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OZET

L-PROLIN BASKILANMIS NANOFIiLM KAPLI YUZEY PLAZMON
REZONANS SENSORLERININ GELISTIRILMESI

Saygin ALTURK
Yiiksek Lisans, Biyomiihendislik Anabilim Dali
Danisman: Prof. Dr. Gozde BAYDEMIR PESINT
Haziran 2025, 69 sayfa

Prolin hastaliklarin saptanmasinda ve tanimlanmasinda 6nemli bir biyobelirte¢ haline gelmistir.
Literatirde 0zofagus kanseri olan metabolik hastalarm serum prolin seviyelerinin énemli
Olgtide diisiik oldugu belgelenmistir. Ayrica, kandaki prolin seviyesinin yiikselmesiylede nadir
goriilen bir metabolik durum olan hiperprolinemi ortaya c¢ikar. Molekiiler Baskilanmig
Polimerler (MIP'ler), belirli bir hedef molekiilii “kalip” olarak kullanan ve yapilarinda bu
molekiile 6zgii tanima bolgeleri olusturan sentetik polimerlerdir. MIP'ler, yiizey plazmon
rezonans (SPR) sensorlerinde tanima bilesenleri olarak kullanilabilir. SPR biyosensorleri, ince
bir metal film iizerinde veya yakiinda kirilma indeksindeki degisiklikleri Glgerek hedef
biyomolekiillerin hizli, hassas ve ekonomik bir sekilde tespit edilmesini saglar. Ayrica,
MIP'lerle birlestirildiginde, sensorlerin segiciligi ve hassasiyeti 6nemli 6lglide artirilabilir. Bu
calismada, insan serumundan L-prolin molekiiliinii secici olarak tespit etmek i¢in altin SPR
cipinin yizeyinde L-prolin baskili nanofilmlerin sentezlenmesi amaglanmustir. Nanofilm
sentezinde kullanilacak en etkili n-kompleks oranimi belirlemek i¢in Pro:VIM ile farkli molar
oranlarda 6n-kompleksler hazirlanmistir. Poli (2-hidroksietil metakrilat) (PHEMA) bazli Pro-
MIP ve baskisiz (NIP) SPR sensorleri sentezlenmis ve taramali elektron mikroskobu
goriintiileri (SEM), Fourier Transform Kizilotesi Spektroskopisi (FTIR), Atomik Kuvvet
Mikroskopisi (AFM) ve temas agis1 6l¢iimleri ile karakterize edilmistir. SEM analiz sonuglarina
gdre polimerizasyonun yiizeyde homojen bir sekilde gerceklestigi gdozlemlenmistir. Prolinin
gercek zamanli tespiti igin adsorpsiyon ¢aligmalarinda gesitli konsantrasyonlarda sulu L-prolin
¢ozeltileri kullanilmig ve tespit limiti 0,5 pg/mL olarak elde edilmistir. SPR izoterm

parametreleri buna gore belirlenmis ve sonuglar Pro-MIP SPR sensorlerinin Langmuir izoterm



modeliyle daha uyumlu oldugunu gostermistir. SPR sensoriiniin L-prolin igin segiciligi,
yarigmact molekiiller L-histidin ve L-fenilalanin varhgmda degerlendirilmistir. Yapilan
secicilik ¢caligmalar1 sonucunda, prolin yarisame1 molekiiller olan histidin ve fenilalanile gore
sirayla 6,4 ve 7,5 kat fazla secicilik gosterdi. Ayrica, Pro-MIP SPR sensorlerinin adsorpsiyon
kapasitesinde Onemli bir diisiis olmadan 5 defaya kadar kullanilabilecegi belirlenmistir.
Sonuglar, L-prolini diisiik tespit limitlerinde es zamanli olarak belirleyebilen bir biyosensor

elde edildigini gosterdi.

Anahtar Kelimeler: L-prolin, molekiiler baskilanmis polimerler, ylzey plazmon rezonans

sensorleri, nanofilm, kanser biyobelirteci.
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Proline has become an important biomarker for the detection and identification of diseases. It
has been documented in the literature that metabolic patients with esophageal cancer had
significantly lower serum proline levels. In addition hyperprolinemia, a rare metabolic
condition, occurs when the level of proline in the blood is elevated. Molecularly Imprinted
Polymers (MIPs) are synthetic polymers that use a specific target molecule as a “template” and
create recognition sites specific to this molecule in their structure. MIPs, can be used as
recognition components in surface plasmon resonance (SPR) sensors. SPR biosensors provide
rapid, sensitive, and economical detection of target biomolecules by measuring changes in the
refractive index on or near a thin metal film. Furthermore, when combined with MIPs, the
selectivity and sensitivity of the sensors can be significantly increased. In this study, aim was
to synthesize L-proline imprinted nanofilms on the surface of gold SPR chip to selectively
detect the L-proline molecule from human serum. Poly (2-hydroxyethyl methacrylate)
(PHEMA)-based Pro-MIP and non-imprinted (NIP) SPR sensors were synthesized and
characterized by scanning electron microscope images (SEM), Fourier Transform Infrared
Spectroscopy (FTIR), Atomic Force Microscopy (AFM) and contact angle measurements.
According to SEM analysis results, it was observed that polymerization occurred
homogeneously on the surface. Aqueous L-proline solutions at various concentrations were
used in adsorption studies for the real-time detection of prolin and detection limit was obtained
as 0,5 pg/mL. The SPR isotherm parameters were determined accordingly, and the results
demonstrated that Pro-MIP SPR sensors were more compatible with the Langmuir isotherm

model. Selectivity of the SPR sensor for L-prolin was evaluated in presence of competitor
WY



molecules L-histidine and L-phenylalanine. In selectivity studies, proline showed 6.4 and 7.5
times higher selectivity than the competing molecules histidine and phenylalanine, respectively.
In addition, it was determined that Pro-MIP SPR sensors can be used up to 5 times without
significant decrease in adsorption capacity. Outcomes showed that a biosensor was obtained

that could determine L-proline in low detection limits, simultaneously.

Keywords: L-proline, molecularly imprinted polymers, surface plasmon resonance sensors,

nanofilm, cancer biomarker.
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1. INTRODUCTION

Identification and quantification of amino acids as well as biochemical analysis are crucial
methods, particularly for the diagnosis of metabolic diseases (Ohshima and Soda 1990). Proline
is an amino acid and one of the 20 amino acids often found in animal proteins. Despite not
having a fundamental amino group in their structure, proteinogenic amino acids are organic
acids that are utilized in the production of proteins (Seebach, Beck, and Bierbaum 2004). When
proline accumulates in the body and cannot be broken down by the enzymes proline oxidase or
pyrroline-5-carboxylate dehydrogenase, a metabolic disorder known as hyperprolinemia
develops. These enzymes produce proline in the proper way (Mitsubuchi et al. 2014).
According to published research, the normal range for human free proline content in serum is
15.8-29.1 pg/mL. Hyperprolinemia causes an increase in proline levels in the blood and urine.
In type | and type Il hyperprolinemia, respectively, proline oxidase and proline-5-carboxylate
dehydrogenase enzymes are not present. Type | hyperprolinemia causes kidney damage, and
both types of the condition cause mental impairment (Namavar et al. 2021). Additionally, it has
been shown in the literature that the proline level can be used to identify biomarkers for
esophageal cancer (D’Aniello et al. 2020; Mustafa et al. 2011a). It has been discovered that
patients have lower proline levels than healthy people (Zhang et al. 2012).

In this case, determining if L-proline is present in human body fluids is essential for both
diagnosis and treatment. Due to the shortcomings of the existing approaches, particularly the
simultaneous at low detection limits, a different strategy is needed that can accurately identify
and analyze L-proline quickly and from a small number of samples. A variety of
chromatographic methods are used to measure the amount of proline in biological fluids. These
include gas-mass chromatography spectrometry (GC-MS), high performance liquid
chromatography (HPLC) with fluorescence detection, ion exchange chromatography, and
ninhydrin detection techniques (Delgado et al. 2005). lon exchange chromatography and the
methods for detecting ninhydrin are time-consuming and sample-intensive. HPLC and GC-MS
need sample preparation in advance, and pre-derivatization of the column is a laborious and
time-consuming procedure.To address these issues, the development of nanofim-coated SPR-
based biosensors with L-Proline memory is recommended. Molecular imprinting is one
technique for rapidly and precisely recognizing a target molecule in a complex environment.

Molecular imprinting is defined as the process of creating ligand-selective recognition sites in
1



synthetic polymers by using a template (atom, ion, molecule, complex, or molecular, ionic, or
macromolecular assembly, including microorganisms) to aid in the formation of recognition
sites during the bulk phase assembly process by polymerization or polycondensation.
Recognition must then take place in the spaces left by the templating species after some or all
of the template is removed(Lofgreen and Ozin 2014a). A target molecule that interacts
covalently or non-covalently with a functional monomer is used to produce molecular imprinted
polymers (MIPs) (Chen et al. 2016). The target molecule and functional monomer pre-complex
is dissolved in a solvent and kept in a complexation-friendly environment. The polymerization
process is then initiated by the addition of the crosslinker and initiator. The removal of target
molecules from the polymer matrix is a free process that creates binding sites and has
exceptional selectivity against the target molecule, much to the immune system's key-lock
mechanism. The polymer thus acquires molecular memory and identifies the target molecule
that it can bind to. Drug carrier systems, biosensors, separation, and purification are just a few
of the uses for MIPS that benefit from these features. The nanostructure of the materials
significantly increases the MIP surface area when applied to a sensor configuration, thereby

reducing sensitivity, increasing selectivity, and reducing analysis time (Saylan et al. 2017).

SPR-based biosensors are a straightforward and direct optical analysis method. Because of their
high sensitivity, they can instantly detect biospecific interactions without the need for labeling
(Kushwaha et al. 2018). It is made up of parts such as an optical unit, a liquid unit, and an
integrated sensor chip. The liquid part of the SPR sensor is where biomolecular interactions
take place, and the sensor chip serves as a physical barrier that separates the liquid cell from
the optical unit (Nguyen et al. 2015). Real-time detection of non-covalent interactions between
biomolecules, such as medicines and protein polysaccharides, as well as between proteins and
viruses, enzymes and substrates, antibodies and antigens, proteins and nucleic acids, and
proteins and DNA, is possible with SPR-based biosensors.

As part of the project's scope, L-proline adsorption from aqueous solutions conducted first, and
the ideal binding conditions was determined. Later on, selectivity experiments was carried out
with competing substances present. Lastly, the L-Proline imprinted SPR sensor's reusability
will be examined. The detection of the L Proline molecule from human serum samples were

examined as well.



The aim of this study is to analyze the L-Proline molecule, which is an important biomarker in
esophageal cancer and hyperprolinemia, at low levels. L-Proline imprinted nanofilm-coated
SPR based biosensors with high selectivity at detection limits development was aimed. In this
way, specific recognition of L-Proline molecule directly from body fluids is intended.



2. LITERATURE REVIEW

2.1. Amino Acids

Proteins are made up primarily of amino acids. Both an amino group and a carboxylic group
are present in amino acids. The function of the proteins that mediate messenger RNA (MRNA)
translation is one of the many processes linked to gene expression that amino acids regulate.
Protein is formed via the use of amino acids. Protein synthesis cannot take place in the absence
of amino acids. Protein deficiency illness may develop as a result. A balanced diet that includes
all of the essential amino acids is required. Certain amino acids are recognized to control insulin
production from pancreatic P-cells both in vitro and in vivo, both acutely and
chronically(Kimball and Jefferson 2006).

Amino acids are divided as acidic, basic and neutral amino acids. Some amino acids are not
generated in the body and it is required to eat them in diet. Such types of amino acids are called
essential amino acids. Some amino acids are produced by the body and are not required to be
consumed through diet; these amino acids are referred to as non-essential amino acids. The
body can synthesis certain amino acids, but it can only produce so many of them; they are
known as semi-essential amino acids (Nomenclature and Di 2002). Amino acids aid in the
synthesis of tissue proteins. Certain amino acids play a role in the synthesis of enzymes. Amino
acids are the building blocks of hormones such as glucagon, growth hormone, and insulin. A
single amino acid makes up thyroxin, nor-adrenaline, and adrenaline. Amino acids are also
components of glutathione, a peptide that is physiologically active. Melanin is synthesized in
part by amino acids. Research has shown that due to metabolic alterations, the amino acid
balance in cancer patients frequently varies from that in healthy individuals (Maeda et al. 2010).
Patients with liver cirrhosis may exhibit lower plasma levels of branched-chain amino acids,

and dendritic cells (DCs) may not operate as well (Kakazu et al. 2007).
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Figure 2.1. General Structure of Amino Acids (Created in https://BioRender.com).

2.1.1. Definitions of essential, non-essential, and functional Amino Acids

Traditionally, amino acids (AA) were categorized as nutritionally essential (indispensable) or
non-essential (dispensable) for people and animals based on the requirements from the diet for
nitrogen balance or growth. Essential amino acids (EAA) are those that the body cannot
manufacture from scratch or that it cannot synthesize enough of in relation to needs. As a result,
essential AA must come from the food in order to achieve optimal requirements.

The term "non-essential amino acids” (NEAA) refers to amino acids that the body is able to
manufacture sufficiently in order to achieve optimal requirements. It should be understood that
proper cell physiology and function depend on all 20 protein AA and their metabolites(Phang
et al. 2008a). An AA's abnormal metabolism disrupts the body's equilibrium overall, hinders
development and growth, and may even be fatal. A growing body of research reveals that some
AA are significant regulators of critical metabolic pathways required for organism
maintenance, growth, reproduction, and immunity in addition to their role as building blocks of
proteins and polypeptides. This optimizes food utilization efficiency, increases protein
accretion, decreases adiposity, and improves health (Wu et al. 2007) These amino acids;

arginine, cysteine, glutamine, leucine, proline, and tryptophan are referred to as functional AA.


https://biorender.com/

Table 2.1. Amino acids classification

Essential Amino Acids Non Essential Amino Acids
Tryptophan Glycine

Threonine Tyrosine

Methionine Proline

Isoleucine Serine

Lysine Alanine

Isoleucine Asparagines

Histidine Aspartic Acid

Phenylalanine Glutamic Acid

2.2. Prolin

From a chemical and metabolic perspective, proline and its metabolite, hydroxyproline, are
special amino acids. (Kaul, Sharma, and Mehta 2008). About 30% of all proteins in the body
are collagen proteins, of which they comprise one-third of the amino acids. Proline is the amino
acid, that is most needed per gram for the synthesis of all body proteins. Interest in proline
metabolism and nutrition studies has grown (Phang, Liu, and Zabirnyk 2010). There is growing
evidence that proline is a key regulator of a number of physiological and biochemical processes
in cells. Proline, for instance, participates in redox reactions in both humans and animals as a
signaling molecule, a sensor of the energy status of cells, and a generator of the free radicals
superoxide anion and pyrroline 5-carboxylate (P5C)(Phang et al. 2008b, 2010). Additionally,
proline is essential for the conceptus's growth and development as well as the differentiation of
other cell types, such as embryonic stem cells. (Pistollato et al. 2010). With the important
finding that proline is a major amino acid required for the synthesis of polyamines in the small
intestine and placenta, which are crucial regulators of DNA and protein synthesis, as well as
cell proliferation and differentiation, the crucial role that proline plays in fetal and neonatal

nutrition was also reexamined.
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Figure 2.2. Structure of the proline (Created in BioRender. ALTURK, S. (2025)
https://BioRender.com/e54z830).

Proline's a-imino acids are derived from its a-imino group. Proline's distinct ring structure sets
it apart from other AA in terms of biological reactions, stiffness, and chemical stability. Post-
translational hydroxylation occurs in proline because the hydroxylated residues appear after
collagen polypeptides are synthesized. The process also occurs in other proteins that regulate

cellular oxygen sensing and physiological responses to hypoxia (Chandel 2010).

Proline is involved in cell physiology and metabolism in a variety of ways. For instance, in the
small intestine of newborn pigs and the placentae of gestating pigs and sheep, proline is a key
nitrogenous substrate for the synthesis of polyamines. The fact that both organs exhibit high
rates of cell proliferation and protein production makes this result noteworthy. Proline oxidase
and ornithine decarboxylase can transform proline into polyamines. (Wu et al. 2005, 2008).
Additionally, it is now known that proline and its metabolite P5C affect cellular signaling
pathways and gene expression, both of which are critical for both health and illness. (Hu et al.
2008). Interestingly, proline may scavenge free radicals; this antioxidant property could help
explain why proline concentrations increase significantly when cells experience oxidative
stress. (Verbruggen and Hermans 2008). Moreover, new research indicates that proline might
be involved in controlling the activation of the mammalian target of rapamycin (mTOR)
pathway, which integrates signals from growth factors, cellular energy status, nutrients (such

as glucose and AA), and different stressors to influence cell growth and function (Van Meijl,
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Popeijus, and Mensink 2010). Thus, proline functions in concert with arginine, glutamine, and
leucine to enhance protein synthesis in cells and tissues. (Wu et al. 2010).
Proline's roles in the physiology and metabolism of cells

» Control over cell division and gene expression.

» mTOR activation (combining growth factor and nutrition signals in cells)

» Proline communication through pyrroline-5-carboxylate, the free radical superoxide
anion, and cellular

» Glutamate, polyamines, and protein synthesis all contribute to redox processes..

» Mammals produce arginine, which is especially crucial for newborns who are fed

milk.

2.2.1. Proline Synthesis

In mammals, the synthesis of proline from arginine, ornithine, glutamine and glutamate varies
depending on the cell, tissue, and species. Ornithine, aminotransferase, arginase, and P5C
reductase are the enzymes that allow all mammals to generate proline from arginine. The organs
that are quantitatively most active are the breast tissue, small intestine (in postweaning animals),
liver, and kidneys (Wu et al. 2008). Proline, urea and ornithine are the main byproducts of
arginine catabolism in breast tissue. There is no breakdown of arginine-derived proline in the
lactating gland since proline oxidase activity is lacking from mammary tissue. This guarantees
that the nursing mammary gland produces the maximum net amount of proline from arginine.
Mammary tissue does not form proline from glutamine or glutamate since P5C synthase is
likewise lacking from this tissue (O’Quinn, Knabe, and Wu 2002). Arginase thus contributes
significantly to the production of proline in lactating breast tissue. Remarkably, in lactating
breast tissue, P5C reductase activity is at least fifty times higher than P5C dehydrogenase
activity, favoring the production of proline from arginine-derived P5C as opposed to glutamate
and glutamine (O’Quinn et al. 2002).
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Figure 2.3. Characteristics of proline and its metabolites (Created in https://BioRender.com).

2.2.2. L-Prolin and D-Prolin

In both plant and animal proteins, proline residues undergo post-translational modification by
the enzyme proline hydroxylase, resulting in the formation of 3- and 4-hydroxyproline. Certain
bacteria use free L-proline to create hydroxyproline, which is then used to create secondary
metabolites (Shibasaki et al. 1999). Of the four isomeric forms of 4-hydroxyproline, trans-4-
hydroxy-L-proline (trans-4-L-Hyp) and cis-4-hydroxy-D-proline (cis-4-D-Hyp) seem to be the
most prevalent. 4-hydroxyproline possesses two chiral carbon atoms (Gorres and Raines 2010).
Numerous widely distributed glycoproteins and cell wall proteins in plants and algae are high
in hydroxyproline. Alfalfa and several other plants contain additional proline derivatives, such
as hydroxyproline betaine and proline betaine (N,N dimethylproline or stachydrine), which are

typically connected to osmotic adaptation(Burnet et al. 2000).

Enantiomers are mirror-image isomers such as D- and L-proline. The structural and

physiological distinctions between these enantiomers, which are commonly referred to as

"chiral" forms, highlight the importance of stereochemistry in biochemistry and biology. The

quality of molecules with mirror-image isomers that are not overlaid upon one another is known
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as chirality. When it comes to amino acids, the primary cause of this chirality is the asymmetry

of the alpha (a) carbon, which is the center carbon atom (Wang et al. 2015).

H
= H
E HO HO llh,’.'
NH HU
L-Proline D-Proline

Figure 2.4. Molecular structures of L-Proline and D-Proline (Created in

https://BioRender.com).

The two optical isomers of a single amino acid, known as L- and D-amino acids, have distinct
optical activities but the identical physical properties (Schwabe 2004). The pair of isomers with
optical properties can never overlap by rotation or other spatial operations because of one
asymmetric C atom in their chemical structure. Generally speaking, amino acids are found in
nature as L-amino acids, whereas their corresponding D-amino acids are synthetic, indigestible
by living things, and possibly even hazardous to health(Lieu et al. 2020). However, some
therapeutic medications and diets may require a considerable dose of D-amino acids. For
example, D-amino acids were present in foods because dietary L-amino acids were racemized
during procedures in the food industry; D-tryptophan was involved in the production of
Tadalafil (Daugan et al. 2003). Because of this, it's critical to accurately and selectively identify
the enantiomer of amino acids in a variety of fields involving amino acids, including food

safety, medication production, and purification.

Additionally, measuring amino acids under diverse conditions is crucial for a number of

reasons. For instance, proline is a multipurpose amino acid that is required for primary

metabolism in both plant and mammalian tissues. In various organs, the functions and levels of

toxicity of proline's enantiomers vary. For example, D-proline in the liver may produce severe
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proximal tubular dystrophy and necrosis in the kidney, and periportal fibrosis and necrosis of
liver cells. On the other hand, L-proline is an important neuronal modulator or transmitter
candidate in the central nervous system(Lieu et al. 2020). Therefore, precise measurement of
Proline enantiomers under various conditions is essential for examining its potential biological

advantages or hazards.
2.2.2.1. L-Prolin In Human Health

L-proline is vital to human health since it supports a number of physiological functions that are
necessary for our survival. Beyond its function in protein structure. Additionally, L-proline is
a useful biomarker that sheds light on particular medical disorders and gives us a glimpse into

our general health(Vettore, Westbrook, and Tennant 2021).

One of the twenty amino acids that are frequently found in animal proteins is proline, which is
actually an amino acid. Mammalian proteins just contain the L type, or L-proline. It is not a
necessary amino acid because the human body is able to generate it. In the cellular
microenvironment, this amino acid is among the most prevalent, and it makes up around 25%
of the residues in collagen, the primary protein in the extracellular matrix, along with
hydroxiproline (Liu et al. 2012). The synthesis and maintenance of collagen would be hampered
in the absence of L-proline, which could result in connective tissue disorders and skin-related
problems (Mitran et al. 2015).

An essential component of wound healing is collagen. Its biosynthesis is intricate, requiring
numerous sequential processes that are interconnected (Stein and Keiser 1971). In the wound
area, fibroblasts are in charge of collagen synthesis. Fibroblast count in the wound tissue can
be used as a predictor of wound healing (Savunen and Viljanto 1992). Collagen reinstallation
and the deposition of freshly generated collagen fibers at the wound site determine the strength
of the wound (Paul et al. 1997). Because it aids in the creation of collagen and other extracellular
matrix components, L-proline is essential for wound healing. It facilitates tissue healing,
ensuring that wounds heal properly and that the amount of scarring is reduced (Albaugh,
Mukherjee, and Barbul 2017). L-proline is involved in many physiological processes, but it also

acts as a biomarker, which is a quantifiable sign of a certain disease or physiological function.

The reference range for L-proline levels in blood in healthy adults is reported to be 15.8 to 29.1

micrograms per milliliter (ug/mL) (Liang et al. 2015). Proline metabolism has been linked to
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cancer in several studies, and patients with renal cell carcinoma, oral cancer, colorectal cancer,
and those at high risk of esophageal cancer (EAC) have all been found to have changed patterns
of proline levels (Phang et al. 2012). Furthermore, metabolic individuals with esophageal
cancer have been reported in the literature to exhibit considerably reduced serum proline levels.
In this instance, L-proline detection is crucial for the identification, management, and
monitoring of these illnesses. Consequently, more research is required to determine the precise
function of this metabolite in cancer patients as well as the creation of appropriate tests for its
detection using serum samples.

Blood levels of the amino acid proline are increased in hyperprolinemia, a rare metabolic
condition (Namavar et al. 2021). Hyperprolinemia comes in two primary forms: type | (HPI)
and type Il (HPII). An autosomal recessive inborn defect of the proline metabolic pathway
causes each kind.

Type | Hyperprolinemia (HP-1): The enzyme pyrroline-5-carboxylate dehydrogenase
(P5CDH), which is involved in the conversion of pyrroline-5-carboxylate (P5C) to L-glutamate,
is deficient in this variant of hyperprolinemia. Proline levels rise as a result of P5C building up
and being converted to proline. Most of the time, type | hyperprolinemia is thought to be a

benign illness with little or no symptoms (Namavar et al. 2021).

Type Il Hyperprolinemia (HP-I1): Hyperprolinemia type Il is another name for
hyperprolinemia (HPII). A lack of A-1-pyrroline-5-carboxylate (P5C) dehydrogenase activity
is the source of HPII (Anon n.d.-d; Mitsubuchi et al. 2008). Neurological symptoms, intellectual
incapacity, developmental delays, and behavioral problems might result from this type of

hyperprolinemia (Namavar et al. 2021)

It's crucial to remember that hyperprolinemia is an uncommon disorder, and that afflicted
people's symptom intensity can vary greatly. For patients with Type Il hyperprolinemia, early
identification and effective treatment are essential to maximizing long-term results and quality
of life (Namavar et al. 2021).
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2.2.2.2. Quantitative analysis of L-Proline

Multiple metabolomics studies have demonstrated the function of amino acids in various
disorders, including cancer, by altering the blood concentrations of these amino acids (Scioscia,
Snyderman, and Wagner 1998). Furthermore, recent research has indicated the significance of
proline metabolism and its connection to cancer (Phang et al. 2012) and some patients with
renal cell carcinoma have been observed to have changed proline level patterns (Catchpole et
al. 2011; Mustafa et al. 2011b).

Several previously described chromatographic techniques that can identify proline in biologic
fluids were found through a literature search. The conventional techniques, which involved
ninhydrin detection and ion-exchange chromatographic separation, took a lot of time (Anon
n.d.-a, Anon n.d.-b). Gas chromatography—mass spectrometry or high-performance liquid
chromatography (HPLC) with fluorescence detection were the two techniques used to create
further approaches. Pre-column derivatization was necessary for all of those procedures, which
meant labor and time intensive sample preparation. Thus, a quick, easy, precise, and trustworthy

technique for measuring the amount of L-proline in human serum needs to be developed.
2.3. Surface Plasmon Resonance (SPR)

Over the past 20 years, surface plasmon resonance (SPR) sensing technology has been widely
used for biological and chemical analyte detection, environmental monitoring, and medical
diagnostics since the SPR was initially applied in 1982 for gas detection and biologic sensors
(Shankaran, Gobi, and Miura 2007). Surface plasmons, also known as propagating surface
plasmons (PSPs) and localized surface plasmons (LSPs), are coherent oscillations of free
electrons at the interfaces between metal and dielectric (Maier 2007). PSPs can be excited on
metallic surfaces using a variety of techniques, including diffraction gratings, optical fiber
couplers, Kretschman and Otto prism couplers, and optical waveguide couplers (Suryanarayana
et al. 2022) Alternatively, LSPs can be excited on metallic nanoparticles, which can both cause
a strong enhancement of the electromagnetic field in the near-field region (resonance
amplification). This has a wide range of applications, including biomolecular interaction
detection, surface-enhanced Raman scattering (SERS), fluorescence enhancement, refractive
index (RI) measurement, and so forth (Kihm 2010).
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Since their initial application, SPR biosensors have advanced quickly as a useful substitute for

biological interaction analysis.
2.3.1. Principle of SPR

The majority of SPR sensing devices are created using a similar methodology, which includes
optical sensors, microfluidic chips, sampling systems, and software for data collection and
processing (Anon n.d.-c; Kooyman et al. 2008). Usually, continuous flow for Kinetic studies
and stopped flow for affinity testing allow sample delivery at the sensor surface to circumvent
mass transport limitations. (Anon n.d.-c; Steiner 2004). Only material that is close to the chip
surface (up to 300 nm) can trigger the SPR sensor (Olaru et al. 2015). Therefore, attaining
precise, repeatable sample delivery and a markedly decreased sample volume depends heavily
on the microflow cell's design (Wang et al. 2013). A tightly controlled isothermal regime should
also be maintained because temperature changes have a major effect on the kinetics and affinity
properties of biomolecular interactions and also the sensitivity of the SPR sensor response.
(Scarano et al. 2010).

The essential components of an SPR sensor are an imaging optical system, a photodetector,
optical coupling elements, and a light source and associated optical system. (Mariani and
Minunni 2014). To improve SPR and SPR methods sensitivities and resolution a number of
formats have recently been created, starting with the arrangement of the coupling components

and the kind of light wave modulation.
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Figure 2.5. The principle of SPR (Created in https://BioRender.com).

2.3.2. SPR Biosensors

A biosensor is a device that combines biological recognition elements such as proteins, nucleic
acids, antibodies, or enzymes as capture agents. These elements interact with the target analyte
and, via a transduction element, produce a quantifiable signal. Recently, the surface plasmon
resonance (SPR) technology has been widely utilized to identify pathogens such as bacteria,
viruses, nucleic acids, toxins, allergens, teliosporic antigen, and antibodies, as well as to
monitor the interaction between two binding molecules (Souto et al. 2015). The SPR biosensor
offers a unique possibility for the quick and affordable detection and identification of target
biomolecules by measuring the change in refractive index at or near a thin metal film surface
(Situ et al. 2010). It also enables the direct, real-time, label-free, and quantitative detection of
interactions (Zhang et al. 2022). Clinical and medical diagnostics has made use of SPR sensors,
and research is now being done to create assays that quantify antigen-antibody interactions.
SPR, which measures even low concentrations of the target analyte in a test sample, is emerging
as one of the fastest evolving methods to assist in the identification of biomarkers. Traditional
techniques for detecting macromolecules include PCR, culture, and enzyme immunoassays;

however, these assays take a lot of time. These techniques have recently been superseded by

15


https://biorender.com/

SPR technology (Prabowo et al. 2017). Sensitivity tests, however, are necessary for bacteria,
viruses with extremely low titers, and low molecular weight targets. Modified gold
nanoparticles and nanostructured substrates can improve the sensitivity and the detection limit
of SPR sensors (Puiu and Bala 2016).

Figure 2.6. SPR-based biosensor.
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2.3.2.1. Application Areas of SPR Biosensors

Surface Plasmon resonance, or SPR, has been shown to be useful as an optical biosensor by
Liedeberg and Nylander in 1982 (Semerdjian-Rouquier, Bossi, and Scatton 1981). Since then,
surface chemistry has benefited from SPR, creating a shared platform for chemistry, physics,
and biology (Alves, Park, and Hruby 2005). Several thousand academic, industrial, and
technological research SPR has been used as an optical biosensor in literature. SPR has been
widely used as an optical biosensor and has been marketed by many firms under various brand
names (Lee et al. 2012). Utilizing SPR biosensors has become more common in health science
investigations, basic biology research, clinical diagnostics, environmental monitoring, drug
discovery and agricultural farming. In clinical laboratories, the use of SPR is rapidly increasing
in the field of quantitative analyses for point-of-care (POC) diagnostics, including therapeutic
drug monitoring (TDM) for dosage control, mutation detection, immunoassay analysis and
toxicity risk management to improve drug therapies with exceptional exceptional repeatability
and reusing performance.

Real-time, label-free investigations of the kinetics and affinity of bimolecular binding are
possible with surface plasmon resonance (SPR). SPR is clearly superior to radioactive or
fluorescent marking techniques since it is less expensive, allows for direct determination of
binding constant and affinity, and uses less reagents. Additionally, labels may make binding
more challenging (Im et al. 2009).

Following the completion of the Human Genome Project (HGP) and the development of quick
and inexpensive genomic sequencing, the focus has moved from studying genes at the genome
level to analyzing proteins at the proteome level. This involves networks of interactions with
various proteins that take place within cells. Investigation of these interaction networks
identifies roles for the as-yet-uncharacterized proteins (Im et al. 2012). Modified SPR devices
with a large field of view, multiplexing capability, high resolution images, and an easy-to-use
optical design are needed to accomplish these goals. Proteomics' rise to prominence and the
demand for high-throughput analysis have prompted the creation of SPR platforms with
microarray analytic capabilities.

Because of their strong and adaptable capacity to enhance and control optical signals, the
plasmonic properties of metallic nanoparticles (NPs), such as Ag NPs and Au, as well as the

plasmonic relationship that exists between them, are extremely attractive. The robust optical
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properties of these plasmonic devices promise a variety of biosensing applications. While a flat
gold film in a conventional prism-based SPR is lighted at a high angle in complete internal
reflection mode, gold-film nanoholes can start SPR directly with regular incident light and a
straightforward illumination setup from a typical microscope. (Menezes et al. 2010). In addition
to producing SP waves, nanoholes can function as tethered lipid vesicles, scaffolds for pore-
spanning lipid membranes, nanowells to enclose supported lipid bilayer membranes, native
cellular membranes, nanofluidic-based biomolecule transport channels, and electrodes for
electrochemical sensing (Im et al. 2010).

At the intersection of micro-nanoscale engineering, microfluidics offers several benefits for
POC techniques of infectious illness monitoring and detection, including adaptability, quick
outcomes, and low fabrication costs. Furthermore, combining micofluidics platforms with
optical imaging systems combines the benefits of lab-chip platforms with optical technology.
(Tokel et al. 2015). Rolling circle amplification (RCA), nanostructured substrates, and tags
modified with nanogold can all be used to increase the sensitivity and detection limit of
traditional SPR devices. This could be applied to the analysis of food-related industries,

environmental pollutants, and biomolecules (Lindquist et al. 2012).

2.3.2.1.1. SPR imaging

SPR imaging uses a video CCD image to visualize the entire biochip without labeling. Because
of this construction, the biochips may be produced in an array fashion, with every active
location (spot) providing SPR information simultaneously. Conventional SPR imaging research
collects data using fixed angle, angle scanning, or wavelength scanning. (Linman et al. 2011).
An extensive beam of homogeneous polarized light generated by a laser diode operating at a
certain wavelength covers the whole functionalized surface of an SPRi-chip positioned within
the instrument detecting chamber. Up to a few hundred active spots can be captured in real-

time by a high-resolution CCD video camera in an array format (Nguyen et al. 2015).

Moreover, Corn et al. used the method for DNA hybridization detection and oligonucleotide
arrays (Malic et al. 2007). Nelson et al. later used near infrared (NIR) excitation wavelength to
enhance intensity SPR imaging performance. SPR pictures with high contrast have been
displayed in the NIR wavelength range (800-1,152 nm) (Brockman, Nelson, and Corn 2000).

The laser fringes seen in traditional SPR imaging setups are also eliminated by using an
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incoherent white source and a narrow band-pass filter.(Li, Lee, and Corn 2006) The NIR SPR
imaging setup has also been shown to be effective for protein biomarker screening and the
detection of epitope—antibody, protein—carbohydrate, protein—protein, protein-DNA, and

protein—aptamer interactions .

2.3.2.1.2. Combined SPR and electrochemical impedance spectroscopy (SP-EIS)

Combining SPR with other analytical methods has been suggested recently as an effective
means of obtaining complementing parameters for sample analysis as well as raising sensitivity
and resolution (Kuai et al. 2019). For example, electrochemical impedance spectroscopy, or
EIS, label-free SPR sensing, also known as linking, multiplexing readouts, has several
advantages over conventional detection methods and is an even stronger instrument than either
optical or electrochemical sensing alone (Abbas, Linman, and Cheng 2011). Electrical
biosensors based on EIS, like SPR, may operate label-free and don't require any specific
reagents. There have been several proposed EIS biological sensing systems, and some of them
use interdigitated electrode (IDE) arrays made with traditional microfabrication techniques
(Anon n.d.-e; Shul’ga et al. 1994). The complimentary application of these two methods, SPR
and EIS, can aid in the development of novel sensing platforms and biochemical procedures for
the rapid, simple, and label-free identification of biomolecules with enhanced performance and
sensitivities. (Choi and Hillier 2010). For example, dielectrophoresis (DEP) using biochips or
electrokinetic label-free screenings can improve chip-based immunoassay methods for

microbial findings in healthcare diagnostic equipment (Krishnamoorthy et al. 2010).

2.3.2.1.3. Multi-parameter SPR

Otto created the first SPR sensor structure in 1968 by combining a prism with a metal film. Due
to its great sensitivity, this sensor structure garnered a lot of attention (Otto 1968). Nevertheless,
the Otto structure's design makes the sensor's overall system more complex. Consequently,
Kretschmann greatly decreased the structural complexity and enhanced the Otto structure in
1971 (Kretschmann 1971). Nevertheless, the prism-based SPR sensor's huge bulk and

requirement for intricate optical and mechanical components make it unsuitable for remote
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sensing (Rakibul Islam et al. 2020). Hassani et al. created the first surface plasmon resonance
sensor based on photonic crystal fiber in 2006 by combining SPR sensing with photonic crystal
fiber (PCF) (Hassani et al. 2006) This sensor features a high sensitivity, outstanding single-mode
properties, easy phase matching, and a versatile form. Nevertheless, this arrangement places
the metal film and the liquid channel in the photonic crystal fiber's cladding air hole, which is
challenging to create and demands a high procedure. In order to significantly reduce the
practical operation complexity and process challenges, Ming Tian et al. proposed a separate
cladding coat model based on D-type PCF in 2012. This model placed the metal and liquid
layer outside of the cladding (Tian et al. 2012).

However, the aforementioned sensors are only able to identify a single parameter. By enabling
the detection of several parameters in a single sensor, the sensor's integration may be effectively
enhanced. A temperature and refractive index sensor based on D-shaped photonic crystal fiber
was proposed by Shiwei Hua et al. in 2015 (Shi, You, and Wu 2015). Temp-sensitive liquid
toluene is poured into an air gap in the cladding, and the direction coupling effect is used to
measure the temperatures. Hai Liu et al. (2017) proposed a two-parameter optic sensors that
utilized directed coupling resonance for PCF temperature and magnetic field. (Liu et al. 2017).
In 2019, Ying Yu et al. proposed a two-parameter sensors using a D-type PCF and a magnet
field and sensor for temperature (Ying et al. 2019). After being placed on the side polishing
plane, the magnetic fluid is filled with ethanol in the air hole. Under 30-270 Oe and 5-65 °C
circumstances, the sensor can show a magnetic field response of 0.21 nm/Oe and a temperature
sensitive of —1.25 nm/°C.

2.3.2.1.4. SPR-MS

In complicated biological matrices, mass spectrometry (MS) can identify and detect proteins
and their smaller peptide fragments, but only in conjunction with multidimensional separation
techniques. The main use of these SPR biosensors is the characterization of protein interactions
between solution-borne analytes (i.e., proteins) and surface-immobilized ligands (e.g.,
antibodies). Proteins that have been affinity-retrieved on the SPR sensing surface can be further
examined by mass spectrometry (MS) either immediately from the sensor/chip surface or
separately after an elution and microrecovery process, due to the nondestructive nature of SPR

detection. Proteins that are otherwise undetectable by SPR sensing alone can be revealed by the
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ensuing MS analysis. These proteins may be complexed (with other molecules) or have
variations due to post-translational modifications. SPR-MS, also known as BIA/MS, or
Biomolecular Interaction Analysis/MS, is the term used to describe the combination of SPR
biosensors and MS (Xue, Bai, and Liu 2019). Biacore flow cell-based biosensors, which use up
to four distinct ligand-immobilization sites with an area of 1 mm?, have been used for the
majority of SPR-MS investigations. But rather than being the result of technological
constraints, these size and site-count restrictions are a result of the design of the instruments
themselves. It is generally acknowledged that high-density functional protein arrays are a good
high throughput, miniature substitute for traditional immunoassays (Ishige, Honda, and
Shimizu 2005).

2.4. Molecular Imprinting

"The construction of ligand-selective recognition sites in synthetic polymers where a template
(complex, ion, molecule, or a molecular, ionic, atoms, or macromolecular assembly, including
micro-organisms) is utilized for facilitating recognition site formation following the covalent
assembly of the bulk phase by a polymerization or polycondensation process, with after removal
of some or all of the template being necessary for recognition to take place in the spaces vacated
from the templating species” is how molecular imprinting is defined. (Whitcombe, Kirsch, and
Nicholls 2014). The design, production, characterization, and use of molecularly imprinted
polymers (MIPs) have advanced steadily in recent years, which is indicative of MIT's gradual
maturity and the scientific community's strong interest in it. In contrast to other recognition
systems, molecularly imprinted polymers (MIPs) have attracted a lot of interest and become
more attractive in a number of domains, such as chemo/biosensing, drug delivery,artificial
antibodies, and catalysis, purification and separation, and degradation due to their high physical
stability, ease of preparation, remarkable robustness, and affordability. Structure predictability,
recognition specificity, and application universality are the three main distinctive characteristics
of MIPs (Chen, Xu, and Li 2011).
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2.4.1. Fundamentals of MIPs

Molecular imprinting involves polymerizing a cross-linker and a functional monomer around a
molecular template (Yan and Kyung 2006a). First, a specific template molecule and a
complementary functional monomer produce template—monomer complexes that are precisely
arranged to distinguish different molecular imprinting techniques.

(Lofgreen and Ozin 2014b). Around the complex, a crosslinking polymerization procedure is
then carried out. When the template molecule is recovered, It's crucial to note that the imprinted
sites feature a three-dimensional arrangement of porosity that match the templates' functional

group geometries and positions.
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Figure 2.7. Molecular imprinting process (Created in https://BioRender.com).

Since covalent imprinting is stoichiometric, It ensures that only the imprinted cavities contain
functional monomer residues. The other two primary techniques for creating MIPs are based
on noncovalent interactions between the template and the functional monomer. It is a common
procedure that frequently makes use of Schiff's base, ketals/acetals, and boronate esters in easily
reversible condensation processes (Woznica, Sobiech, and Lulinski 2023). Because there are
fewer reversible condensation processes, covalent imprinting is thought to be a less versatile
technique. Furthermore, because of the strong covalent bonds that cause sluggish binding and
dissociation, it is particularly difficult to attain thermodynamic equilibrium (Alexander et al.
2006).
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Van der Waals forces, hydrogen bonds, ionic contacts, and =-r interactions can all be used to
promote noncovalent imprinting. In nonpolar solvents, hydrogen bonding which frequently
happens between primary amines and methacrylic acid (MAA) groups is the most prevalent
interaction (Derazshamshir 2021). Since noncovalent imprinting is so easy to use and binds and
removes quickly, it has emerged as the most often used generic synthesis approach.
Noncovalent imprinting, on the other hand, is not very robust since it is vulnerable to even
minute disruptions of the interactions holding the complex together (such as the presence of
water) (Lofgreen and Ozin 2014b). A new technique known as semicovalent imprinting has
emerged to combine the speedy target absorption of noncovalent imprinting with the stability
of covalent imprinting. This approach provides a middle ground where the functional monomer
and template are coupled covalently, but template rebinding is dependent on noncovalent
interactions (Chen et al. 2011).

2.4.2. Essential elements of molecular imprinting

A template, a functional monomer, a cross-linker, a polymerization initiator, and a solvent
(porogen) are the usual components of a MIP synthesis technique. Many attempts have been
made to manufacture MIPs with improved qualities because the temperature and duration of
the polymerization reaction, as well as the kind and amount of solvent, initiator, monomer, and

cross-linker, all affect the polymerization reaction.
2.4.2.1. Target templates

Generating MIPs with affinity and specificity similar to biological receptors is the ultimate goal
of molecular imprinting, with the hope of someday replacing these biological entities in
practical applications. Generally speaking, An ideal template Three requirements should be met
by a molecule: it has to possess functional groups that do not obstruct polymerization, exhibit
exceptional chemical stability during the polymerization reaction, and have functional groups
that enable it to form complexes with functional monomers. (Derazshamshir 2021). MIPs have
been effectively used thus far to recognize and detect a variety of tiny chemical compounds.
However, because the metal ions have identical charges, ionic radii, and other characteristics,
low selectivity is frequently achieved when the metal ion itself serves as an imprinting template

(Zhang et al. 2014). Furthermore, reports have been made about big structured species for MIPs,
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including viruses, proteins, and cells (Green and Sambrook 2019). Protein imprinting and other

biomacromolecule imprinting is still quite difficult, though (Liu and Ulbricht 2017).

The most recent comprehensive review paper on IIPs, which discusses anion imprinting, ion-

mediated secondary imprinting, rare earths, metalloids, actinides, transition elements, and main

group elements, is recommended reading. (Fu et al. 2015).

Table 2.2. Common molecular imprinting target templates

Type

Examples

Small Organic Molecules

These  consist  of  pharmaceuticals,
environmental contaminants, and pesticides
and herbicides. Ibuprofen, atropine, and

atrazine are a few examples.

Proteins and Peptides

Therapeutic proteins and disease markers are
two examples of the biological uses for these.
Insulin, hemoglobin, and myoglobin are a

few examples.

Nucleic Acids Sequences of DNA and RNA are utilized in
genetic analysis and diagnosis.

Vitamins Additionally, vital vitamins like vitamin D
and B12 are utilized as templates.

Metabolites Common targets include metabolites from a

variety of biological activities, including

cholesterol and glucose.
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2.4.2.2. Functional monomers

By supplying functional groups, the functional monomer helps the template create a pre-
polymerization complex. Therefore, before polymerization, it's crucial to choose a functional
monomer that can interact with the template in a robust way and generate certain donor-receptor
or antibody-antigen complexes. The selectivity and potential uses of MIPs are somewhat
constrained by the limited number of functional monomers available for molecular imprinting.
The creation of novel functional monomers that can establish robust interactions with templates
is of utmost importance. A functional monomer often consists of two different kinds of units.
A vinyl double bond and a silicon hydroxyl are examples of polymerizable units, whereas
recognition units are additional types of units. As a result, several complex ligands that have
been altered by silicon hydroxyl and vinyl group have been created (Sun et al. 2024).
Diacetylene monomers have been utilized more recently to manufacture MIPs because
photopolymerization without the need for an outside catalyst or initiator makes the imprinting
process more feasible.

In order to bind two receptor sites concurrently, Konig et al. inserted photopolymerizable
diacetylene tagged dinuclear zinc cyclen receptors (Zn2PCDA, compound 36) in the fluid
membrane. These receptors were pre-organized in the presence of a peptide template.
Organized arrays of receptor sites formed patterns on the vesicle surface as a result of light-
induced polymerization of polydiacetylene. This imprinting approach outperforms the current
approaches, which mostly rely on the use of hybrid biosensors, metal complex fluorophore

conjugates, or combinatorial, pattern recognition-based methods (Banerjee and Kénig 2013).
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2.4.2.3. Cross-linkers

Functional monomers are fixed around template molecules by a cross-linker during the
polymerization process, resulting in the formation of a strongly cross-linked stiff polymer even
after the templates are removed. The kind and concentration of the cross-linker have a
significant impact on MIPs' selectivity and binding ability (Yan and Kyung 2006b). In general,
too high of a cross-linker concentration will result in fewer recognition sites per unit mass of
MIPs, whereas too low of a cross-linker concentration will result in unstable mechanical
characteristics due to the low degree of cross-linking. However, the limited number of cross-
linkers that are currently on the market and the tight constraints that their molecular
architectures must meet limit their uses. New cross-linkers are desperately needed to synthesis

MIPs with robust diffusion-controlled behavior.
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2.4.2.4. Porogens

Porogens, sometimes referred to as porogenic solvents, are frequently used as dispersion media
and pore-forming agents during the polymerization process. Thus, they are also crucial to
polymerization. Typically, 2-methoxyethanol, dichloroethane, tetrahydrofuran (THF),
acetonitrile, chloroform, N,N-dimethylformamide (DMF), methanol, and toluene are the
solvents utilized in MIP production (Gladis and Rao 2004). The polarity of porogens may affect
the chemical relationship with the functional monomer and the template molecule and, in turn,
the adsorption properties of MIPs, especially in instances involving non-covalent interactions.
To achieve good imprinting efficiency in non-covalent imprinting, non-polar and less polar
organic solvents including toluene, acetonitrile, and chloroform are frequently utilized. This is
because the types of solvents used have an impact on the morphology and adsorption properties
of polymers. The use of theoretical simulations is crucial to assess the solvent and monomer
selection procedures for molecular imprinting and to get insight into MIP selectivity. Four
solvents were used in Saloni et al.'s study of the impact of solvents on monomer—template
binding energy: methanol, acetonitrile, chloroform, and acetone. Additionally, all solvent,
vibrational frequency, and structural calculations had been performed using density functional
theory (DFT) (Saloni et al. 2021).

2.4.2.5. Initiators

As far as we are aware, photopolymerization, electropolymerization, and free radical
polymerization (FRP) are the common methods used to create the great majority of MIPs. FRP
can be started for a variety of functional groups and template structures by either thermal or
photochemical means. Among them, the decomposition temperatures of 5070 °C are the most
convenient for using azobisisobutyronitrile (AIBN). It is crucial to remove the dissolved oxygen
from polymerization solutions as soon as possible before proliferation occurs in order to
guarantee the polymerization reaction. Additionally, oxygen can be removed by bubbling an

inert gas such as argon or nitrogen.
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2.4.3. Preparation procedures

Making the right preparation technique choice is essential to producing MIPs with the desired
qualities. Generally speaking, sol-gel and free-radical polymerization are the mechanisms of
MIP preparation. The former is more widely used and accepted. The most popular type of free
radical polymerization, bulk polymerization, lowers the MIP binding capacity relative to
theoretical values by using mechanical grinding and filtering to produce tiny particles.
Moreover, a lot of template molecules are required for this approach. More complicated and
advanced polymerization processes have been developed to address these limitations of bulk
polymerization to produce a variety of MIPs, including membranes, in situ manufactured
monoliths, MIP particles, and molecularly imprinted monolayers. Suspension polymerization
is a very easy process for making porous MIPs. Mineral oil, perfluorocarbon liquid, and the
traditional water medium can all be utilized as the continuous phase for suspension

polymerization. However, because the dispersing medium is disturbed, the method produces a
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wide range of sizes from micrometers to millimeters and exhibits poor recognition, making it
unsuitable for applications involving solid phase extraction (SPE) (Shah et al. 2022). Emulsion
polymerization, which suffers from the disruption of surfactant residues, is a useful technique
for producing high yield, monodispersed MIP particles, either in water-in-oil (W/O) or oil-in-
water (O/W) (Badawy et al. 2022).

Multi-step swelling, also known as seed polymerization, has been used to directly create and
modify in situ controlled diameter spherical MIPs. Despite the lengthy multistep process, the
possibility of imprinting disruption and the decreased selectivity from the used aqueous
suspensions, the particles generated by this approach are very monodisperse in both shape and
size and are perfect for chromatographic uses (Chen et al. 2022).

Precipitation polymerization requires more organic solvents and more stringent reaction control
than bulk polymerization because of the significant effects of stirring speed, temperature, and
solvent polarity on the size of the polymer particles.(Kang et al. 2021). Additionally, monolithic
MIPs have been created inside a chromatographic column using a straightforward, one-step in
situ free-radical polymerization procedure that eliminates the need for grinding, sieving, and
column packing (Faraji, Yamini, and Rezaee 2010; Yang et al. 2012). Tetramethoxysilane
(TMOS) and tetraethoxysilane (TEOS), which are precursors of tetraalkoxysilanes, hydrolyze
to form a colloidal solution (a sol), which then polycondense to form silica materials (or gels)
with abundant cross-linking (Lofgreen and Ozin 2014a). The sol gel process can be easily
produced at room temperature without requiring thermal or chemical breakdown and uses
environmentally friendly reaction solvents like ethanol and ultrapure water in place of the
conventional solvents for free radical polymerization, such as toluene, chloroform, and
acetonitrile. (Du et al. 2015).
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Table 2.3. Comparison of various MIP preparation techniques and imprinting techniques.

polymerization

Mechanism Imprinting method Advantage Disadvantage
Bulk polymerization Simplicity, High Heat Management,
Purity, High Viscosity Increase,
Conversion Rates, Difficulty in Controlling
Cost-Effective, Polymer Properties, Risk
Environmentally of Gel Effect, Limited to
Friendly Certain Monomers
Solution Better Heat Solvent Removal,
Polymerization Management, Control Environmental and
over Molecular Safety Concerns, Lower
Weight, Ease of Polymer Purity, Solvent
Free-radical Handling, Versatility, | Compatibility, Potential

Improved Polymer

Properties

for Solvent Effects

Suspension

Polymerization

Heat Management,
Control over Particle
Size, High Purity of
Polymer Beads, Ease
of Handling, Low
Viscosity

Stabilizer Requirement,

Complex Equipment,

Agglomeration, Limited

Environmental Concerns

otential for

to Hydrophobic

Monomers,

Emulsion

Polymerization

Heat Management,
High Molecular
Weight Polymers,
High Reaction Rates,
Particle Size Control,

Residual Surfactants and

Initiators, Process
Complexity,
Environmental

Concerns, Energy-
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Low Viscosity,

Versatile Applications

Intensive, Monomer

Limitation

Precipitation

polymerization

Control over Particle
Size and Shape, High
Purity, Simple
Separation, Reduced
Viscosity Issues,
Scalability

Limited Monomer
Solubility, Solvent
Recovery, Potential for
Particle Aggregation,
Environmental
Concerns, Control of
Reaction Conditions

Sol-gel process

Sol-gel

Low Processing
Temperature,
Homogeneous Mixing,
Control over Material
Properties, Versatility,
High Purity and
Uniformity, Fine Pore

Structure

Long Processing Time,
Shrinkage and Cracking,
Complexity, Cost,
Limited Scale-Up

2.4.4. Characterization methods

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) have

historically been used to study the morphologies of MIPs. Several fluorescence methods and

atomic force microscopy (AFM) have also been beneficial in the characterisation of thin-film

MIPs. In fact, characterizing monomer—template interactions using nuclear magnetic resonance

(NMR), infrared (IR), and ultraviolet—visible spectroscopies is becoming a crucial part of

molecularly imprinted polymer (MIP) design. This is true for both screening monomers for

interaction with the template and validating computational design data.
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Furthermore, a new trend appears to be implied by the notable rise in the quantity of
spectroscopic investigations of ligand-MIP interactions. The application of diffraction
investigations, X-ray photoelectron spectroscopy (XPS), and X-ray absorption fine structures
has grown in popularity (Whitcombe et al. 2014). Nitrogen adsorption tests can be used to
evaluate the specific surface areas and pore diameters of the polymers by Brunauer-Emmett-
Teller (BET) analysis. Thermogravimetric analysis (TGA) is used to evaluate thermal stability.
A vibrating sample magnetometer (VSM) is used to investigate the magnetic characteristics of

materials that are magnetic, such as FezOa.

Table 2.4. Common characterisation techniques and their primary goals for MIPs

Physical Chemical Thermal Functional
Characterization Characterization Characterization Characterization

Scanning  Electron | Fourier  Transform | Differential Binding  Capacity

Microscopy (SEM) | Infrared Scanning and Selectivity Tests
Spectroscopy (FTIR) | Calorimetry (DSC)

Transmission Nuclear ~ Magnetic | Thermogravimetric | Rebinding

Electron Microscopy | Resonance (NMR) | Analysis (TGA) Experiments

(TEM) Spectroscopy

Atomic Force | X-ray Photoelectron Kinetic Studies

Microscopy (AFM) | Spectroscopy (XPS)
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3. MATERIALS AND METHODS

3.1. Materials

All the chemicals needed for this thesis study, i.e. L-Proline, L-Histidine, L-Phenylalanine, 1-
Vinylimidazole (VIM), hydroxyethyl methacrylate (HEMA), Ethylene glycol dimethacrylate
(EGDMA), Azobisisobutyronitrile (AIBN), Phosphate Buffer Saline (PBS), and ethanol were
purchased from Sigma-Aldrich (St. Louis, MO, USA). The required solutions were obtained
using Millipore Direct-Q3V Ultrapure water purification system (MerckAG, Darm-stadt,
Germany) at room temperature and analytical-grade reagents. All chemicals were kept
according to the directions, and waste was disposed of in accordance with the requirements. All

of the chemicals used in our research fulfill reagent purity criteria.

3.2. Pro-MIP and NIP SPR Sensor Preparation

3.2.1. Surface Modification of SPR Gold Chip

Five milliliters of acidic piranha solution, a 1:1:3 mixture of hydrogen peroxide (H203),
ammonia (NHsOH), and water, were used to clean the SPR chip. The chip was then left on a
heater for 10 minutes. After being taken out of the solution, the SPR chip was cleaned with
ultrapure water and ethyl alcohol and dried for 15 minutes at 40°C in a vacuum oven. To modify

the SPR chip, 10 pL of allyl mercaptan was added, covered, and overnighted in the fume hood.
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Figure 3.1. Surface Modification of SPR Chip (Created in https://BioRender.com).

3.2.2. Preparation of Pro-VIM Pre-complex

In order to form the Pro:VIM (1:4) pre-complex at the ideal molar ratio determined in the study
by Nergiz et al., 4.6 mg Pro, 16 pL of 1-Vinyl imidazole and 400 uL of distilled water were
added and mixed in eppendorf. The solution was kept for 4 hours at 4°C wrapped in aluminum

foil to avoid being affected by the light.

3.2.3. Pro-MIP and NIP SPR Nanofilm Preparation

The Pro-VIM pre-complex was polymerized using the crosslinker EGDMA and the monomer
HEMA to create Pro-MIP SPR chips. To the prepared precomplex, (20 uL) EGDMA and (40
puL) HEMA were added and mixed. 2.5 mg of prepared AIBN was added to the solution as an
initiator, and it was well mixed until it was uniform. After dripping the solution (20 pL) onto
the chip, it was spun in the spin coater device until the entire chip surface was covered. The
produced SPR chips were exposed to a UV lamb (100 W, 356 nm, high intensity UV lamp) for
45 minutes in order to undergo the photopolymerization reaction. Without adding Pro to the

polymer solution, the NIP SPR chips were made in the same manner.
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Figure 3.2. Pro-MIP and NIP SPR Nanofilms (Created in https://BioRender.com).

3.2.4. Template Removal Studies

A 0.03 M NaCl solution was used to separate the template molecule Pro from the SPR chips.
After washing with a 0.03 M NacCl solution, the Pro-MIP SPR chip was placed. Desorption

continued until the AR value was nearly zero.

3.3. Characterization of SPR Chips
3.3.1. SEM Analysis

SEM analysis is used to analyze the surface morphology of the produced nanofilm. Using a
spin coater, 20 pl of the polymer solution was first put onto the SPR chip and spinned. Using a
UV lamb, it was polymerized. SEM analysis was performed on the nanofilm that synthesized
on the SPR chip. The gold-coated SPR chip was put on the instrument plate for SEM analysis.
At Cukurova University Central Laboratory (CUMERLAB), the SEM (Quanta 650 Field
Emission SEM, FEI) was used for the SPR chips. The same magnifications (200000x) were
used to acquire images from Pro-MIP and NIP SPR chips.
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HFE

Figure 3.3. Scanning Electron Microscope (SEM)

3.3.2. FTIR Analysis

The chemical structures of the synthesized Pro-MIP and NIP nanofilms will be analyzed by
FTIR. MIP and NIP nanofilms have been produced and added to the device in powder form for
FTIR examination. To eliminate CO, and moisture from the measured sample chamber, N2 gas
was supplied for ten minutes. The wavenumber range (400-4000 cm™) was scanned to record
the resulting spectra. FTIR analyses were performed at Hacettepe University Advanced
Technologies Application and Research Center (Hunitek). Thermo ScientificTM (NicoletTM
iS50) FTIR spectrophotometer was used.
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Figure 3.4. Fourier transform infrared spectrophotometer (FTIR)

3.3.3. Atomic Force Microscopy (AFM)

SPR chip atomic force characterization captured with a microscope in semi-contact mode. AFM
was performed at Hacettepe University Advanced Technologies Application and Research
Center (Hinitek). The AFM can conduct measurements at a very high resolution (4096 x 4096
pixels) because of its capabilities as a free cantilever interferometer. Double-sided adhesive
tape was used to secure the SPR chip to the sample holder. Semi-contact imaging tests were
conducted in the air. The frequency of vibrational resonance (341.30 kHz) was used. One
VRMS is the vibration amplitude, and two VRMS is the empty vibration amplitude. The
samples were obtained as 2 x 2 um pictures with a resolution of 256 x 256 pixels and a scanning

speed of 2 pum/s.

3.3.4. Contact Angle Measurements

The contact angle was measured using a device made by Biolin Scientific called the Attension

Theta. Contact angle measurements were performed at Hacettepe University Advanced

Technologies Application and Research Center (Hinitek). The instrument camera speed is 3009

FPS. The calculations use 1984 x 1264 pixel drop images, which are critical for measurement
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accuracy. The contact angle was measured by dropping a drop of water onto the SPR chip using
the sessile drop method. The contact angle of each image was measured independently after
water was sprayed on different parts of the gold surfaces. The drop's left contact angle with the
solid was measured at that location, and its right contact angle was recorded at that location.

The mean of the two sites was used to determine the average contact angle values.

Figure 3.5. Contact angle device

3.4. Kinetic Analysis with Pro-MIP and NIP SPR Chips

Using Pro as the template molecule and VIM as the functional monomer in the Pro-VIM
precomplex, the Pro-MIP SPR chip was prepared. Following the preparation of the Pro-MIP
SPR chip, kinetic analyses were carried out utilizing Pro solutions at various concentrations.
Prior to obtaining a steady peak, the prepared chip was put inside the apparatus and cleaned
with ultrapure water (30 pl/min). Next, different concentrations of Pro solutions in water (0.5,
0.75, 1, 2.5, and 3.5 pg/mL) were made and added to the system one at a time. At a flow rate
of 15 puL/min, it was used for 20 minutes. Pro binding caused a shift in resonant frequency at
each concentration. A 0.03 M NaCl solution was used for desorption after the equilibrium state
was achieved. Following the desorption process, ethyl alcohol and ultrapure water were used
to wash the SPR chip.
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3.5. Selectivity studies

The Pro-MIP of the SPR chip was placed into the SPR. After that, it was given a 10 minute
water wash. At the same concentration (2,5 pug/mL), solutions of the Pro and competitor
molecules (histidine and phenylalanine) were made in water and fed into the system separately,
one after the other for 20 minutes (15 pl/min). When the equilibrium state was reached,
desorption was performed for 10 minutes (30 uL/min) using a 0.03 M NaCl solution. After that,
ultrapure water was used to wash the SPR chip once again.

3.6. Reusability

The reusability of Pro-MIP SPR chips was examined by feeding the SPR system five times with
Pro solutions. After adding Pro solution to the SPR system sensorgrams were captured and the
SPR chips effectiveness was determined.

3.7. Kinetic Analyzes From Human Serum

Selective Pro binding from human serum was also performed in human serum diluted 1:20000-
fold with PBS buffer (10 umM, pH 7.4). In this regard, samples from human serum (purchased
from Sigma) were placed in EDTA-containing tubes and centrifuged at 3000 rpm for 30 minutes
at room temperature to separate cells, filtered (3 um Sartorius filter), and stored at -20 “C until
use. Human plasma was melted at room temperature before use. Diluted plasma samples spiked
with different concentrations of Pro (0.5, 0.75, 1, 2.5 pg/mL) were injected into the SPR system
and sensorgrams were recorded. The same procedures used for the previous aqueous solution

studies were used for the plasma studies.

42



4. RESULTS AND DISCUSSIONS

4.1. Producing Pro-MIP and NIP SPR Chips

Figure 4.1. Pro-MIP and NIP SPR Chips
4.2. Characterization of Pro-MIP and NIP SPR Chips
4.2.1. SEM Images

Images from scanning electron microscopy (SEM) were used to visualize the surface
morphology of the Pro-MIP and NIP SPR chips. On the surface, polymerization happened
uniformly, as seen in Figure 4.2 Pro-MIP and NIP SPR chips SEM images were examined at a
magnification of 200000X.

Figure 4.2. SEM images of SPR chips (200000X) A) Pro-MIP, B) NIP
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4.2.2. FTIR Analysis

Upon analyzing the FTIR spectra of Pro-MIP and NIP it is seen that the spectra are very similar
to each other, as expected. It’s because the structure of the polymers forming both nanofilm
structures is very similar. Some peaks observed in both spectra confirm the presence of HEMA
and EGDMA components. Of these, the peaks observed around 2900 cm™ represent aliphatic
C-H stretching bonds and are thought to originate from aliphatic bonds in the structure of
HEMA and EGDMA used. The C=0 (carbonyl group) stretching vibrations, especially seen in
the 1733 cm™ region, indicate the ester groups of these components. These peaks consist of the
vibrations of the ester groups of HEMA and EGDMA. The peaks observed around 1450 cm™
represent CH2 bending vibrations. At lower wavenumbers, peaks originating from external
plane C-H bending vibrations are found around 900 cm™ and 760 cm™!. These peaks indicate

the presence of a cross-linked polymer backbone.

However, significant differences were observed between the two spectra. The peak observed at
2960.9 cm™ in the spectrum of NIP shifted to 2962.93 cm™ in the spectrum of Pro-MIP and
intensified. It is thought that this change observed in the graphs is due to the C-H stretching
vibrations of the vinyl group in the VIM structure and the aliphatic C-H stretching vibrations
in the Pro structure. In addition, two peaks are observed in the bands at 1376.65 cm™ and
2853.53 cm™!, which are seen in the spectrum of Pro-MIP but not in the spectrum of NIP. When
these peaks are examined, the 1376.65 cm™ peak is particularly associated with C-H bending
vibrations. It is thought that the symmetric bending vibrations of the CHs methyl groups in Pro
create a signal in this region. The cyclic amine structure and methyl groups in the Pro structure
are effective in the emergence of this peak intensity. At the same time, the C-H bends in the
side chain of the imidazole ring in the VIM structure may also contribute to this region. The
2853.53 cm™ peak corresponds to the C-H stretching vibrations in the aliphatic structure. The
C-H stretching of the aliphatic chains in Pro are observed in this region. The aliphatic C-H
bonds in the cyclic structure of Pro create a peak around 2850 cm™. In addition, the C-H
stretching to which the sp? hybridized carbons of the vinyl group in VIM are attached also affect
this region and are reflected in the spectrum. That is, the peak at 1376.65 cm™ indicates the C-
H bending vibrations of the methyl groups in Pro and the bending around the imidazole ring of
VIM, while the peak at 2853.53 cm™* represents the C-H stretching vibrations of the aliphatic
chains of Pro and the vinyl group of VIM.

44



In conclusion, all these changes observed in the FTIR spectrum of Pro-MIP confirm the

presence of the Pro:VIM pre-complex in the chemical structure of the polymer.
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Figure 4.3. The FTIR spectrum of Pro-MIP
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Figure 4.4. The FTIR spectrum of NIP
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4.2.3. Atomic Force Microscopy (AFM)

Atomic force microscopy was used in half-contact mode to analyze the surface morphology of
the NIP and Pro-MIP SPR chips. The Pro-MIP SPR chip's surface depth was estimated to be
approximately 170 nm, while the surface depth of the NIP chip was 160 nm.

1563

160 nm wo

170 nm ws

Figure 4.5. AFM Images (a) NIP chip, (b) Pro-MIP SPR chip

46



4.2.4. Contact Angle Measurements

The Attension Theta, a device made by Biolin Scientific, was used to characterize the surfaces
of the SPR, Pro-MIP, and NIP SPR chips. Water is first dripped over the chip once it has been
positioned on the apparatus with its nanofilm-coated surface facing up. The contact angle value
is determined by averaging the several measurements that are obtained from the right and left.
When water comes into contact with a solid surface, a specific amount of angle is created. This
angle indicates the degree of wettability and varies according to the solid's contact with the
contacting liquid. The cohesion and adhesion forces determine the contact angle's size. The Pro-
MIP and NIP SPR chips surface contact angles are shown in Figure 4.6.

Figure 4.6. Contact angle image of SPR chips. A) Pro-MIP , B) NIP

Table 4.1. The contact angles of surfaces

Surface Contact Angle, °©
MIP SPR chip 48,62
NIP SPR chip 58,84

Contact angle measurements show that after the Pro was imprinted, the NIP SPR chip surface's
contact angle value of 58,84 dropped to 48,62. The hydrophilic property of the surface rises

when the contact angle of the surface significantly decreases. This circumstance can be
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explained by the fact that HEMA, a functional monomer with a very hydrophilic nature, was
utilized to create the surfaces of both MIP and NIP nanofilms. Therefore, the hydrophilicity of
the surface grew and the contact angle value reduced when a hydrophilic polymer was bound
to the surface. The surface becomes rougher due to the formation of MIP and NIP nanofilm
layers, and the surface becomes more hydrophilic as a result of the increased surface roughness.
The Pro-MIP SPR chip has more surface roughness than the NIP SPR chip due to its VIM and
Pro presence. Consequently, compared to the NIP SPR chip, the contact angle is decreased

significantly.
4.3. Kinetic Analysis
4.3.1. Kinetic Analysis with Pro-MIP SPR Chips

A Pro-MIP SPR chip was made for this investigation. Pro solutions were made at various
concentrations (0.5, 0.75, 1, 2.5, 3.5 pug/mL) in order to examine the connection between the
Pro concentration and the SPR signal. The SPRview program was used to gather the kinetic
data after the solutions interacted with the SPR. Figure 4.7 displays the sensorgrams produced

with various Pro solution concentrations.
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Figure 4.7. Sensograms obtained with different concentrations of Pro solutions
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The sensogram graph in Figure 4.7 shows the time-dependent change in the signal AR as the

Pro molecule moves through the system.
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Figure 4.8. The relationship between the Pro-MIP SPR chip's AR and Pro concentration

4.3.2. Adsorption Isotherm Models
The adsorption capacity is calculated using three distinct models.
1- Freundlich Model

The value of surface heterogeneity is calculated using the Freundlich model. It is assumed that

many adsorption layers form in order for adhesion to occur.
AR = ARmax [C] I/n

The heterogeneity index (1/n) changes between 0 and 1 in the model that was computed using
the equation. The homogeneity increases as the heterogeneity index approaches 1. We can state

that the system is homogeneous when the value is 1.
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2- Langmuir Model

The value of surface homogeneity can be determined using the Langmuir model. It makes the
assumption that molecules adhere to a certain number of distinct surfaces, each of which has a
capacity of only one molecule.

AR = (ARmaxC )/( KD+[C])
3- Freundlich - Langmuir Model

In settings where Freundlich and Langmuir models are suitable, the Langmuir-Freundlich
model can be used. Interactions on both homogeneous and heterogeneous surfaces are
explained by this model.

AR = ARmax[C]1/n / KD+[C]1/n
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Table 4.2. Langmuir, Freundlich and Langmuir-Freundlich parameters

Langmuir Freundlich Langmuir-
Freundlich
ARmax 47,6190 2,9722 3,9936
(Hg/mL)
KD 142,3667 - 13,08
(mL/ pg)
KA (ug 0,0070 - 0,0765
/mL)
R? 0,98 0,97 0,97
1/n - 0,9092 0,9092

Figure 4.9. illustrates how the experimentally obtained data mostly agree with the Langmuir
model (R? = 0.98). This implies that the Pro binding sites on the prepared imprinted sensor
surface are single-layered, consistently spaced, energy-equal, and have minimal lateral

interaction. The three isotherm models' results are shown in Table 4.2.
4.4, Selectivity Studies

The ability to directly detect the target molecule without the need for a labeling step is the most
significant characteristic of molecularly imprinted polymer-based SPR chips. As a result, the
sensor's selectivity and the quality of the produced molecular imprinting are closely correlated.
The imprinting selectivity coefficients and the selectivity coefficient are used to determine the

prepared molecularly imprinted sensors' selectivity.
The following formula is used to get the selectivity coefficient.

k= ARtemplate / ARcompetitor
52



The nanofilm-based SPR sensor's selectivity was investigated using MIP and NIP SPR chips.

For selectivity control, Histidine and Phenylalanine were used as competing molecules in

contrast to the target molecule Pro. Three distinct compounds at a concentration of 2,5 pg/mL

were run through the SPR device.
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Figure 4.10. AR values of Pro, Histidine and Phenylalanine competitor molecules (2,5 pg/mL)
for Pro-MIP and NIP SPR chip interactions.

Table 4.3. Pro's selectivity and relative selectivity coefficients in relation to phenylalanine and

histidine
Competitor MIP NIP
Molecules AR k AR k
L-Proline 0,900 - 0,080 -
L-Histidine 0,140 6,429 0,080 1,000
L-Phenylalanine 0,120 7,500 0,080 1,000
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4.5. Reusability Studies

The sensogram produced by applying Pro solution to the sensor surface five times in a row is

displayed in the figure to track the Pro-MIP SPR chip's reuse. The solution used for regeneration

was 0.03 M NaCl. Five repeated additions of Pro solution to the system were found to be

reusable without causing any discernible changes to the binding sites.
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4.6. Kinetic Analyzes From Human Serum

Pro was found in human serum samples using a Pro-MIP SPR device. Pro concentrations of 0.5
pg/mL to 2.5 pg/mL were added to plasma samples that had been diluted by 1/20000. A shift

in peaks was noted in the analyses carried out using the Pro-MIP SPR chip in correlation with

the rise in Pro concentration. Figure 4.12 displays these samples' sensogram curve.
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Figure 4.12. Sensograms of interactions between plasma and SPR chip.

Sensograms showing time-varying peaks from plasma studies are shown in Figure 4.12. The
graphic illustrates how the Pro-MIP SPR chip's signal value rises as concentration does. The
SPR chip seems to signal even at a very high dilution rate (20000 times). The most significant
finding from the tests conducted in this context is that Pro can be found even in complicated
environments like plasma, which is composed of 91% water, 7% proteins, 2% ions, nutrients,
gasses, wastes, and hormones. Therefore, Pro may be efficiently determined from both natural

sources and aqueous solutions using Pro-MIP SPR chips.
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CONCLUSION

This thesis aimed to develop L-Proline imprinted nanofilm coated SPR biosensors that offer
high selectivity and sensitivity for the diagnosis and monitoring of esophageal cancer and
hyperprolinemia.

These innovative sensors, which have no equivalent in the literature, enabled the specific
identification of Pro in human serum at low detection limits like 0.5 pg/mL. Pro-MIP SPR
sensors were successfully validated in the characterization analyses (SEM, FTIR, AFM and
contact angle measurements). In particular, the unique changes observed in the FTIR spectra
supported the existence of the Pro:VIM pre-complex and the correct polymerization. In
addition, kinetic analyses and adsorption isotherm models revealed that Pro-MIP SPR sensors
fit the Langmuir model and showed high selectivity against L-Proline. These sensors provided
6.4 and 7.5 times higher selectivity compared to competitor molecules such as histidine and
phenylalanine, respectively. The capability of Pro-MIP SPR sensors to detect Pro from real
human serum has been successfully evaluated. Reusability studies have shown that Pro-MIP
SPR sensors can be used five times without a significant decrease in adsorption capacity. This
feature shows that the sensors offer a significant advantage in terms of cost-effectiveness and
practical use. Kinetic analyses performed with human serum samples have shown that the
sensor detects Pro molecules even at low concentrations with high sensitivity. In particular, the
detection limit of 0.5 pg/mL has revealed that the sensor exhibits superior performance in
biomarker analysis in human serum. In addition, sensograms obtained from serum samples
emphasize that the sensor produces consistent results in terms of selectivity and accuracy. These
results show that the developed Pro-MIP SPR biosensors are promising not only for use in
laboratory environments but also in real clinical applications.

As a result, the developed Pro-MIP SPR biosensors stand out as an innovative technology that
offers high sensitivity, low detection limit and rapid analysis compared to traditional methods
for biomarker detection. It has the potential to be used in various areas such as clinical diagnosis
and monitoring of metabolic diseases and will pave the way for other studies in this area. Future
studies will be able to take this technology to further levels by investigating the adaptability of

sensors for different biomarkers and wider application areas.

56



REFERENCES

Abbas, Abdennour, Matthew J. Linman, and Quan Cheng. 2011. “New Trends in Instrumental
Design for Surface Plasmon Resonance-Based Biosensors.” Biosensors & Bioelectronics
26(5):1815-24. doi: 10.1016/J.B10S.2010.09.030.

Albaugh, Vance L., Kaushik Mukherjee, and Adrian Barbul. 2017. “Proline Precursors
and Collagen Synthesis: Biochemical Challenges of Nutrient Supplementation and
Wound Healing.” The Journal of Nutrition 147(11):2011-17. doi:
10.3945/JN.117.256404.

Alexander, Cameron, Hakan S. Andersson, Lars I. Andersson, Richard J. Ansell, Nicole
Kirsch, Tan A. Nicholls, John O’Mahony, and Michael J. Whitcombe. 2006.
“Molecular Imprinting Science and Technology: A Survey of the Literature for the
Years up to and Including 2003.” Journal of Molecular Recognition: JMR
19(2):106-80. doi: 10.1002/JIMR.760.

Alves, 1. D., C. K. Park, and V. J. Hruby. 2005. “Plasmon Resonance Methods in GPCR
Signaling and Other Membrane Events.” Current Protein & Peptide Science
6(4):293-312. doi: 10.2174/1389203054546352.

Anon. n.d.-a. “Amino Acid Determination in Biological Fluids by Automated Ion-
Exchange Chromatography: Performance of Hitachi L-8500A - PubMed.” Retrieved
April 22, 2024 (https://pubmed.ncbi.nlm.nih.gov/9267323/).

Anon. n.d.-b. “Automatic Recording Apparatus for Use in the Chromatography of Amino
Acids - PubMed.” Retrieved April 22, 2024
(https://pubmed.ncbi.nlm.nih.gov/13619781/).

Anon. n.d.-c. “Biacore. Sensor Surface Handbook - PDF Free Download.” Retrieved May
7, 2024 (https://businessdocbox.com/Biotech_and_Biomedical/77119057-Biacore-
sensor-surface-handbook.html).

Anon. n.d.-d. “(PDF) Disorders of Proline and Hydroxyproline Metabolism.” Retrieved
April 25, 2024
(https://www.researchgate.net/publication/284684119 Disorders_of proline_and_h
ydroxyproline_metabolism).

Anon. n.d.-e. “(PDF) Polysilicon Interdigitated Electrodes as Impedimetric Sensors | César
Fernandez-Sanchez -  Academia.Edu.”  Retrieved May 13, 2024
(https://www.academia.edu/18843461/Polysilicon_interdigitated_electrodes_as_im
pedimetric_sensors).

Badawy, Mohamed E. I., Mahmoud A. M. EI-Nouby, Paul K. Kimani, Lee W. Lim, and
Entsar I. Rabea. 2022. “A Review of the Modern Principles and Applications of

57



Solid-Phase Extraction Techniques in Chromatographic Analysis.” Analytical
Sciences 2022 38:12 38(12):1457-87. doi: 10.1007/S44211-022-00190-8.

Banerjee, Supratim, and Burkhard Konig. 2013. “Molecular Imprinting of Luminescent
Vesicles.” Journal of the American Chemical Society 135(8):2967-70. doi:
10.1021/JA4001568/SUPPL_FILE/JA4001568_SI_002.AVI.

Brockman, Jennifer M., Bryce P. Nelson, and Robert M. Corn. 2000. “Surface Plasmon
Resonance Imaging Measurements of Ultrathin Organic Films.” Annual Review of
Physical Chemistry 51:41-63. doi: 10.1146/ANNUREV.PHYSCHEM.51.1.41.

Burnet, Michael W., Arlette Goldmann, Brigitte Message, Roger Drong, Abdelhak El
Amrani, O. Loreau, Jerry Slightom, and David Tepfer. 2000. “The Stachydrine
Catabolism Region in Sinorhizobium Meliloti Encodes a Multi-Enzyme Complex
Similar to the Xenobiotic Degrading Systems in Other Bacteria.” Gene 244(1-
2):151-61. doi: 10.1016/S0378-1119(99)00554-5.

Catchpole, Gareth, Alexander Platzer, Cornelia Weikert, Carsten Kempkensteffen,
Manfred Johannsen, Hans Krause, Klaus Jung, Kurt Miller, Lothar Willmitzer,
Joachim Selbig, and Steffen Weikert. 2011. “Metabolic Profiling Reveals Key
Metabolic Features of Renal Cell Carcinoma.” Journal of Cellular and Molecular
Medicine 15(1):109-18. doi: 10.1111/J.1582-4934.2009.00939.X.

Chandel, Navdeep S. 2010. “Mitochondrial Regulation of Oxygen Sensing.” Advances in
Experimental Medicine and Biology 661:339-54. doi: 10.1007/978-1-60761-500-
2 22.

Chen, Lingxin, Xiaoyan Wang, Wenhui Lu, Xiaqing Wu, and Jinhua Li. 2016. “Molecular
Imprinting: Perspectives and Applications.” Chemical Society Reviews 45(8):2137—
2211. doi: 10.1039/C6CS00061D.

Chen, Lingxin, Shoufang Xu, and Jinhua Li. 2011. “Recent Advances in Molecular

Imprinting Technology: Current Status, Challenges and Highlighted Applications.”
Chemical Society Reviews 40(5):2922-42. doi: 10.1039/COCS00084A.

Chen, Wei Hai, Qi Wen Chen, Qian Chen, Chunyan Cui, Shun Duan, Yongyuan Kang,
Yang Liu, Yun Liu, Wali Muhammad, Shigun Shao, Chenggiang Tang, Jingiang
Wang, Lei Wang, Meng Hua Xiong, Lichen Yin, Kuo Zhang, Zhanzhan Zhang, Xu
Zhen, Jun Feng, Changyou Gao, Zhen Gu, Chaoliang He, Jian Ji, Xiqun Jiang,
Wenguang Liu, Zhuang Liu, Huisheng Peng, Youging Shen, Lingi Shi, Xuemei Sun,
Hao Wang, Jun Wang, Haihua Xiao, Fu Jian Xu, Zhiyuan Zhong, Xian Zheng Zhang,
and Xuesi Chen. 2022. “Biomedical Polymers: Synthesis, Properties, and
Applications.” Science China. Chemistry 65(6):1010-75. doi: 10.1007/S11426-022-
1243-5.

58



Choi, Chang Hoon, and Andrew C. Hillier. 2010. “Combined Electrochemical Surface
Plasmon Resonance for Angle Spread Imaging of Multielement Electrode Arrays.”
Analytical Chemistry 82(14):6293-98. doi: 10.1021/AC100784C.

D’ Aniello, Cristina, Eduardo J. Patriarca, James M. Phang, and Gabriella Minchiotti. 2020. “Proline
Metabolism in Tumor Growth and Metastatic Progression.” Frontiers in Oncology 10. doi:
10.3389/FONC.2020.00776.

Daugan, Alain, Pascal Grondin, Cécile Ruault, Anne Charlotte Le Monnier de Gouville,
Hervé Coste, Jean Michel Linget, Jorge Kirilovsky, Francois Hyafil, and Richard
Labaudinieret. 2003. “The Discovery of Tadalafil: A Novel and Highly Selective
PDE5 Inhibitor. 2: 2,3,6,7,12,12a-Hexahydropyrazino[1°,2’:1,6]Pyrido[3,4-
b]indole-1,4-Dione Analogues.” Journal of Medicinal Chemistry 46(21):4533-42.
doi: 10.1021/JM0300577.

Delgado, Beatriz, Eva Pérez, M. Carmen Santano, and Cristina Minguillon. 2005.
“Enantiomer Separation by Counter-Current Chromatography. Optimisation and
Drawbacks in the Use of L-Proline Derivatives as Chiral Selectors.” Journal of
Chromatography. A 1092(1):36-42. doi: 10.1016/J.CHROMA.2005.03.034.

Derazshamshir, Ali. 2021. “Preparation of Molecularly Imprinted Optical Sensors for The
Real Time Detection of Phenol.” Hacettepe Journal of Biology and Chemistry
49(4):333-44. doi: 10.15671/HIBC.922633.

Du, Chunbao, Xiaoling Hu, Ping Guan, Longxia Guo, Liwei Qian, Ji Li, Renyuan Song,
and Yimei Tang. 2015. “Synthesis of Water-Compatible Surface-Imprinted
Composite Microspheres with Core—Shell Structure for Selective Recognition of
Thymopentin from Aqueous Solution.” Journal of Materials Science 50(1):427-38.
doi: 10.1007/S10853-014-8602-8/METRICS.

Faraji, M., Y. Yamini, and M. Rezaee. 2010. “Magnetic Nanoparticles: Synthesis,
Stabilization, Functionalization, Characterization, and Applications.” Journal of the
Iranian Chemical Society 7(1):1-37. doi: 10.1007/BF03245856/METRICS.

Fu, Junging, Lingxin Chen, Jinhua Li, and Zhong Zhang. 2015. “Current Status and
Challenges of Ion Imprinting.” Journal of Materials Chemistry A 3(26):13598-627.
doi: 10.1039/C5TA02421H.

Gladis, Joseph M., and Talasila P. Rao. 2004. “Effect of Porogen Type on the Synthesis
of Uranium lon Imprinted Polymer Materials for the Preconcentration/Separation of
Traces of Uranium.” Microchimica Acta 146(3-4):251-58. doi: 10.1007/S00604-
004-0207-5.

59



Gorres, Kelly L., and Ronald T. Raines. 2010. “Prolyl 4-Hydroxylase.” Critical Reviews
in Biochemistry and Molecular Biology 45(2):106-24. doi:
10.3109/10409231003627991.

Green, Michael R., and Joseph Sambrook. 2019. “Agarose Gel Electrophoresis.” Cold Spring
Harbor Protocols 2019(1):87-94. doi: 10.1101/PDB.PROT100404.

Hassani, A., M. SkorobogatiyEcole, MB Vidal, R. Lopez, S. Aleggret, J. Alonso-
Chamarro, 1. Garces, and J. Mateo. 2006. “Design of the Microstructured Optical
Fiber-Based Surface Plasmon Resonance Sensors with Enhanced Microfluidics.”
Optics Express, Vol. 14, Issue 24, Pp. 11616-11621 14(24):11616-21. doi:
10.1364/0OE.14.011616.

Hu, C. A. A, S. Khalil, S. Zhaorigetu, Z. Liu, M. Tyler, G. Wan, and D. Valle. 2008.
“Human Deltal-Pyrroline-5-Carboxylate Synthase: Function and Regulation.”
Amino Acids 35(4):665-72. doi: 10.1007/S00726-008-0075-0.

Im, Hyungsoon, Antoine Lesuffleur, Nathan C. Lindquist, and Sang Hyun Oh. 2009. “Plasmonic
Nanoholes in a Multichannel Microarray Format for Parallel Kinetic Assays and Differential
Sensing.” Analytical Chemistry 81(8):2854-59. doi: 10.1021/AC802276X.

Im, Hyungsoon, Jamie N. Sutherland, Jennifer A. Maynard, and Sang Hyun Oh. 2012.
“Nanohole-Based Surface Plasmon Resonance Instruments with Improved Spectral
Resolution Quantify a Broad Range of Antibody-Ligand Binding Kinetics.”
Analytical Chemistry 84(4):1941-47. doi:
10.1021/AC300070T/ASSET/IMAGES/MEDIUM/AC-2012-00070T_0002.GIF.

Im, Hyungsoon, Nathan J. Wittenberg, Antoine Lesuffleur, Nathan C. Lindquist, and Sang
Hyun Oh. 2010. “Membrane Protein Biosensing with Plasmonic Nanopore Arrays
and Pore-Spanning Lipid Membranes.” Chemical Science 1(6):688-96. doi:
10.1039/C0SC00365D.

Ishige, Takeru, Kohsuke Honda, and Sakayu Shimizu. 2005. “Whole Organism
Biocatalysis.” Current Opinion in Chemical Biology 9(2):174-80. doi:
10.1016/J.CBPA.2005.02.001.

Kakazu, Eiji, Noriatsu Kanno, Yoshiyuki Ueno, and Tooru Shimosegawa. 2007. “Extracellular
Branched-Chain Amino Acids, Especially Valine, Regulate Maturation and Function of
Monocyte-Derived Dendritic Cells.” Journal of Immunology (Baltimore, Md.: 1950)
179(10):7137-46. doi: 10.4049/JIMMUNOL.179.10.7137.

Kang, Huiting, Kai An, Lianxiong Guan, and Dating Tian. 2021. “Preparation and Evaluation of
Magnetic Molecularly Imprinted Polymers Based on Konjac Glucomannan for Urea.” Journal
of the Iranian Chemical Society 18(8):2123-33. doi: 10.1007/S13738-021-02166-3/METRICS.

60



Kaul, S., S. S. Sharma, and I. K. Mehta. 2008. “Free Radical Scavenging Potential of L-
Proline: Evidence from in Vitro Assays.” Amino Acids 34(2):315-20. doi:
10.1007/S00726-006-0407-X.

Kihm, Kenneth D. 2010. “Surface Plasmon Resonance Reflectance Imaging Technique
for Near-Field (~100 Nm) Fluidic Characterization.” Experiments in Fluids
48(4):547-64. doi: 10.1007/S00348-009-0701-Y/METRICS.

Kimball, Scot R., and Leonard S. Jefferson. 2006. “New Functions for Amino Acids:
Effects on Gene Transcription and Translation.” The American Journal of Clinical
Nutrition 83(2). doi: 10.1093/AJCN/83.2.500S.

Kooyman, Rob P. H., Robert M. Corn, Alastair Wark, Hye Jin Lee, Erk Gedig, Gerard
Engbers, Lennart Walstrom, Nico J. de Mol, Damien R. Hall, Paul Yager, Timothy
Chinowsky, Elain Fu, Kjell Nelson, Alan McWhirter, Marcel J. E. Fischer, Angelique
M. C. Lokate, J. Bianca Beusink, Ger J. M. Pruijn, Wolfgang Knoll, Amal Kasry,
Jing Liu, Thomas Neumann, Lifang Niu, Hyeyoung Park, Harald Paulsen, Rudolf
Robelek, Fang Yu, Peter Schuck, and Richard A. Frazier. 2008. “Handbook of
Surface Plasmon Resonance.” Handbook of Surface Plasmon Resonance. doi:
10.1039/9781847558220.

Kretschmann, Erwin. 1971. “Die Bestimmung Optischer Konstanten von Metallen Durch
Anregung von Oberflichenplasmaschwingungen.”  Zeitschrift Fur  Physik
241(4):313-24. doi: 10.1007/BF01395428/METRICS.

Krishnamoorthy, Ganeshram, Edwin T. Carlen, Hans L. Deboer, Albert VVan Den Berg,
and Richard B. M. Schasfoort. 2010. “Electrokinetic Lab-on-a-Biochip for Multi-
Ligand/Multi-Analyte Biosensing.” Analytical Chemistry 82(10):4145-50. doi:
10.1021/AC1003163.

Kuali, Yan, Junxue Chen, Xi Tang, Yifeng Xiang, Fengya Lu, Cuifang Kuang, Liang Xu,
Weidong Shen, Junjie Cheng, Huagiao Gui, Gang Zou, Pei Wang, Hai Ming, Jianguo
Liu, Xu Liu, Joseph R. Lakowicz, and Douguo Zhang. 2019. “Label-Free Surface-
Sensitive Photonic Microscopy with High Spatial Resolution Using Azimuthal
Rotation Illumination.” Science Advances 5(3). doi:
10.1126/SCIADV.AAV5335/SUPPL_FILE/AAV5335 _SM.PDF.

Kushwaha, Angad S., Anil Kumar, Rajeev Kumar, and S. K. Srivastava. 2018. “A Study
of Surface Plasmon Resonance (SPR) Based Biosensor with Improved Sensitivity.”
Photonics and Nanostructures - Fundamentals and Applications 31:99-106. doi:
10.1016/J.PHOTONICS.2018.06.003.

Lee, Si Hoon, Nathan C. Lindquist, Nathan J. Wittenberg, Luke R. Jordan, and Sang Hyun
Oh. 2012. “Real-Time Full-Spectral Imaging and Affinity Measurements from 50

61



Microfluidic Channels Using Nanohole Surface Plasmon Resonance.” Lab on a Chip
12(20):3882-90. doi: 10.1039/C2LC40455A.

Li, Yuan, Hye Jin Lee, and Robert M. Corn. 2006. “Fabrication and Characterization of
RNA Aptamer Microarrays for the Study of Protein-Aptamer Interactions with SPR
Imaging.” Nucleic Acids Research 34(22):6416-24. doi: 10.1093/NAR/GKL738.

Liang, Su, Beatriz Sanchez-Espiridion, Huan Xie, Jing Ma, Xifeng Wu, and Dong Liang.
2015. “Determination of Proline in Human Serum by a Robust LC-MS/MS Method:
Application to Identification of Human Metabolites as Candidate Biomarkers for
Esophageal Cancer Early Detection and Risk Stratification.” Biomedical
Chromatography : BMC 29(4):570-77. doi: 10.1002/BMC.3315.

Lieu, Elizabeth L., Tu Nguyen, Shawn Rhyne, and Jiyeon Kim. 2020. “Amino Acids in
Cancer.” Experimental & Molecular Medicine 52(1):15-30. doi: 10.1038/S12276-
020-0375-3.

Lindquist, N. C., T. W. Johnson, J. Jose, L. M. Otto, and S. H. Oh. 2012. “Ultrasmooth
Metallic Films with Buried Nanostructures for Backside Reflection-Mode Plasmonic
Biosensing.” Annalen Der Physik 524(11):687-96. doi: 10.1002/ANDP.201200144.

Linman, Matthew J., Abdennour Abbas, Christopher C. Roberts, and Quan Cheng. 2011.
“Etched Glass Microarrays with Differential Resonance for Enhanced Contrast and
Sensitivity of Surface Plasmon Resonance Imaging Analysis.” Analytical Chemistry
83(15):5936-43. doi:
10.1021/AC200881Q/SUPPL_FILE/AC200881Q_SI_001.PDF.

Liu, Dejing, and Mathias Ulbricht. 2017. “A Highly Selective Protein Adsorber via Two-
Step Surface-Initiated Molecular Imprinting Utilizing a Multi-Functional Polymeric
Scaffold on a Macroporous Cellulose Membrane.” RSC Advances 7(18):11012-19.
doi: 10.1039/C6RA28403E.

Liu, Hai, Ce Tan, Chenghao Zhu, Yan Wang, Yuan Gao, Hanlin Ma, and Degiang Cheng.
2017. “Simultaneous Measurement of Temperature and Magnetic Field Based on

Directional Resonance Coupling in Photonic Crystal Fibers.” Optics
Communications 391:111-15. doi: 10.1016/J.OPTCOM.2017.01.024.

Liu, Wei, Kristine Glunde, Zaver M. Bhujwalla, Venu Raman, Anit Sharma, and James
M. Phang. 2012. “Proline Oxidase Promotes Tumor Cell Survival in Hypoxic Tumor
Microenvironments.” Cancer Research 72(14):3677-86. doi: 10.1158/0008-
5472.CAN-12-0080.

Lofgreen, Jennifer E., and Geoffrey A. Ozin. 2014a. “Controlling Morphology and Porosity to
Improve Performance of Molecularly Imprinted Sol-Gel Silica.” Chemical Society Reviews
43(3):911-33. doi: 10.1039/C3CS60276A.

62



Lofgreen, Jennifer E., and Geoffrey A. Ozin. 2014b. “Controlling Morphology and
Porosity to Improve Performance of Molecularly Imprinted Sol-Gel Silica.”
Chemical Society Reviews 43(3):911-33. doi: 10.1039/C3CS60276A.

Maeda, Jun, Masahiko Higashiyama, Akira Imaizumi, Tomio Nakayama, Hiroshi Yamamoto,
Takashi Daimon, Minoru Yamakado, Fumio Imamura, and Ken Kodama. 2010. “Possibility of
Multivariate Function Composed of Plasma Amino Acid Profiles as a Novel Screening Index
for Non-Small Cell Lung Cancer: A Case Control Study.” BMC Cancer 10. doi: 10.1186/1471-
2407-10-690.

Maier, Stefan A. 2007. “Plasmonics: Fundamentals and Applications.” Plasmonics:
Fundamentals and Applications 1-223. doi: 10.1007/0-387-37825-1/COVER.

Malic, L., B. Cui, T. Veres, and M. Tabrizian. 2007. “Enhanced Surface Plasmon
Resonance Imaging Detection of DNA Hybridization on Periodic Gold Nanoposts.”
Optics Letters 32(21):3092. doi: 10.1364/0L.32.003092.

Mariani, Stefano, and Maria Minunni. 2014. “Surface Plasmon Resonance Applications in
Clinical Analysis.” Analytical and Bioanalytical Chemistry 406(9-10):2303-23. doi:
10.1007/S00216-014-7647-5.

Van Meijjl, Leonie E. C., Herman E. Popeijus, and Ronald P. Mensink. 2010. “Amino
Acids Stimulate Akt Phosphorylation, and Reduce IL-8 Production and NF-KB
Activity in HepG2 Liver Cells.” Molecular Nutrition & Food Research 54(11):1568—
73. doi: 10.1002/MNFR.200900438.

Menezes, Jacson W., Jacqueline Ferreira, Marcos J. L. Santos, Lucila Cescato, and
Alexandre G. Brolo. 2010. “Large-Area Fabrication of Periodic Arrays of Nanoholes
in Metal Films and Their Application in Biosensing and Plasmonic-Enhanced
Photovoltaics.”  Advanced Functional Materials 20(22):3918-24.  doi:
10.1002/ADFM.201001262.

Mitran, Valentina, Madalina Georgiana Albu, Eugeniu Vasile, Anisoara Cimpean, and Marieta
Costache. 2015. “Dose-Related Effects of Sericin on Preadipocyte Behavior within
Collagen/Sericin Hybrid Scaffolds.” Progress in Natural Science: Materials International
25(2):122-30. doi: 10.1016/J.PNSC.2015.03.008.

Mitsubuchi, Hiroshi, Kimitoshi Nakamura, Shiro Matsumoto, and Fumio Endo. 2008.
“Inborn Errors of Proline Metabolism.” The Journal of Nutrition 138(10). doi:
10.1093/JN/138.10.2016S.

Mitsubuchi, Hiroshi, Kimitoshi Nakamura, Shirou Matsumoto, and Fumio Endo. 2014.
“Biochemical and Clinical Features of Hereditary Hyperprolinemia.” Pediatrics
International : Official Journal of the Japan Pediatric Society 56(4):492—96. doi:
10.1111/PED.12420.

63



Mustafa, Aladdin, Sapna Gupta, Gary R. Hudes, Brian L. Egleston, Robert G. Uzzo, and
Warren D. Kruger. 2011a. “Serum Amino Acid Levels as a Biomarker for Renal Cell
Carcinoma.” The Journal of Urology 186(4):1206-12. doi:
10.1016/J.JUR0O.2011.05.085.

Mustafa, Aladdin, Sapna Gupta, Gary R. Hudes, Brian L. Egleston, Robert G. Uzzo, and Warren D.
Kruger. 2011b. “Serum Amino Acid Levels as a Biomarker for Renal Cell Carcinoma.” The
Journal of Urology 186(4):1206—12. doi: 10.1016/J.JURO.2011.05.085.

Namavar, Yasmin, Denise Joanne Duineveld, Geertje Ingena Angelique Both, Ania Maria
Fiksinski, Jacob Abraham Schrey Vorstman, Nanda Margriet Verhoeven-Duif, and
Janneke Rozemarijn Zinkstok. 2021. “Psychiatric Phenotypes Associated with
Hyperprolinemia: A Systematic Review.” American Journal of Medical Genetics.
Part B, Neuropsychiatric Genetics : The Olfficial Publication of the International
Society of Psychiatric Genetics 186(5):289-317. doi: 10.1002/AJMG.B.32869.

Nguyen, Hoang Hiep, Jeho Park, Sebyung Kang, and Moonil Kim. 2015. “Surface
Plasmon Resonance: A Versatile Technique for Biosensor Applications.” Sensors
2015, Vol. 15, Pages 10481-10510 15(5):10481-510. doi: 10.3390/S150510481.

Nomenclature, Systematic, and A. Di. 2002. “Book Review.” 642:2002.

Ohshima, T., and K. Soda. 1990. “Biochemistry and Biotechnology of Amino Acid
Dehydrogenases.” Advances in Biochemical Engineering/Biotechnology 42:187—
209. doi: 10.1007/BFB0000734.

Olaru, Andreea, Camelia Bala, Nicole Jaffrezic-Renault, and Hassan Y. Aboul-Enein.
2015. “Surface Plasmon Resonance (SPR) Biosensors in Pharmaceutical Analysis.”
Critical Reviews in Analytical Chemistry 45(2):97-105. doi:
10.1080/10408347.2014.881250.

O’Quinn, P. R., D. A. Knabe, and G. Wu. 2002. “Arginine Catabolism in Lactating Porcine
Mammary Tissue.” Journal of Animal Science 80(2):467-74. doi:
10.2527/2002.802467X.

Otto, Andreas. 1968. “Excitation of Nonradiative Surface Plasma Waves in Silver by the
Method of Frustrated Total Reflection.” Zeitschrift Fur Physik 216(4):398-410. doi:
10.1007/BF01391532/METRICS.

Paul, R. G., J. F. Tarlton, P. P. Purslow, T. J. Sims, P. Watkins, F. Marshall, M. J.

Ferguson, and A. J. Bailey. 1997. “Biomechanical and Biochemical Study of a
Standardized Wound Healing Model.” The International Journal of Biochemistry &
Cell Biology 29(1):211-20. doi: 10.1016/S1357-2725(96)00134-3.

64



Phang, James M., Steven P. Donald, Jui Pandhare, and Yongmin Liu. 2008a. “The
Metabolism of Proline, a Stress Substrate, Modulates Carcinogenic Pathways.”
Amino Acids 35(4):681-90. doi: 10.1007/S00726-008-0063-4.

Phang, James M., Steven P. Donald, Jui Pandhare, and Yongmin Liu. 2008b. “The
Metabolism of Proline, a Stress Substrate, Modulates Carcinogenic Pathways.”
Amino Acids 35(4):681-90. doi: 10.1007/S00726-008-0063-4.

Phang, James M., Wei Liu, and Olga Zabirnyk. 2010. “Proline Metabolism and
Microenvironmental Stress.” Annual Review of Nutrition 30:441-63. doi:
10.1146/ANNUREV.NUTR.012809.104638.

Phang, James Ming, Wei Liu, Chad Hancock, and Kyle J. Christian. 2012. “The Proline
Regulatory Axis and Cancer.” Frontiers in  Oncology 2. doi:
10.3389/FONC.2012.00060.

Pistollato, Francesca, Luca Persano, Elena Rampazzo, and Giuseppe Basso. 2010. “L-
Proline as a Modulator of Ectodermal Differentiation in ES Cells. Focus on "L-
Proline Induces Differentiation of ES Cells: A Novel Role for an Amino Acid in the
Regulation of Pluripotent Cells in Culture.” American Journal of Physiology. Cell
Physiology 298(5). doi: 10.1152/AJPCELL.00072.2010.

Prabowo, Briliant Adhi, Robert Y. L. Wang, Muhammad Khari Secario, Po Ting Ou,
Azharul Alom, Jia Jung Liu, and Kou Chen Liu. 2017. “Rapid Detection and
Quantification of Enterovirus 71 by a Portable Surface Plasmon Resonance
Biosensor.” Biosensors & Bioelectronics 92:186-91. doi:
10.1016/J.B10S.2017.01.043.

Puiu, Mihaela, and Camelia Bala. 2016. “SPR and SPR Imaging: Recent Trends in
Developing Nanodevices for Detection and Real-Time Monitoringof Biomolecular
Events.” Sensors (Switzerland) 16(6). doi: 10.3390/s16060870.

Rakibul Islam, Mohammad, Md Moinul Islam Khan, Fariha Mehjabin, Jubair Alam
Chowdhury, and Mohibul Islam. 2020. “Design of a Fabrication Friendly & Highly
Sensitive Surface Plasmon Resonance-Based Photonic Crystal Fiber Biosensor.”
Results in Physics 19:103501. doi: 10.1016/J.RINP.2020.103501.

Saloni, Julia, Shaurya Swami, Karina Kapusta, and Glake A. Hill. 2021. “Computational
Studies on Binding, Solvent, and PH Effects on (S)-Propranolol and Methacrylic
Acid Complex.” Journal of Molecular Modeling 27(6):1-11. doi: 10.1007/S00894-
021-04765-6/METRICS.

Savunen, T. J. A., and J. A. Viljanto. 1992. “Prediction of Wound Tensile Strength: An
Experimental Study.” The British Journal of Surgery 79(5):401-3. doi:
10.1002/BJS.1800790508.

65



Saylan, Yeseren, Fatma Yilmaz, Erdogan Ozgiir, Ali Derazshamshir, Handan Yavuz, and
Adil Denizli. 2017. “Molecular Imprinting of Macromolecules for Sensor
Applications.” Sensors (Basel, Switzerland) 17(4). doi: 10.3390/S17040898.

Scarano, Simona, Marco Mascini, Anthony P. F. Turner, and Maria Minunni. 2010.

“Surface Plasmon Resonance Imaging for Affinity-Based Biosensors.” Biosensors &
Bioelectronics 25(5):957-66. doi: 10.1016/J.B10S.2009.08.039.

Schwabe, Christian. 2004. “Chemistry and Biodiversity.” Chemistry & Biodiversity
1(10):1584-87. doi: 10.1002/CBDV.2004901109.

Scioscia, Kenneth A., Carl H. Snyderman, and Robin Wagner. 1998. “Altered Serum
Amino Acid Profiles in Head and Neck Cancer.” Nutrition and Cancer 30(2):144—
47. doi: 10.1080/01635589809514654.

Seebach, Dieter, Albert K. Beck, and Daniel J. Bierbaum. 2004. “The World of Beta- and Gamma-
Peptides Comprised of Homologated Proteinogenic Amino Acids and Other Components.”
Chemistry & Biodiversity 1(8):1111-1239. doi: 10.1002/CBDV.200490087.

Semerdjian-Rouquier, L., L. Bossi, and B. Scatton. 1981. “Determination of S-Hydroxytryptophan,
Serotonin and 5-Hydroxyindoleacetic Acid in Rat and Human Brain and Biological Fluids by
Reversed-Phase High-Performance Liquid Chromatography with Electrochemical Detection.”
Journal of Chromatography A 218(C):663-70. doi: 10.1016/S0021-9673(00)82092-0.

Shah, Naheed Sidiq, Vandana Thotathil, Shabi Abbas Zaidi, Hanan Sheikh, Maimoona
Mohamed, Ahmadyar Qureshi, and Kishor Kumar Sadasivuni. 2022. “Picomolar or
beyond Limit of Detection Using Molecularly Imprinted Polymer-Based
Electrochemical ~ Sensors: A Review.” Biosensors  12(12). doi:
10.3390/B10S12121107.

Shankaran, Dhesingh Ravi, K. Vengatajalabathy Gobi, and Norio Miura. 2007. “Recent
Advancements in Surface Plasmon Resonance Immunosensors for Detection of Small
Molecules of Biomedical, Food and Environmental Interest.” Sensors and Actuators, B:
Chemical 121(1):158-77. doi: 10.1016/J.SNB.2006.09.014.

Shi, Wei Hua, Cheng Jie You, and Jing Wu. 2015. “D-Shaped Photonic Crystal Fiber
Refractive Index and Temperature Sensor Based on Surface Plasmon Resonance and
Directional Coupling.” Wuli Xuebao/Acta Physica Sinica 64(22). doi:
10.7498/APS.64.224221.

Shibasaki, Takeshi, Hideo Mori, Shigeru Chiba, and Akio Ozaki. 1999. “Microbial Proline
4-Hydroxylase Screening and Gene Cloning.” Applied and Environmental
Microbiology 65(9):4028-31. doi: 10.1128/AEM.65.9.4028-4031.1999.

Shul’ga, A. A., A. P. Soldatkin, A. V. El’skaya, S. V. Dzyadevich, S. V. Patskovsky, and
V. 1. Strikha. 1994. “Thin-Film Conductometric Biosensors for Glucose and Urea

66



Determination.” Biosensors & Bioelectronics 9(3):217-23. doi: 10.1016/0956-
5663(94)80124-X.

Situ, Chen, Mark H. Mooney, Christopher T. Elliott, and Jos Buijs. 2010. “Advances in
Surface Plasmon Resonance Biosensor Technology towards High-Throughput, Food-
Safety Analysis.” TrAC - Trends in Analytical Chemistry 29(11):1305-15. doi:
10.1016/J.TRAC.2010.09.003.

Souto, Dénio E. P., Aliani M. Fonseca, José T. C. Barragan, Rita de C. S. Luz, Hélida M.
Andrade, Flavio S. Damos, and Lauro T. Kubota. 2015. “SPR Analysis of the
Interaction between a Recombinant Protein of Unknown Function in Leishmania
Infantum Immobilised on Dendrimers and Antibodies of the Visceral Leishmaniasis:
A Potential Use in Immunodiagnosis.” Biosensors & Bioelectronics 70:275-81. doi:
10.1016/J.B10S.2015.03.034.

Stein, H. David, and Harry R. Keiser. 1971. “Collagen Metabolism in Granulating
Wounds.” The Journal of Surgical Research 11(6):277-83. doi: 10.1016/0022-
4804(71)90101-6.

Steiner, Gerald. 2004. “Surface Plasmon Resonance Imaging.” Analytical and
Bioanalytical ~Chemistry  379(3):328-31. doi: 10.1007/S00216-004-2636-
8/METRICS.

Sun, Yijuan, Kornelia Gawlitza, Virginia Valderrey, Jerémy Bell, and Knut Rurack. 2024.
“Polymerizable BODIPY Probe Crosslinker for the Molecularly Imprinted Polymer-
Based Detection of Organic Carboxylates via Fluorescence.” Materials Advances
5(9):3783-93. doi: 10.1039/D3MA00476G.

Suryanarayana, N. K., K. Asha, Koushik Guha, and Narayan Krishnaswamy. 2022.
“Analysis and Design of Surface Plasmon Resonance Waveguide for Sensing
Application.” Lecture Notes in Electrical Engineering 781:107-16. doi:
10.1007/978-981-16-3767-4_10.

Tian, Ming, Ping Lu, Li Chen, Chao Lv, and Deming Liu. 2012. “All-Solid D-Shaped Photonic Fiber
Sensor Based on Surface Plasmon Resonance.” Optics Communications 285(6):1550-54. doi:
10.1016/J.0PTCOM.2011.11.104.

Tokel, Onur, Umit Hakan Yildiz, Fatih Inci, Naside Gozde Durmus, Okan Oner Ekiz,
Burak Turker, Can Cetin, Shruthi Rao, Kaushik Sridhar, Nalini Natarajan, Hadi
Shafiee, Aykutlu Dana, and Utkan Demirci. 2015. “Portable Microfluidic Integrated
Plasmonic Platform for Pathogen Detection.” Scientific Reports 2015 5:1 5(1):1-9.
doi: 10.1038/srep09152.

Verbruggen, Nathalie, and Christian Hermans. 2008. “Proline Accumulation in Plants: A
Review.” Amino Acids 35(4):753-59. doi: 10.1007/S00726-008-0061-6.

67



Vettore, Lisa A., Rebecca L. Westbrook, and Daniel A. Tennant. 2021. “Proline
Metabolism and Redox; Maintaining a Balance in Health and Disease.” Amino Acids
53(12):1779-88. doi: 10.1007/S00726-021-03051-2.

Wang, Qinghong, Xia Lin, Dongmei Guo, Juanjuan Xu, Chunzhi Xuan, Cui Chen, and
Yingzi Fu. 2015. “A Novel Chiral Electrochemiluminescence Sensor That Can
Discriminate Proline Enantiomers.” RSC Advances 5(114):94338-43. doi:
10.1039/C5RA13528A.

Wang, Xiaoping, Shuyue Zhan, Zihao Huang, and Xiayun Hong. 2013. “REVIEW: ADVANCES
AND APPLICATIONS OF SURFACE PLASMON RESONANCE BIOSENSING
INSTRUMENTATION.” Instrumentation Science & Technology 41(6):574-607. doi:
10.1080/10739149.2013.807822.

Whitcombe, Michael J., Nicole Kirsch, and Ian A. Nicholls. 2014. “Molecular Imprinting
Science and Technology: A Survey of the Literature for the Years 2004-2011.”
Journal of Molecular Recognition : JMR 27(6):297-401. doi: 10.1002/JMR.2347.

Woznica, Marcin, Monika Sobiech, and Piotr Lulinski. 2023. “A Fusion of Molecular
Imprinting Technology and Siloxane Chemistry: A Way to Advanced Hybrid
Nanomaterials.” Nanomaterials 13(2). doi: 10.3390/NAN013020248.

Wu, G., F. W. Bazer, R. C. Burghardt, G. A. Johnson, S. W. Kim, X. L. Li, M. C.
Satterfield, and T. E. Spencer. 2010. “Impacts of Amino Acid Nutrition on Pregnancy
Outcome in Pigs: Mechanisms and Implications for Swine Production.” Journal of
Animal Science 88(13 Suppl). doi: 10.2527/JAS.2009-2446.

Wu, G., F. W. Bazer, S. Datta, G. A. Johnson, P. Li, M. C. Satterfield, and T. E. Spencer.
2008. “Proline Metabolism in the Conceptus: Implications for Fetal Growth and
Development.” Amino Acids 35(4):691-702. doi: 10.1007/S00726-008-0052-7.

Wu, Guoyao, Fuller W. Bazer, Teresa A. Davis, Laurie A. Jaeger, Greg A. Johnson, Sung
Woo Kim, Darrell A. Knabe, Cynthia J. Meininger, Thomas E. Spencer, and Yu Long
Yin. 2007. “Important Roles for the Arginine Family of Amino Acids in Swine
Nutrition and  Production.”  Livestock  Science  112(1-2):8-22.  doi:
10.1016/J.LIVSCI.2007.07.003.

Wu, Guoyao, Fuller W. Bazer, Jianbo Hu, Greg A. Johnson, and Thomas E. Spencer. 2005.

“Polyamine Synthesis from Proline in the Developing Porcine Placenta.” Biology of
Reproduction 72(4):842-50. doi: 10.1095/BIOLREPROD.104.036293.

Xue, Jinjuan, Yu Bai, and Huwei Liu. 2019. “Hybrid Methods of Surface Plasmon
Resonance Coupled to Mass Spectrometry for Biomolecular Interaction Analysis.”
Analytical and Bioanalytical Chemistry 411(17):3721-29. doi: 10.1007/S00216-019-
01906-Y/METRICS.

68



Yan, Hongyuan, and Ho Row Kyung. 2006a. “Characteristic and Synthetic Approach of
Molecularly Imprinted Polymer.” International Journal of Molecular Sciences 7(5—
6):155-78. doi: 10.3390/17050155.

Yan, Hongyuan, and Ho Row Kyung. 2006b. “Characteristic and Synthetic Approach of
Molecularly Imprinted Polymer.” International Journal of Molecular Sciences 7(5—
6):155-78. doi: 10.3390/17050155.

Yang, Kaiguang, Lihua Zhang, Zhen Liang, and Yukui Zhang. 2012. “Protein-Imprinted Materials:
Rational Design, Application and Challenges.” Analytical and Bioanalytical Chemistry
403(8):2173-83. doi: 10.1007/S00216-012-5840-Y/METRICS.

Ying, Yu, Nan Hu, Guang yuan Si, Ke Xu, Na Liu, and Ji Zhong Zhao. 2019. “Magnetic Field and
Temperature Sensor Based on D-Shaped Photonic Crystal Fiber.” Optik 176:309-14. doi:
10.1016/J.1JLEO.2018.09.107.

Zhang, Jian, Jeremiah Bowers, Lingyan Liu, Siwei Wei, G. A. Nagana Gowda, Zane Hammoud, and
Daniel Raftery. 2012. “Esophageal Cancer Metabolite Biomarkers Detected by LC-MS and
NMR Methods.” PloS One 7(1). doi: 10.1371/JOURNAL.PONE.0030181.

Zhang, Yawei, Yuzhu Liu, Haoyan Xi, Tianhua Meng, and Guozhong Zhao. 2022. “A
Mach—Zehnder Interferometer Refractive Index Sensor on a Spoof Surface Plasmon
Polariton Waveguide.” Electronics (Switzerland) 11(23). doi:
10.3390/ELECTRONICS11233944.

Zhang, Zhong, Jinhua Li, Xingliang Song, Jiping Ma, and Lingxin Chen. 2014. “Hg2+
lon-Imprinted Polymers Sorbents Based on Dithizone—Hg2+ Chelation for Mercury

Speciation Analysis in Environmental and Biological Samples.” RSC Advances
4(87):46444-53. doi: 10.1039/C4RA08163C.

69



	1.
	2.
	2.1.

