent was prepared by mixing 50-parts Bicinchoninic
acid (BCA) reagent A with 1-part Cu2SOa4 reagent B. 100 uL of diluted protein sample was
added into a test tube, mixing with 2 mL of the working agent, and the test tube was
placed in a 37 °C oven for 30 mins. Protein concentration can be obtained with a UV-vis
spectrophotometer (Thermo Scientific™) by calibration curves. Then, the protein
concentration in the receptor chamber at increment time could be used to quantitatively

determine protein diffusion property inside membranes.
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4.2.5 Measurement of loaded protein ratio in fibrous membranes

Loaded protein ratio is defined as the ratio of protein concentration in a membrane to
protein concentration in a solution at the equilibrium of protein adsorption and desorption.
Protein concentration in the membrane can be obtained by the amount of protein in the
membrane divided by the volume of the membrane. For measuring protein amount in a
membrane, the PAN membrane was removed from the chambers and dried in a vacuum
oven for 10 mins after the diffusion experiment. Then, the membrane was placed in 10mL
working agents following the BCA process, and the concentration of the protein desorbed
from the membranes was measured. The fibrous membrane volume was obtained by the
measured membrane area and thickness. Meanwhile, protein concentration in a solution
can be obtained by measuring protein concentration in both donor and acceptor chamber

after the diffusion experiment.

4.3 Results and Discussion

4.3.1 Fabrication of PAN nanofibrous membranes

The fiber diameters of the prepared fibrous membranes were varied from tens of
nanometers to sub-micrometers, while the pore sizes were in micrometer scales. The
influence of the membrane morphology on protein diffusion can be described in Error! R
eference source not found.. Firstly, proteins can be blocked by the porous fibrous
matrices if the protein sizes are close to the average pore sizes (Error! Reference s
ource not found.a), but the membranes containing large pore exhibits less hindrance to
protein molecules to pass through (Error! Reference source not found.b). Secondly,
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when a protein molecule passes through a pore, its motion may be hindered by the
interactions between the protein molecules and surfaces of the fibers and hydrodynamic
drag (Error! Reference source not found.c). Thus, the morphology of the membrane e

xhibits a significant influence on protein diffusion.
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Scheme 4.1. The dynamic transport of proteins in small-pore (a) and large-pore (b)
fibrous membranes; (c) diffusion of protein through a pore. Where rp is the average

measured pore size, and rs is a radius of a spherical protein molecule.

The PAN nanofibrous membranes in different morphologies were fabricated by
adjusting two parameters during electrospinning, polymer concentration and relative
humidity. The SEM images of the corresponding nanofibrous membranes are shown in
Figure 4.1a. All the membranes revealed layered microporous fibrous structures with
fibers randomly distributed horizontally and gradually reduced pore sizes from top to
inside through the membranes. The fiber diameters and measured pore sizes show
significant differences among these membranes, affected by the polymer concentration
and relative humidity during the electrospinning (Figure 4.1b, c and d). The fiber diameter
increased almost linearly to the increase of polymer concentration in spinning solutions

(Figure 4.1b). As shown in Figure 4.1c-d, the measured pore size distributions ranged
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from 0.19 to 3.4 ym, and the measured pore sizes gradually increased from the

membranes produced in polymer solutions of 6-12 wt%. The measured maximum pore

size and average pore size both followed the same increase tendency as fiber diameter

increased. As relative humidity increased from 30% to 60%, the measured pore size

distribution gradually increased from 0.9 to 3.8 um, but the pore size dramatically jumped

to 9 um at 70% RH, even though the nanofiber diameter linearly increased as the relative

humidity was raised (Figure 4.1e-g). These different nanofibrous membranes were

employed in the following protein diffusion studies.
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Figure 4.1. (a) SEM images of PAN nanofibrous membranes made under different
polymer concentrations and relative humidity; and fiber diameters, pore distributions,
pore sizes of as-prepared membranes: (b) and (e) fiber diameter, (c) and (f) measured

pore distribution, and (d) and (g) measured maximum pore size and average pore size.

4.3.2 Derivation for protein diffusion in fibrous membranes

A side-by-side diffusion chamber was employed to measure protein transport in the
PAN nanofibrous membranes (Figure 4.2a). Fick's Law was applied to calculate the
diffusion of proteins in each membrane (Equation 1). (Durbin and Kobayashi 1962;

Fanous, Swed et al. 2015)

dc
J = =Dess (1)

Where J is diffusion flux, which can be converted to the change of protein amount in
each chamber at the membrane boundary at each chamber side, De is the effective
diffusion coefficient of protein in membranes, C is protein concentration, and X is the

diffusion distance.

The morphology and pore structure of the membranes were not affected by PBS buffer
solutions, which were supported by the SEM images (Figure 4.2 b and c). Thus, the
protein concentration in the membranes can be hypothesized as linearly decreasing from
the donor chamber boundary to the receptor chamber boundary at a pseudo steady-state.
(Stringer and Peppas 1996) And the protein could be considered as diffusing in a

consistent porous system.
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The diffusion coefficient could be determined by the following equation at the pseudo

steady-state (Equation 2) (Stringer and Peppas 1996):
ln(l_ﬁ):_w (2)

Where Co and C2 are the initial protein concentration in the donor chamber and protein
concentration in the receptor chamber at a specific time. De is the effective or apparent
diffusion coefficient, and Kad is the partition coefficient of the protein. A is the protein

diffusion area, V is the donor chamber volume, and Ax is the thickness of the membrane.

The effective diffusion coefficient could be calculated from a slope yielded by a plot of
Ax *In (1 — 2¢,/cy) versus t with a known partition coefficient. As mentioned in the
experimental section, the partition coefficient of a protein is defined as the ratio of protein
concentration in the membrane (cm) to protein concentration in solution (cs), which can be
obtained by measuring the amount of protein (Qm) in membrane and protein concentration

in the donor chambers (c1) and receptor chamber (c2), respectively (Equation 3).

_Cm _ Qm/AAx
ka = cs  (clV+caV)/2V )
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Figure 4.2. (a) A scheme of a side-by-side chamber used in this study; (b-c) SEM

images of the membrane before and after the diffusion test.

4.3.3 Diffusion of BSA in various nanofibrous membranes

The as-prepared nanofibrous membranes were employed to investigate the influence
of pore structure and fiber diameter on the diffusion and partition coefficient of BSA
(Figure 4.3). The morphology of the membranes has a significant influence on the
adsorption of the protein on the surface of the nanofibers. As shown in Figure 3a, the
partition coefficient of the protein on the membrane increased as the relative humidity
(RH) in the electrospinning chamber increased from 30% to 50%, which are the same as
the increment of fiber diameter and pore size (Figure 4.1e and 1g). Then, the partition

coefficient decreased after RH reached 60% and dramatically reduced at 70% RH due to
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large pore size and reduced interactions of the protein with surfaces of the nanofibers.
The same tendency of the partition coefficient was observed in the membranes prepared
with different polymer concentrations (Figure 4.3b). The partition coefficient increased as
the pore size increases from 6 wt % to 10 wt% of PAN and reached a peak at 10 wt%
and slightly decreased at 12 wt% because of the oversized nanofiber diameter and
reduced surface areas of the membranes (Figure 4.1b and d). Here, the loaded protein
ratios per mass of membranes could better represent the amounts of the proteins
adsorbed onto the membranes, which were obtained by taking the loaded protein ratios
(cm/cs) divided by apparent densities of the membranes (d). The loaded protein ratios per
mass of membrane increase with the increase of humidity and polymer concentration and
reach peaks at proper parameters. The smaller nanofiber diameter represents a higher
specific surface area and prompts more adsorption of the protein. Meanwhile, the amount
of the loaded protein onto the surfaces of the fibers is also limited by the measured pore
size of the membranes because protein molecules cannot reach fiber surfaces inside the

membranes efficiently in the small pore samples.

The plots of the cumulative amounts of the protein in the receptor chamber versus time
are shown in Figure 4.3 c and d. The amounts of the diffused protein revealed a significant
difference among different membranes. A pseudo steady-state of diffusion of the protein
could be maintained more than four hours in a membrane with smaller fiber diameter and
pores, prepared under 30% RH, and a gentle slope in the linear range representing slow
diffusion of the protein inside the membrane. However, it took almost 60 minutes to reach
the pseudo steady-state during the diffusion process. Then, the time to reach pseudo

steady-state diffusion dramatically reduced, and the slopes of curves became steeper
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with increased fiber diameter and pore sizes, controlled by increased relative humidity
from 30%-70%. Especially, the diffusion of the protein through a membrane prepared
under 70% RH could achieve pseudo steady-state in a very short time, representing the
membrane has negligible hindrance to protein diffusion. Similarly, the pseudo steady-
state diffusion of the protein through the membranes with varied fiber and smaller pore
using different polymer concentrations duplicated the pattern. Overall, large measured
pores dramatically reduced the times to reach pseudo steady-state diffusion in the

membranes.

The diffusion of protein in all membranes could achieve the pseudo steady-state
representing the concentration of protein inside pores should maintain constant. Although
the concentration of the adsorbed protein may change at pseudo steady-state, this protein
has no contribution to the diffusion. Thus, the effective diffusion coefficient could be
calculated by Equation 2 with the slop in the linear range. The ratios between the effective
diffusion coefficient to the bulk diffusion coefficient (Def/Do), which could be obtained by
the reference, are shown in Figure 4.3 e and f. (Putnam, Prealbumin et al. 1975) The
trends of the changes are consistent with the measured pore sizes and fiber diameters
(Figure 4.1 b, d, e, and g). However, the increases of the diffusion coefficient of the
membranes with the increases in humidity and polymer concentration all correlate to the
increase of measured pore sizes in the membranes. The membranes with similar pore
size but different fiber diameter (such as the membranes prepared under 50% RH and
10% wt) exhibited similar diffusion coefficients. Contrarily, the membranes with similar

fiber diameters but different pore sizes (such as the membranes made under 70% RH
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and 12% wt) present significant differences. Overall, the protein diffusion coefficient

increased as the measured pore size of the membranes was enlarged.
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Figure 4.3. Partition coefficient of proteins inside membranes prepared (a) under
different relative humidity conditions and (b) with different polymer concentrations;
cumulative amounts of protein in receptor chamber versus time: (c) PAN membranes
prepared under different relative humidity (RH) conditions, (d) membranes prepared
with different polymer concentrations; and effective diffusion coefficients of membranes
prepared (e) under different relative humidity conditions and (f) with different polymer

concentrations.

100



4.3.4 Modeled diffusion of protein through nanofibrous membranes

Both humidity and concentration of the polymer solution of electrospinning affected
fiber diameter and pore size of the membranes. Here, we would like to assign two ratios
(rs/rp, rsfrr) of the membranes to represent the relative ratios of average measured pore
size (rp) and fiber diameter (r) to the size of protein (rs), respectively, which could be used
to find the relationship to effective diffusion pattern of the protein. A correlation between
the protein size (rs) to the measured pore size (rp) ratio (rs/rp) or the protein size(rs) to fiber
diameter (rv) ratio(rs/rr) with diffusion coefficient ratios (Def/Do) is shown in Figure 4.4. The
diffusion coefficient ratios dramatically decreased when the rs/rp ratio increased from 0 to
0.002, then reduced to hundreds of times lower as the rs/rp ratio further increased to 0.01.
These results indicate that protein diffusion behaviors are different in nanofibrous
membranes versus other polymer media. In general, the diffusion of proteins may be
mainly affected by the steric hindrance and hydrodynamic interactions in a classical
polymer network material, such as a hydrogel. And the protein adsorption on the
polymeric media was negligibly considered in the literature. (Boschetti 1994; Farnan, Frey
et al. 2002; Liu, Kotsmar et al. 2013) Firstly, the Dett inside a classical fibrous membrane
would be similar to the Do when the rs/rp ratio is lower than 0.01. (Dechadilok and Deen
2006; Beck and Schultz 1970; Yang, Liu et al. 2017) But the diffusion coefficients inside
the nanofibrous materials are significantly lower than diffusion coefficients in other
classical systems, indicating that the strong adsorption of proteins on the surfaces or
potential blockage of the protein by the nanofibrous membranes occurs here. (Zhou, Li et
al. 2017; Hettiaratchi, Schudel et al. 2018; Wu, Xiao et al. 2016) Since the physically

adsorbed or blocked proteins have no contribution to the diffusion, the protein diffusing
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through pores and protein adsorbed onto the fiber need to be discriminated, which could

be calculated by following Equation 4,
C=@xn+(1—¢)=C" (4)

Where C is the total protein concentration in the membrane, C" is the concentration of
non-adsorbed protein in the pores, n is the amount of adsorbed protein on fiber surfaces
inside the membrane, and ¢ is the volume fraction of fiber inside the membranes. Then,
the diffusion equation (Equation 2) could be extended to account for the adsorbed protein

as distinct from the protein in the pores (Equation 5).

aC(t,x) @ \on(tx) _ . 9%Ct(tx)
at +(E) o D% (5)

Where D is the solute diffusion coefficient through the pores. To calculate the diffusion
coefficient, the kinetics of protein adsorption need to be described. Here, we impose a
simplest approach by assuming local equilibrium with Henry's adsorption, (Liu, Kotsmar

et al. 2013; Kotsmar, Sells et al. 2012; Liu, Dursch et al. 2016) or Equation 6.
n=KCt (6)

Where K is Henry's adsorption constant of protein on fibers. The local equilibrium
represents the protein adsorption is reversible and the rates of adsorption and desorption
are faster than the rate of diffusion. Based on the literature, the kinetic adsorption constant
of BSA on the PAN surface is at 10 cm/s, (Wang, Fu et al. 2019) but the diffusion
constant of BSA in PBS buffer is at 10" cm?/s range. (Putnam 1975) Meanwhile, D.E. Liu

et al. also proved that the local equilibrium could be achieved when the solute-polymer
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interactions are modest. (Liu, Dursch et al. 2016) Substitution of Equation 6 into Equation

5 yields the effective diffusion coefficient (Deff) in Equation 7.

D
Desy = 7k (7)
4

Henry's adsorption constant is required to solve Equation 7. However, since the
adsorption proceeds with diffusion simultaneously, the direct measurement of the kinetic
adsorption constant is complicated. (Dursch, Taylor et al. 2014; Shin, Yu et al. 2017; Silva,
Azevedo et al. 2017) Here, we employed D.E. Liu’s method: calculating adsorption
constant by using the partition coefficient following Equation 8. (Sells et al. 2012; Liu,

Dursch et al. 2016)

k
—£ = EexEqa (8)

1-¢

Where Eex indicates a size-exclusion factor, or the volume of liquid available to the
protein in the membrane divided by the total pore volume of membrane; and Ead
designates protein adsorption factors. For protein in a matrix with randomly oriented fibers,
the Eex could be presented by the classical Ogston equation (Equation 9). (Ogston 1958;

Lazzara, Blankschtein et al. 2000)
Eex = exp [~ (1+22)7] 9)

Where rs and rsindicate the diameters of protein and fiber, respectively. The pore size
was measured by a capillary flow porometer, where the pores among the fibrous
membranes are equivalent to the capillary pores. Thus, the size exclusion factor also
could be represented by the solute in capillary pores (Equation 10). (Pappenheimer,
Renkin et al. 1951)
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Eox = p(1—2)? (10)
P

Where rp is the diameter of the measured pore sizes. Based on Equation 6, the Ead

could be represented by the Henry adsorption constant (Equation 11).
— @
Eaa = (1+ 12, K) (11)

Thus, the kinetic adsorption constant could be solved by combining Equations 8-11.
The adsorption constants (Eaq) of the membranes are about 40, indicating a strong

interaction between protein and the fibrous matrix.

For a better understanding of the unique property of the transport of proteins inside the
nanofibrous membrane, the experimental data were compared with the modelling results.
Table 4.1 shows classical physical interaction-based diffusion theories that could predict
the hindered diffusion of solutes in fibrous membranes. The effective diffusion coefficient
(Defr) of each model could be calculated via Equation 7 with obtained Henry’s adsorption
constants. The predicted results from each model overestimated the experimental results
(represented as the line in Figure 4.4). The large discrepancy between measured
effective diffusion coefficients and predicted results indicates the classical hindered
diffusion theories are not fully suitable to the electrospun nanofibrous membranes.
Different from the classical 3D homogenous fibrous membrane, the electrospun
nanofibrous membranes are layer-by-layer assemblies and heterogeneous in the vertical
direction from the planar areas. The SEM images of the top view and cross-section of the
electrospun nanofibrous membrane indicate the different morphology between horizontal
direction and vertical direction. Thus, the tortuosity of the nanofibrous membranes is
dramatically high, making the classical modelling unfit to the nanofibrous membranes.
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From the images, the measured pore sizes of every nanofibrous layer were blocked by
the top and bottom layers of nanofibers, resulting in much smaller effective pores in the
vertical direction of the nanofibrous membranes. Therefore, only very large pored
nanofibrous membranes may still retain a real large effective pore size (r'p) and small
protein size (rs) to pore size (r'p) (rs/r'p) ratio. In fact, the effective diffusion coefficient of
the membrane with the largest measured pore size (70%RH membrane) matched well
with theoretical results, indicating the modelling analysis was meaningful but most
nanofibrous membrane structures are not homogeneous in the diffusion direction and
unfit for the model. Similar results were also obtained by measuring the diffusion
coefficient of BSA in a nitrocellulose membrane in the literature. (Ahmad, Low et al. 2010)
The diffusion coefficient of BSA in that membrane is hundreds of times lower than the

bulk diffusion coefficient even when the pore size is over 1 um.

Table 4.1. The classical diffusion models of molecular through fibrous media

Model type expression? ref
steric D _ _ Ogston 1958
>, = &xp (=V0) 9
hydrodynamic D 21 1712 Phillips, Deen et al.
— =01 = \2 211
Dy~ 1+ G2+5]
1989
: : D
effective media = = exp [—0.84¢(0)]-0° Johansson,
0
model Elvingson et al.1991
combined D exp[-0.84¢(a)]"”’ Johnson, Berk et al.
Dy N
52\, 1 1996
1+ (5) + 35
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Figure 4.4. Measured and predicted results of effective diffusion coefficient ratios of
proteins in membranes with different a) protein to measured pore size ratios, and b)

protein to fiber diameter ratios

4.3.5 Influence of protein-polymer interaction on protein diffusion

Besides the morphology of the membranes, adsorption (partition) and diffusion of
proteins in the systems are also affected by the chemical structures of fiber forming
polymers. Generally speaking, the protein-polymer interactions consist of ionic force,
hydrophobic force, dipole-dipole interactions, and hydrogen bonds. Among them,

hydrogen bonds, hydrophobic and polar interactions are the dominating forces between
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proteins and PAN polymer because acrylonitrile unit has a highly polar nitrile group and
a lone pair of electrons on the nitrogen, potentially forming hydrogen bonds with proteins
and possessing negative charges on fiber surfaces in solutions. Such interactions can
be adjusted by applying different pH buffers, as shown in Figure 4.5. Since BSA
(isoelectric point=5.4) possesses more negative charges as pH values of the buffer
solutions are above its isoelectric point, the diffusion of the protein was prompted due to
increased repulsion between the protein and the nanofiber at pH values of 5.5-10.4. (Bulk
diffusion coefficient of BSA at varied pH buffer was obtained at ref). (Schmitz 1983) The
low diffusion coefficient ratio of BSA at pH = 5.4 was probably due to the low solubility of
the protein close to the isoelectric point. Afterward, as the pH increases, the diffusion
coefficient of the protein increased. But the increased repulsion reduced adsorption
amounts of BSA on the fiber surfaces. Based on the above results, both the adsorption
and diffusion of the protein in the fibrous membranes are highly determined by the protein-
fiber interactions as well. The stronger protein-fiber repulsion prompts protein diffusion

but sacrifices protein adsorption of the membranes.

84 (a) (b)
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Figure 4.5. The impact of pH value on (a) partition coefficient, (b) cumulative amount of
BSA in the receptor chamber versus time, and (c) diffusion coefficient of BSA in same

PAN nanofibrous membrane
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4.3.6 Diffusion of different proteins in nanofibrous membranes

Considering actual applications of the nanofibrous membranes in protein separation
and purification applications, protein properties, such as protein size and isoelectric point
(p!), on their diffusion performances also were investigated. Four proteins were selected
to study their corresponding protein diffusion performances. (Table 4.2) Since the
concentration of each protein in the side-by-side chamber is low, protein molecules could
be simplified as spherical particles diffusing in the nanofiborous membranes, and radiuses
of the proteins were estimated based on literature data. (Farnan, Frey et al. 2002; Yang,
Liu et al. 2017; Wu, Xiao et al. 2016; Liu, Dursch et al. 2016) A nanofibrous membrane
made from 10 wt% of PAN DMF solution under 50% RH was selected in this study, and

a PBS buffer served as the media.

Table 4.2. Parameters of four different proteins: BSA, Lysozyme, IgG and HRP

Protein pl rs (Nm) Do (cm?/s)

BSA 542 3.48° 5.9*1077¢
Lysozyme 11.354d 1.85¢ 1.11+0.05*1076 f
1gG 6.6-7.29 5.4h 4.4+1.3*107 0
HRP 8.8 3.0/ 7.57*107kK

(Ge, Kojio et al. 1998?2; Axelsson 1978, Putnam, Prealbumin et al. 1975¢, Wetter and
Deutsch 19519 Parmar and Muschol 2009¢; Brune and Kim 1993f; Chiodi, Sidén et al.
19859; Saltzman, Radomsky et al. 1994"; Lavery, Maclnnis et al. 2010'; Engberg and

Frank 2011))

Partition and diffusion coefficients of the proteins are shown in Figure 4.6. Lysozyme

(p1=11.35) reveals the highest partition coefficients on the membrane among all proteins
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because it carries more positive charge at the PBS buffer and prompts the strongest
protein-fiber attraction. The strong protein-fiber attraction hinders the diffusion of
lysozyme in the nanofibrous membrane and provided the lowest diffusion coefficient even
with the smallest size among all proteins. Immunoglobulin G (IgG) is a large size protein
but has a similar loaded protein ratio as BSA. And it presents a lower diffusion coefficient
in the membranes as speculated due to the large IgG protein size (5.4nm) hindering the
diffusion. Horseradish peroxidase (HRP) contains more positive charge than BSA at the

PBS buffer; thus, it has a higher partition coefficient but a similar diffusion coefficient as

BSA.
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Figure 4.6. (a) Partition coefficient of proteins and (b) cumulative amount of protein in
the receptor chamber versus time, and (c) diffusion coefficient of four proteins in the

same PAN nanofibrous membrane

4.4 Conclusion

The protein diffusion and partition coefficient, the two vital factors describing protein
transport behavior in nanofibrous membranes, were investigated in this study, which is

the first step to reveal the impact of nanofibrous membrane structures on diffusions of
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large biomolecules in the system. Different from classical solute diffusion models in a 3-
D homogenous fibrous material, the electrospun nanofibrous membranes contain layered
unparallel pores with large pore sizes in each layer, and the pores of each nanofiber layer
are blocked by the top and bottom layers, resulting in smaller effective pore sizes in the
membranes. The protein diffusion is profoundly affected by the membrane morphology
and protein-polymer interactions. The effective pore size of the membranes has a
dominating impact on both protein diffusion and adsorption. The polymer-protein
interactions significantly affect protein adsorption on fiber surfaces, but the repulsive inter-
molecule force could enhance protein diffusion through the membranes. Overall, the
diffusion of protein and loaded protein ratios on membranes is determined by effective

pore sizes of the membranes, protein sizes and buffer pH conditions in the media.
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Chapter 5. Improving sensitivity of nanofibrous

membrane-based ELISA for on-site antibiotics detection

5.1 Introduction

Trace amount of pesticide chemicals and antibiotics are existing in soil, ground water,
and foods, which are causing human safety and environmental concerns. The
conventional detection methods, including liquid chromatography /gas chromatography
mass spectrometry (LC/GC-MS) and enzyme-linked immunosorbent assay (ELISA), are
reliable and selective, however, have limitations. These techniques are sensitive to detect
trace number of toxicants in environment but are highly dependent on the use of
sophisticated facilities and well-trained professionals, limiting their applications in the on-
site detection. (Kimmerer 2009; Haller, Muller et al. 2002; Mungroo and Neethirajan 2014)
Thus, sensors and sensing technologies possessing highly sensitive, selective and rapid
on-site detection ability of these chemicals are desired and necessary for improving

human and environmental protection.

In efforts of developing highly selective and sensitive sensors for on-site detection of
toxic chemicals, ELISA on nanofibrous membrane sensors were prepared with
demonstrated ability and capacity of rapid, selective, naked-eye, and on-site detection.
(Zhao, Si et al. 2020, Russo, Ursino et al. 2020; Tawfik, EImasry et al. 2020; Yagati,
Chavan et al. 2018) A combination of sensitivity and selectivity of ELISA assay with ultra-
high specific surface area and porous structures of nanofibrous membranes was
considered as the best pathway to develop such unique personal use sensors. Specific

surfaces area of a nanofibrous membrane should be at least three magnitude (1000 times)
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higher than that of the conventional ELISA plates, and the numbers of loaded antibodies
should be dramatically increased, subsequently improving the sensitivity of the ELISA on
the nanofibrous membrane. However, previous research and literature results on ELISA
on nanofibrous membranes only revealed several times increases in sensitivities, much
lower than the expectation. (Zhao, Si et al. 2020; Yang, Niu et al. 2008; Li, Liu et al. 2020;

Hersey, Meller et al. 2015; Mahmoudifard, Soleimani et al. 2017)

The nanofibrous membranes prepared by regular electrospinning processes possess
dimensionally heterogenous porosity structures due to the layered nanofibrous structures.
(Holzmeister, Rudisile et al. 2007) The pore sizes and distributions in the membranes
vary significantly depending on different directions, mostly in the vertical direction. The
pores along this direction of the membrane could have three different types, through
pores, blind pores, and closed pores. (Jang, Kang et al. 2019) The through pores can
allow micro-sized particles or large biomolecules to penetrate through the membrane, and
the blind pores have closed ends that can block the diffusion of the particles. Closed pores
are formed in the middle of the membranes without access to out layers, which have no
contribution to diffusion or partition of chemicals into the membranes. (Jang, Kang et al.
2019) Our recent study of diffusion of large molecules through nanofibrous membranes
found that only the measured pore size of the membrane is close to 1000 times larger
than diffusant molecules, a normal diffusion pattern of the molecules could be observed
through the membrane. (Zhao, Si et al. 2021) The effective pore could be significantly
smaller than the measured pores of the microporous nanofibrous membranes, and
subsequently, the protein molecules are hard to diffuse into or through the micro-porous

membrane structures. As a result, the large enzyme molecules are mostly incorporated
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on the outside surfaces of nanofibrous membranes not inside. (Hu, Liu et al. 2014, Yan,
Li et al. 2009) Then, the hindered diffusion of large biomolecule may lead to increased
ligand density on the surface of membranes resulting in a steric crowding effect and
reduction of the analyte binding efficiency. As a result, the sensitivity of regular
nanofibrous membrane-based ELISA is dramatically lower than the theoretical values,
without presenting the benefits of the higher surface areas versus the conventional ELISA.

(Bonanno and Delouise 2007; Cooper and Williams 1999)

Theoretically speculated nanofibrous membranes for ELISA applications should be
three-dimensional uniform with large pore size, in addition to the desired chemical
reactivity and stability as membrane materials. Here, we report the newly progresses in
improving the sensitivity of immunoassay biosensor by incorporating competitive ELISA
onto structurally modified poly(vinyl-co-ethylene) (PVA-co-PE) nanofibrous matrices. The
following modification measures were adopted on the membrane structures, including
more through pores, stable nanofiber structure, hydrophilic modification agents and
proper diffusion condition, increasing the number of antibodies interacting and
immobilized on the membranes. First, the improved accessibility of the ultrahigh surface
areas of the membranes dramatically increased the number of immobilized antibodies
with reduced steric hindrance for reacting with target and other biomolecules.
Improvement in hydrophilicity of the membranes facilitates the entrance and access of
analytes and biomolecules, as well as the interaction with the pre-loaded antibodies,
leading to significant increase in color signals while detecting targets in ultra-low

concentrations. As a result, the sensor made of the novel membrane structures could
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reveal a naked eye distinguishable color change at 0.01ng/mL of chloramphenicol (CAP),

and the limitation of detection (LOD) is 0.005ng/mL with the help of a smartphone.

5.2 Materials and Methods

5.2.1 Materials

Poly(vinyl-co-ethylene) (PVA-co-PE, PE content of 27%, MWn =90,000),
chloramphenicol (CAP), florfenicol (FF), thiamphenicol (TAP), penicillin (PCN), 3,3',5,5'-
tetramethylbenzidine (TMB), Immunoglobulin G (IgG), fluorescein isothiocyanate (FITC),
fluorescein isothiocyanate labeled immunoglobulin G (FITC-IgG), fluorescein
isothiocyanate linked dextran (FITC-dextran) and bovine serum albumin (BSA) were
obtained from Sigma-Aldrich (USA). Anti-CAP antibody (Ab) and CAP labeled
horseradish peroxidase (CAP-HRP) were purchased from Abcam (Cambridge, MA, USA).
Isopropanol, N, N’-disuccinimidyl carbonate (DSC), triethylamine (TEA), 1,4-dioxane,
acetone, hydrogen peroxide (30 wt%), copper sulfate (CuSOs), sodium carbonate
(Na2COs3), sodium bicarbonate (NaHCO3), citric acid, sodium citrate, phosphate-buffered
saline (PBS), N-hydroxysuccinimide (NHS), polyethylene glycol (PEG),
polydimethylsiloxane (PDMS) and its crosslinking agent, Pierce™ BCA Protein Assay Kit,

high-binding 96-well plates were purchased from Thermo Fisher Scientific (USA).

5.2.2 Fabrication of PVA-co-PE nanofibrous membranes

PVA-co-PE nanofibrous membrane was fabricated according to our previous report.

(Zhao, Si et al. 2020) PVA-co-PE (MWn = 90,000) isopropanol/water (70/30) solutions in
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varied concentrations were prepared. During the electrospinning process, the relative
humidity was controlled at 50% by a humidifier (Urpower Co.). The membrane
morphology was analyzed by a field-emission scanning electron microscopy (Quattro
ESEM, Thermo Scientific™), and the pore distribution of the membrane was measured
with a capillary flow porometer (Porous Media Inc., Ithaca, NY). The thickness of the

membranes was measured with an electronic micrometer thickness gauge (Neoteck).

5.2.3 Measurement of diffusion of biomolecules in PVA-co-PE nanofibrous

membranes

Diffusion of biomolecules (FITC-dextran compounds or protein samples) through
nanofibrous membranes was measured by using a side-by-side diffusion cell (PerneGear
Co.) according to a previous report. (Zhao, Si et al. 2021) The FITC-dextran concentration
in both chambers was measured by a plate reader (BioTek®) at regular intervals. And the
protein concentration in both chambers could be measured with the BCA protein assay
(Thermo Fisher™) and a UV-vis spectrophotometer (Thermo Scientific), according to the
previous report. (Zhao, Si et al. 2021) The permeability coefficient and diffusion coefficient
can be calculated by using Fick's law with biomolecule concentrations in the receptor

chamber.

After 30min diffusion of FITC-Dextran samples, the membrane was removed from the

side-by-side chamber and dried in a vacuum oven at 100 C for 50s. Then, the membrane

was frozen in liquid nitrogen, sliced and sealed by two pieces of glass and placed on a

glass side. The cross-section images of the membranes were taken by a laser scanning
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confocal microscopy (LSCM) (FluoView 1000 system, Olympus America, Center Valley,
PA) at 520nm under the excitation of 488 nm. Then, the confocal fluorescence images

were analyzed using the Olympus Fluoview 1.5 software.

5.2.4 Modification and characterization of nanofibrous membranes

The electrospun PVA-co-PE membrane was modified by reacting with DSC according
to a previous procedure. (Zhao, Si et al. 2020) After the DSC reaction, a N-
hydroxylsuccinimide (NHS) ester is formed on the membranes for further reaction with
primary amines of proteins. The amount of the loaded NHS ester was determined by the
color change of bicinchoninic acid (BCA) dye solution measured by a UV-vis
spectroscopy. One milligram of the modified membrane was soaked in a BCA working
agent, which was prepared, according to a previous report. (Zhao, Si et al. 2020) The
number of loaded NHS esters was measured by a UV-vis spectroscopy based on a
calibration curve which was established by measuring the color intensity of various
concentration of NHS. In addition, these membranes were also characterized by a
Fourier-transform infrared spectroscopy (FTIR) (Thermal Co) for proving the successful
modification. The hydrophilicity of the membranes was represented by measuring water
contact angle of loaded 50uL of water onto the surface with a microscope camera (Dino-
lite Co). The morphology changes of the membranes were analyzed by using a field-
emission scanning electron microscopy (FE-SEM), and the fiber diameter was measured
based on the FE-SEM images. The pore sizes of the membranes were measured with a

capillary flow porometer (Porous Media Inc., Ithaca, NY).
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5.2.5 Immobilization of antibody

The modified PVA-co-PE nanofibrous membranes were punched to small pieces
(circles with diameter=0.9cm). (Zhao, Si et al. 2020) Antibody stock solution was diluted
to varied concentrations from 0.02g/L to 2g/L, respectively, in a PBS buffer, then 10uL of
the as-prepared antibody solution was added onto the membranes. The membranes were
incubated in a bio-oven at 37°C for 30 mins with continuous shaking. Then, these treated
membranes were placed into a PBS buffer to wash-off unreacted proteins. The number
of immobilized antibodies could be measured by a standard BCA protein assay. Since
NHS ester could reduce copper sulfate and make BCA colored, the residual NHS ester
on the membrane needs to be hydrolyzed in an alkaline solution (pH 11.5 sodium
carbonate buffer) containing 10%wt PEG. Then, the pre-treated membranes were soaked
into the BCA mixture for the measurement of immobilized proteins. Meanwhile, the protein
immobilization reaction efficiency could be calculated by dividing the number of the
immobilized proteins by the total amount of injected antibodies. Then, the resulting
membrane was soaked into a 1 wt% BSA solution to block unreacted sites, preventing

the unspecific reaction between CAP-HRP and the membranes.

5.2.6 Analysis of colorimetric signals by nanofibrous membrane-based

ELISA

Competitive ELISA assay was employed for testing the concentration of CAP. The test

solution was prepared by mixing 25uL of a CAP solution with 25uL of a known
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concentrated CAP-HRP solution. The antibody immobilized membranes were immersed
into the as-prepared test solution for 10 mins. Then, the unreacted CAP-HRP was washed
off by a PBS buffer. A TMB dye substrate was prepared according to the literature. (Zhao,
Si et al. 2020) Then, 50 pL of the TMB dye substrate was added onto the CAP-HRP
captured membranes, and the membranes was placed in a box under LED light (Lux
10,000). The color change could be recorded by a smartphone (iPhone 6s), and the
concentration of CAP could be further quantitatively analyzed by using an Image J
software. The red channel (R) from RGB value was used to represent the color intensity.
Here, the red channel intensity change could be represented by ARGB value which was

obtained by RGB value difference between background and each membrane, or:

ARGB = RGBbackground - RGBmembranes (1)

5.3 Results and Discussion

5.3.1 Fabrication of nanofibrous membrane-based ELISA

The nanofibrous membranes possess unique porous structures including through
pores, blind pores, and closed pores, and only the through pores can allow biomolecules
to penetrate through the membranes, and both blind and through pores can let the
molecules enter the membranes. In addition, the nanofibrous membranes have much
smaller effective pore sizes than those measured by different instruments. (Zhao, Si et al.
2021) As a result, large biomolecules could be frequently blocked by the porous
nanofibrous matrices, leading to a large number of proteins loaded on the surfaces
instead of entire media of the membranes, subsequently resulting in a sterically crowding
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effect and the decrease of binding efficiency. (Wang, Partridge et al. 2019) (Figure 5.1a)
However, properly structured nanofibrous membranes could allow antibodies rapidly
diffuse into the three-dimensional fibrous matrix, which can fully demonstrate the
advantageous of the ultrahigh surface areas of the nanofibers and desired sensitivity of

biosensors based on the membranes. (Figure 5.1b).

To further verify diffusion properties of biomolecules in varied sizes through the
nanofibrous membranes, firstly, we fabricated nanofibrous membranes with large pores
according to our previous report. All the membranes were fabricated under high relative
humidity environment (50% RH) to ensure more through pores formed in the membranes
with larger pore sizes. As shown in SEM images, all the membranes reveal varied fiber
diameters and randomly distributed microporous structures (Figure 5.1c). The distribution
of fiber diameters and pore sizes are presented in Figure 5.1d and e, and the average
fiber diameter and pore size are shown in Figure 5.1f. The average pore sizes of the
membranes prepared by using 6 wt% and 8 wt% polymer concentrations were at
hundreds of nanometers, which is similar with the pore sizes of the previously fabricated
membranes. (Zhao, Si et al. 2020) The pore size increased with the increase of the
polymer concentration. When the concentration of the polymer solution increased to 12
wt%, the average pore size reached 4.1um, which is nearly 1,000 time larger than the
antibody size. Fibrous membranes in such large pore sizes could present a similar
diffusion pattern as a 3-D porous matrix. However, the average fiber diameter increased
with the increment of polymer concentration, leading to the decrease of specific surface
area and reduction of the loaded antibody. Especially, the fiber diameter is nearly 1um in

the membrane made from 12 wt% polymer solution.
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Chloramphenicol Labeled Horseradish Peroxidase (CAP-
HRP)
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Figure 5.1. The scheme and microstructure of PVA-co-PE nanofibrous membranes. a)
steric crowding effect of high density of biomolecule on the surface of regular
nanofibrous membrane; and b) diffusion of biomolecule inside a hydrophilic and large
porous nanofibrous membrane; c) SEM images of nanofibrous membranes made from
different polymer concentrations, d) fiber diameter distribution, e) pore distribution, and

f) average fiber diameter and pore size.

5.3.2 Diffusion property of the membranes

FITC linked dextran compounds in different molecular sizes were employed as the
sample biomolecules to study the influence of pore structures of the membranes on their
diffusivities. As reported in literature, concentrations of diffusants can be hypothesized as
linearly decreasing inside the membrane from the boundary close to the donor side to the
boundary near the receptor side at a pseudo steady-state, (Stringer and Peppas 1996)
and the permeability coefficient of biomolecules inside the membranes could be

determined by the equation 2:
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In(1-22) =22 )

Co VAx

Where Co is initial concentration of the biomolecules in donor chamber, C2 is the
concentration of the biomolecules in receptor chamber at a specific time. P is a
permeability coefficient, A is the effective area for the diffusion, V is the volume of each
chamber, and Ax is the thickness of the membrane. The plots of Ax *In (1 — 2¢,/cy)
versus time are shown in Figure 5.2a and b. The FITC-dextran in size of 150KDa could
reach pseudo steady-state of the diffusion inside membranes made by using 6wt% and
8wt% polymer solutions in around 2 hours, and gentle slopes in the linear range represent
rather slow diffusion of the molecules (Figure 5.2a). With the pore size increase in the
membranes made with more concentrated polymer solutions (10wt% and 12wt%), the
times to reach to the pseudo steady-state diffusion reduced gradually, and the slopes in
the linear range become steeper. Then, the diffusion properties of dextran molecules in
different size were measured. The 150kDa and 40 kDa dextran molecules could represent
IgG and horseradish peroxidase (HRP), while FITC itself can represent small molecules
including CAP and TMB. The times to reach the pseudo steady-state for diffusion of the
dextran molecules inside the membrane (8wt%) dramatically reduced with the decrease
of the dextran size. The diffusion of the small FITC could reach pseudo steady-state in a
very short time, and the slope in the linear range is extremely steep, representing the
rapid diffusion of small molecule inside the fibrous membrane (Figure 5.2b). The
permeability coefficients of the FITC linked dextran molecules versus dextran/pore size
ratios were analyzed and are shown in Figure 5.2c. Here, the permeability coefficients of
the FITC linked dextran molecules could be calculated by the slopes at the linear range

(equation 2), and the hydrodynamic radii of the dextran molecules in dilute solution are
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obtained from the literature. (loan, Aberle et al. 2000) The permeability coefficients
decreased with the size ratio increase. Especially, the permeability of FITC is dramatically
higher than the larger FITC-dextran molecules, revealing the varied hindrance of the
membranes to diffusion of molecules in varied sizes. The confocal images were taken
after 30min diffusion to visualize the differences. (Figure 5.2d and e) The fluorescence
intensities of FITC inside membranes were measured and analyzed by Olympus Fluoview
1.5. The FITC linked dextran molecules diffused slowly into the membranes (6wt% and
8wt%) in smaller pores but more rapidly inside or through the membranes (10wt% and
12wt%) in larger pores, consistent with the measured permeability coefficients (Figure
5.2d). Similarly, the diffusion distances in the membranes increased with the molecule
size decrease. Especially, the small molecule, FITC, could completely penetrate through
and homogenously distribute inside the membrane in 30 mins (Figure 5.2e). The large
size FITC-dextran (150kDa) diffused inside membranes very slowly, especially in

membranes with smaller pores.
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Figure 5.2. Diffusion behaviors of FITC linked dextran molecules inside membranes. a)
diffusion patterns of 150kDa dextran through different membranes; b) diffusion
behaviors of different dextran molecules through a representative membrane (8wt%); c)
permeability coefficients of dextran molecules inside different membranes; d) confocal
images and fluorescence intensity of 150kDa dextran inside different membranes; and
e) confocal images and fluorescence intensity of different dextran inside an 8wt%

membrane.
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5.3.3 Hydrophilicity of nanofibrous membranes

In another effort of further improving the diffusion of biomolecule inside nanofibrous
membranes, the hydrophilicity of the membranes was changed via chemical modifications.
Hydrophilic surfaces of the nanofibers could reduce adsorption of proteins and facilitate
the diffusion of proteins through the membranes. (Zhao, Si et al. 2021; Rabinow, Ding et
al. 1995) Antibody proteins can be chemically immobilized onto nanofibrous membranes
by using three different agents, including glutaraldehyde (GA), cyanuric chloride (CC), N,
N-disuccinimidyl carbonate (DSC). (Zhao, Si et al. 2020; Zhu, Bahramian et al. 2012)
Among them, DSC could provide improved hydrophilic surface than others and exhibit
higher reactivities with the proteins, which was selected in the study. (Zhao, Si et al. 2020)
The modification reaction and the following immobilization of antibodies are shown in
Figure 5.3a. Varied DSC concentrations were employed to optimize the reaction
conditions. The optical images of the modified membrane and measured NHS amounts
loaded on the membranes are shown in Figure 5.3b. The NHS amount does not show
significant difference among the membranes in different pore structures, which could be
attributed to the fact that small molecules can easily diffuse through the membranes and
be exposed to surfaces of nanofibers. The nanofibrous membranes revealed a significant
yellowing effect at high concentration of DSC (15%), representing a potential change of
their micro-morphology. Meanwhile, loaded NHS amount increased rapidly at low
concentrations (0%-10%) but slowly at high concentrations (10%-15%) which could be
attributed to gradual reduction of reactive surface areas of the nanofibers in high DSC

concentration. Then, the membranes prepared with 10 wi% polymer concentration was
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employed for FTIR and water contact angel characterizations. The NHS groups
incorporated on the membrane are shown in FTIR with a carbonate peak at 1730cm™.
And the intensity of carbonate peak increased with increasing DSC concentrations in the
reactions. (Figure 5.3c). The hydrophilicity of the modified membranes is measured by
water contact angle (WCA). The membranes become more hydrophilic with increasing
DSC concentration in the reactions, represented by a decrease of WCA (Figure 5.3d).
Although the modified membranes retained nanofiber morphology and micro-porous
structure, the nanofibers became swollen obviously with the increase of DSC
concentration, shown in the SEM image (Figure 5.3e). The original nanofiber diameter of
520.00nm increased to 742.80nm as the DSC concentration increased to 15% (Figure
5.3f). Since the membrane modified with 5wt% of DSC still revealed a relative
hydrophobic (WCA = 89.2 at 3 seconds) surface and the membrane modified with 15wt%
DSC showed significant swelling, 10% DSC solution was employed in the modification of
the membranes to provide proper hydrophilicity (WCA=27.6) and moderate swelling

(average diameter=616.95nm).
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Figure 5.3. Chemical modification of nanofibrous membranes. a) Reaction of PVA-co-
PE membrane with DSC and proteins; b) Optical images and loaded NHS amounts on
membranes modified by DSC in varied concentrations; c) FTIR spectra of membranes
before and after modification; d) Water contact angles of membranes after reactions; f)

SEM images and g) Fiber diameter distributions of membranes after reactions

5.3.4 Immobilization of antibody

With the above results, the DSC modified nanofibrous membranes were employed for
immobilization of antibodies (IgG), and the reaction is shown in Figure 5.3a (Step 2). The
amounts of the immobilized 1gG and reaction efficiencies are shown in Figure 5.4a and
Figure 5.4b, respectively. At low antibody concentrations (below 100 mg/L), all protein
molecules could be immobilized onto the nanofibers in the membranes, reaching the

immobilization efficiency around 100%. Then, reaction efficiencies dramatically
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decreased with high protein concentrations, which may be resulted from overloading the
protein molecules above the maximum reactive sites of the modified nanofibrous
membrane. Meanwhile, as speculated earlier the nanofibrous membranes having large
pore sizes (made by 10 wt% and 12 wt% polymer solutions) show more antibodies
immobilized inside the membranes and present higher reaction efficiencies than those of
regular pore sizes (made with 6 wt% and 8 wt% polymer solutions) of electrospun
nanofibrous membranes. These results can be attributed to the hindered diffusion
behaviors of IgG in regular pore size membranes, causing high concentration of
antibodies on the surface of membranes. Then, FITC-IgG was used to reveal the
homogeneity of the immobilized protein on the membranes by mapping their fluorescence
signals. (Figure 5.4c). The increase of the FITC-IgG concentration prompts more 1gG
immobilization on the nanofibrous membranes, and the fluorescent signals are brightness
at 200mg/L of protein indicating homogenous immobilization. Thus, 200mg/L is the

minimum injected concentration used in further studies.

IgG proteins can reach a pseudo steady-state of diffusion within 3 hours in all
membranes (Figure 5.4d). The diffusion of IgG molecules in the membranes are faster
than that of 150kDa dextran (Figure 5.2a) because IgG is more hydrophobic with a higher
partition coefficient on the membranes. Then, the slopes at the linear ranger could be
employed to calculating permeability coefficient (P) of IgG. The diffusion coefficient (D)

could be calculated by the equation 3:

The kq in the equation is partition coefficient of the protein in the membranes or

represents the ratio of the concentration of non-adsorbed protein in the pores inside the
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membrane to average concentration of protein in both chambers. The kd could be
obtained by measuring the number of proteins inside membrane after diffusion test
according to previous reports. (Zhao, Si et al. 2021; Liu, Kotsmar et al. 2013) Then, the
ratios between diffusion coefficient of IgG inside membranes to the bulk diffusion
coefficient (D/Do) are shown in Figure 5.4e, while the diffusion coefficient of IgG in the
bulk solvent could be obtained following the method used in the reference. (Saltzman,

Radomsky et al. 1994)

The diffusion coefficient of IgG increases with the decrease of IgG-pore size ratio (ri/R),
and the diffusion coefficient of IgG inside the largest pore membrane (12wt%) is around
10 times higher than the diffusion coefficient of IgG through the membrane prepared with
6wt% and 8wt%of PVA-co-PE. Such dramatic difference of diffusion behavior of the
membranes further confirms the significant variance of distribution of immobilized protein
inside membranes. Then, the measured results are compared with a classical diffusion

theory, the Renkin equation, (Renkin 1954; Pappenheimer 1953) or

2 - —% 2[1 — 2.10% + 2.09(%)3 - 0-95(%)5] (4)

Dy

Where r1 and R represent the solute size and pore size of membranes, respectively.
The diffusion coefficients of IgG inside the PVA-co-PE membranes could be
overestimated by following the classical hindered diffusion theory. The heterogeneity of
the nanofibrous membranes does not have much through pores in vertical direction and
possesses much smaller effective pore sizes, making them the best filtration materials.
Meanwhile, since PVA-co-PE could dramatically swell inside aqueous solvent, the

effective pore size could further decrease in the diffusion test. (Zhu, Yang et al. 2011)
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Then, the distribution of IgG could be predicted by the fundamental solutions of Fick’s

second law, or:

xZ
Clx,t) = \/ﬁe(_ﬁ)

(5)

Where x represents the distance between the location of diffused protein to the

boundary at donor chamber. When an incubation time of 30 min is substituted into

equation 5, the concentration distribution of IgG inside membranes could be predicted,

as shown in Figure 5.4f. The predicted results show that the IgG could diffuse inside the

lager pore size membrane, but hardly penetrate through regular pore size membranes

after incubation. The predicted results confirm the confocal images of the membranes

(Figure 5.4d).
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Figure 5.4. Immobilization and diffusion of IgG inside nanofibrous membranes. a)

Immobilized antibody amounts on modified membranes; b) reaction efficiencies of

antibody immobilization on modified membranes; c¢) Fluorescence images of FITC-IgG
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loaded membranes; d) cumulative amounts of IgG in receptor chamber versus time, e)
diffusion coefficients of IgG inside membranes, and f) the predicted 1gG distribution

inside membranes

5.3.5 Sensitivity comparison among varied membranes

Here, 2000mg/L of CAP antibody was incubated on the membranes prepared with
regular pores (made with 6 wt% and 8 wt% of polymers), and 1000mg/L of the antibody
was immobilized on the membranes prepared with large pores (made with 10 wt% and
12 wt% of polymers). The immobilized antibody was controlled at 6 pg per microgram of
the membrane. Then, 75ng/mL CAP-HRP was mixed with a CAP solution, and the
mixture was injected onto the as-prepared membranes. The optical images and ARGB
values of membranes are shown in Figure 5.5a-d. The membranes treated by Ong/mL
CAP revealed a bright blue color, but membranes treated by other concentrations of CAP
appeared in faded colors. And all membranes prepared with varied pore structures
revealed significant color intensity difference while detecting Ong/mL and 0.1ng/mL of
CAP. However, the membranes with regular pore size did not show the difference of
colorimetric intensity as significant as the membranes prepared with larger pores on the
ARGB value, which could be a result from the difference of protein distribution inside each
membrane (as shown in Figure 5.4f). Thus, pore size of the nanofibrous membranes has
a significant influence on the sensitivity of competitive ELISA. Here, the membrane made
with 12 wt% polymer did not show obvious enhancement on the sensitivity than the 10

wt% membrane, which could be the reduction of the specific surface area while the fiber
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diameter was increased as well. Thus, the membrane prepared with 10 wt% of PVA-co-

PE was employed for the following experiments.
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Figure 5.5. Optical images and color intensities of membranes for detecting varied
concentration of CAP. The membranes were prepared with different polymer

concentration a) 6 wt%, b) 8 wt%, c) 10 wt% and d) 12 wt%.

5.3.6 Improved sensitivity in detecting CAP

With all parameters, including the amount of immobilized antibody and the
concentration of loaded CAP-HRP, optimized via a checkerboard test (Figure 5.6a), the
sensitivity of the biosensor made from the nanofibrous membranes were further increased.
The ARGB values of the membranes treated by Ong/mL and 0.01ng/mL of CAP were
measured, and the differences of ARGB value between the membranes treated by two

concentrated CAP solutions were calculated. Here,10ug of loaded antibody and 50ng/mL
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of CAP-HRP were selected as optimal parameters for detecting CAP. Then, the optical
image and color intensity of the membranes treated by different concentrations of CAP
solution are described in Figure 5.6b. The blue color on the membranes became faded
and ARGB values decreased with the increasing concentrations of CAP. The color
intensity at 0.01ng/mL of CAP (18.08+3.74) was dramatically lower than the color intensity
at Ong/mL of CAP (53.30+4.33), and the color difference could be observed by naked
eyes. A linear range was located from 0.006ng/mL to 0.012 ng/mL with R? at 0.94. The
limit of detection (LOD) of this membrane-based ELISA sensor reached to 0.005ng/mL,
where the ARGB value of the membrane treated by 0.005ng/mL of CAP was 42.08+3.52,
lower than two standard deviations of ARGB value of the membrane treated by Ong/mL

of CAP.
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Figure 5.6. Quantitative detection of trace amount of CAP. a) checkerboard test; b)
optical image and calibration curve of membranes treated by varied concentrations of

CAP.

Comparing the previous published results of other developed ELISA sensors for CAP,

the currently developed nanofibrous membrane-based ELISA reveals highly improved
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sensitivity. (Table 5.1) In the previous report, the naked eye detection LOD of the
previously fabricated nanofibrous membrane-based ELISA was close to the commercial
96 well plate-based ELISA and conventional paper-based ELISA. (Zhao, Si et al. 2020)
This newly developed nanofibrous membranes significantly enhanced the sensitivity and
decreased the LOD by 20 times. Meanwhile, compared with results from the ELISA
sensors by using regular nanofibrous membranes in literature, the large pore size and
hydrophilic nanofibrous membranes revealed a significant improvement of sensitivity.

(Table 5.2)

Table 5.1. Comparison of LOD of CAP detection among various ELISA sensors from

literature.
Solid Substrate Signal Amplifying LOD reference
(ng/mL)
96 well plates NA 0.1 Wesongah,
Murilla et al. 2007
96 well plates Fluoro- 0.05 Shen, Zhang et
immunoassays al. 2006
96 well plates Biotin-Streptavidin 0.042 Wang, Zhang et
Amplified al. 2010
96 well plates Biotin-Streptavidin 0.10 Chughtai,
Amplified Magbool et al.
2017
96 well plates Gold Nanoparticles 0.3 Wang, Chen et al.
2016
Paper-based NA 100 Duyen, Matsuura
et al. 2017
Solution lon amplified 1.9 Wu, Liu et al.
GNP 2019
Solution DNA amplified GNP 2.2 Wu, Huang et al.
2020
96 well plates NA 0.1 Previous work
Nitrocellulose NA 1 Previous work

membranes
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Nanofibrous NA
membrane
Optimally developed NA

nanofibrous membrane

0.1 Previous work

0.005 This work

Table 5.2. Comparison of sensitivity improvement among various nanofibrous

membrane-based ELISA from literature

Polymer of nanofibrous Target molecule Sensitivity Reference
membrane improvement
polycarbonate HIV 5 times Yang, Niu et al.
2008
TiO2-based HIV & interleukin 6.41-6.93 times  Li, Liu et al. 2020
polyethersolfone staphylococcus 1.2 times Mahmoudifard,
enterotoxin B Soudi et al. 2016
poly(oxanorbornene) mouse 1gG 0.12 times Hersey, Meller et
al. 2015
polyacrylonitryle mouse IgG 2-2.77 times Mahmoudifard,

poly-L-lactic acid &

cellulose acetate

C-reactive protein

Soleimani et al.

2017

2.1 times Sadir,
Prabhakaran et

al. 2014
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phospholipid polymer Human IgG 4.6 times Chantasirichot,

Ishihara et al.
2012
poly(styrene-alt-maleic Anti-IgG 3.33 times Lee, Lee et al.
anhydride) 2011
poly(e-caprolactone) Human papilloma 5-6 times Falcucci, Paolini
virus (HPV) type 16 et al. 2021
PVA-co-PE CAP 1 time Previous work
Large pore size & CAP 20 times This work

hydrophilic PVA-co-PE

5.3.7 Selectivity and stability

The selectivity of the ELISA sensors on different antibiotics was measured by
comparing colorimetric signals of penicillin (PCN), thiamphenicol (TAP) and florfenicol
(FF) (Figure 5.7a). The spiked concentration of each antibiotic was 1ng/mL, and no
antibiotic was presented in the control group. Here, the ARGB value of the membranes
exposed to CAP was significantly lower than these to other three antibiotics. Color
intensities of 1 ng/mL of CAP, PCN, TAP and FF were 6.71%, 98.64%, 99.27%,
respectively, while the control revealed 100.33% color intensity. Thus, the ELISA on
nanofibrous membrane sensor is specific to CAP with a high sensitivity. In addition, the

selectivity could also be described by cross-reactivity ratios (CR%) which are measured
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by the ratio of the 50% inhibition concentration (ICso0) between interferences and the target.
The 1Cso0 of the sensor in detecting CAP is around 0.009ng/mL (Figure 5.4b), but the I1Cso
for detecting other three antibiotics should be higher than 1ng/mL (Figure 5.7a). Thus, the

CR% of the ELISA sensor to other three interferences is lower than 1%.

The stability of immobilized antibody is shown in Figure 5.7b. The antibody loaded
nanofibrous membranes were stored in a refrigerator at 4°C for varied durations and then
employed for detecting CAP. The color intensity only decreased by 15.3% for detecting
Ong/mL CAP and 19.4% for detecting 0.01lng/mL CAP after a storage of 28 days.
Significant signal intensity difference was maintained between Ong/mL and 0.01ng/mL
after the storage. Furthermore, based on the checkerboard test, over 70% of the initially
loaded antibody retained their reactivity after 28-day storage, revealing a good storage

stability of the sensors.
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Figure 5.7. Elimination of interferences for CAP detection. a) Selectivity of ELISA; b)

Stability of ELISA.
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5.4 Conclusion

Structural features of electrospun nanofibrous membranes were investigated by
diffusing various biomolecules in different sizes through the membranes in varied porous
structures. The porous structures of the membranes were controlled by electrospinning
PVA-co-PE in different polymer concentrations. In addition, hydrophilicity of the
membranes was improved by using a more hydrophilic agent of N, N’-disuccinimidyl
carbonate DSC in the chemical modification of the nanofibers. As a result, nanofibrous
membrane with large pore sizes and hydrophilic surface demonstrated increased
diffusion of the biomolecules inside the membranes. The ultrahigh surface areas of the
nanofibers could indeed increase sensitivity in the fabrication of ELISA on nanofibrous
membrane biosensors. An ultra-highly sensitive immunoassay biosensor by combing the
advantages ELISA and microporous nanofibrous matrices was successfully developed.
The sensors could achieve quantitative analysis of antibiotics in environment by

measuring RGB value of optical images taking by a smartphone.
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Chapter 6. Executive Conclusion

In this dissertation, a series of studies were conducted to develop an ultra-highly
sensitive colorimetric biosensor by incorporating ELISA on nanofibrous membranes.
Initial investigations began with designing a portable and naked-eye distinguishable
sensor for on-site detection of antibiotics. The conventional chromatography methods
have limitations at on-site and instant detection because expensive facilities and
complicated procedures are necessary. And portable ELISA methods are less sensitive
and depend on expensive detectors. Contrarily, possessing ultrahigh surface area and
abundant reactive sites, nanofibrous membranes could enhance the sensitivity of ELISA

and reveal a strong colorimetric signal for naked eye distinguishing. The PVA-co-PE
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nanofibrous membranes were successfully modified by reactive agents, and antibodies
were successfully immobilized onto the modified membranes. As-prepared membranes
revealed homogenous and bright color while capturing CAP-HRP and reacting with dye
substrate. Especially, the CC modified membranes exhibited higher sensitivity for naked-
eye detection and stable colorimetric signal. The novel developed nanofibrous
membrane-based biosensors exhibited high sensitivity for detecting CAP at 0.3ng/mL
level with the naked eyes, while the conventional ELISA could detect above 10ng/mL of
CAP with the naked eyes. The nanofibrous membrane-based biosensors were fabricated
to rapidly determine whether the CAP residues were beyond the benchmark
concentration or not. Meanwhile, the nanofibrous membrane biosensor could quantitively
measure CAP via a smartphone, and a test with spiked salmon proved the sensor could

detect a trace amount of CAP in the real seafood samples.

Then, to improve the antibody capacity and sensitivity of the nanofibrous membrane
biosensors, the hindered diffusion behavior of large biomolecules inside membranes was
studied. Different from 3-D homogenous material, the electrospun nanofibrous
membranes possess vertically heterogeneous structures and layered unparallel pores
resulting in smaller effective pore sizes in the membranes. The effective pore size has a
dominating impact on molecule diffusion. Thus, the diffusion coefficients of large
biomolecules inside nanofibrous membranes are hundreds of times lower than the
predicted results from a classical diffusion model, which is based on the research of 3-
dimensional homogenous matrices. And the proteins were blocked by the nanofibrous
membrane, resulting in the reduction of the benefits provided by the nanofibrous

membranes. Moreover, protein diffusion is profoundly affected by protein-polymer
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interactions. The polymer-protein attractions improve protein adsorption onto fiber
surfaces but hinder protein diffusion into the membrane. Overall, for improving the
diffusion behavior of proteins inside nanofibrous membranes, the nanofibrous

membranes need to possess larger effective pores and be more hydrophilic.

In addition, the sensitivity of the nanofibrous membrane ELISA biosensors was
significantly improved by optimizing the diffusion properties of protein through the
nanofibrous membranes. The pore sizes of electrospun nanofibrous membranes were
enlarged by increasing the concentration of PVA-co-PE polymer. And, the hydrophilicity
was improved by employing hydrophilic modification agents, such as N, N’-disuccinimidyl
carbonate. The diffusion test and confocal results proved the antibodies could penetrate
and homogenously distributed into the nanofibrous membranes. As a result, the
sensitivity of as-fabricated nanofibrous membrane ELISA was dramatically improved. The
LOD for CAP detection was 0.005ng/mL, around two hundred times lower than the LOD
of a conventional paper-based biosensor. Meanwhile, the biosensors could achieve
guantitative analysis by recording the RGB value of optical images taken by a smartphone.
And, the biosensors exhibited the desired selectivity to target antibiotics and stability after

long-term storage.

In conclusion, the nanofibrous membrane ELISA biosensors were successfully
developed and fabricated with ultra-high sensitivity and naked-eye distinguishable
colorimetric signal. Such biosensors have the potential to be applied for on-site inspection

and rapid determination of trace toxicants in food and the environment.
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