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ABSTRACT

With the current developments in biosensor and nanotechnology, detection

of analyses that are important to food industry are becoming more common-

place. One of the strong tools that nanotechnology enabled is Surface Enhanced

Raman Spectroscopy (SERS). SERS is a highly sensitive and specific technique

which provides molecular fingerprinting, with the enhancement effect as a result

of roughened noble metal surfaces. The platform for these surfaces are generally

made out of non-biodegradable, plastic materials. As the one-time use, large-

scale applications are needed for many fields such as medical, forensic and food

industry, disposability of these sensors will pose a problem in the future.

In the scope of this dissertation, we investigated the feasibility of a biodegrad-

able sensor platform that is made of zein, a corn protein, utilized in SERS mea-

surements of food analytes. First, the effect of parent substrate (the surface,

which zein was cast on) and plasticizer, oleic acid content, on the surface hy-

drophilicity of resulting zein films was analyzed. It was found that the surface

chemistry of the parent substrate was more important than the topography of the

parent substrate. Oxygen plasma was used to make the polydimethylsilohexane

(PDMS) surfaces more hydrophilic and it was found that zein film surfaces that

were in contact with PDMS also had more hydrophilic surfaces, compared to regu-

lar PDMS, which is a hydrophobic material. Water contact angle (WCA) method

was used to quantify the hydrophilicity of zein films. WCA reached values as low

as 20 degrees with a high oleic acid content. Increase in oleic acid content in the

formulation of zein films as well as the parent substrate chemistry was found to

influence the water affinity of zein films.
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In the development of the fabrication method of nanopatterned and gold

coated zein surfaces, a simultaneous three-dimensional transfer was used. Four

different nanopatterns, namely positive pyramids, inverted pyramids, nano pil-

lars and nano pores were transferred onto zein films along with either 80 or 200

nm gold coating by using solvent casting technique. Scanning microscopy images

showed that the patterns were transferred onto zein films with high fidelity and

success. The enhancement effect of these SERS substrates were tested by using

a model molecule, Rhodamine 6G. It was found that the best enhancement effect

was provided by inverse-pyramid structures coated with 200 nm gold. For the

rest of the study, these structures were used.

Zein-SERS substrates were utilized in two different food analyte detection

purpose, acrylamide and peanut allergen protein Ara h1. Acrylamide is a potential

carcinogenic compound that is formed during high temperature food processing.

French fries, potato chips, bread and coffee are some of the food products that

may contain high amounts of acrylamide. Since Food and Drug Administration

released a draft advisory for mitigation strategies for acrylamide content in foods,

there is a need for routine testing technique of acrylamide in food products. In this

research, acrylamide was detected by using zein-SERS substrates as a proof-of-

concept. Limit of detection was found to be 10 micrograms/milliliter. Calibration

curve was obtained with an R2 value of 0.93 and 0.97 for log-log version.

Peanut allergies are among the most common food allergies, and they can

result in life-threatening reactions in allergic patients. For this reason, it is ex-

tremely important to monitor the presence or cross-contamination of peanuts into

food products. There are 8 identified peanut allergen proteins and Ara h1, con-

sists of the largest percentage of protein content, in addition to causing reactions

in almost 100 % of the patients. zein-SERS substrates were utilized in detection

of Ara h1. With the use of statistical clustering technique called principal compo-

nent analysis (PCA), it was possible detect and quantify Ara h1 protein. Limit of

detection was found to be 0.14 mg/ml. The surface of the zein-SERS substrates

were functionalized with monoclonal antibody and tested for capturing Ara h1 as
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a proof-of-concept.

With this research, utilizing zein as a biodegradable sensor platform for SERS

measurements were investigated for the first time. It was shown that detection

of both acrylamide and Ara h1, peanut protein, was possible. The methods de-

veloped in this study for controlling the surface hydrophilicity of zein films and

direct transfer of both micro and nano-scale patterns onto zein along with noble

metals can be employed in other biosensor and biopolymer applications as well in

the future. This kind of biodegradable platforms might be an alternative solution

for environmentally friendly and large scale sensor applications.
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CHAPTER 1

INTRODUCTION

There is a need for useful, portable and inexpensive detection tools in the

food industry. Biosensors have emerged to fulfill this need and are under exten-

sive research to accomplish the actualization process. Biosensors are detection

tools, which couple a biological recognition element with a transducer for either

qualitative or quantitative detection of a certain analyte. For the utilization of

a biosensor, there is a need for a sensor platform, a detection unit and a means

to analyze the data. Biosensor platforms are generally made of plastic materials

that are not biodegradable. For applications that are mass-scale, every-day-use,

efficient disposal and waste management of these non-biodegradable sensors may

become an issue. Biodegradable materials could be the solution for the disposabil-

ity problem and provide an environmentally friendly alternative. Several materials

such as silk and paper platforms have been proposed and used as sensor platforms.

In this dissertation, zein was investigated as a potential platform for biodegrad-

able biosensor development. Zein is a prolamin, which is extracted from corn

gluten meal. It has been utilized as a biopolymer since it was proven to fabri-

cate free-standing films. Since zein is brittle in nature, plasticizers are used to

give flexibility and moldability to zein films. One of the methods to manufacture

free-standing films is casting. Casting includes the steps of preparation of a zein

solution either with or without plasticizer and pouring on an ultimately non-stick

mold, then after solvent evaporation films are peeled off from the mold. The first

objective of this study was to investigate the effect of plasticizer content and the

surface properties of the mold on the hydrophilicity of zein surfaces. To charac-

terize the surface water contact angle measurements, optical absorbance atomic
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force microscopy was used.

Biosensors utilize different physical phenomenon. They are generally classified

in regards to the physical property they use as part of a transducer. There are

optical, acoustic, piezoelectric, electrochemical, mechanical and electronic biosen-

sors. In this research, an optical method namely surface enhanced Raman spec-

troscopy (SERS) was used. Raman spectroscopy is a strong molecular detection

tool that gives fingerprints of the present molecules as a result of different vi-

brational modes. Even though Raman spectroscopy is a strong moleculer fin-

gerprinting technique, the intensity of inealastic scattering, which defines Raman

scattering phenomenon, is intrinsically weak. It is possible to enhance the signal

by means of photonic nano patterns that are used for surface enhancement. It

was discovered that the presence of metallic particles or structures at nano or sub-

micron scale in the vicinity of Raman measurement of an analyte results in high

enhancement of Raman signal. Either nanoparticles or nanopatterned platforms

are used for this purpose. The former gives more enhancement, but the latter is

preferred for accuracy and reproducibility purposes.

The second objective of this dissertation was to manufacture a platform with

noble metal coated nanopatterns on the biodegradable zein platform. Sub-micron

scale pyramid structures, nanopillars and nanopores were fabricated and compared

for the Raman enhancement effect of a model molecule, Rhodamine 6G. A novel

imprinting technique was developed in order to manufacture these platforms. The

technique included direct transfer of 3-dimensional metallic structures onto zein.

The third objective was to utilize the selected platform from the second ob-

jective, which was inverted pyramid structures with 200 nm gold coating, in de-

tection of acrylamide. Acrylamide is a food contaminant that is formed during

high-temperature processing of certain foods, such as bread, French fries, potato

chips and coffee. Since acrylamide is considered to be a potential carcinogenic

and neurotoxic compound for humans, there is a need for routine monitoring of

the levels in the product lines of food industry. Zein-SERS platform was uti-

lized for direct detection of acrylamide solutions at different concentrations and
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a calibration curve was obtained.

The fourth objective of this study was to detect a peanut allergen protein,

Ara-h1 by using the developed zein-SERS platform. Ara h1 is one of the 8 known

allergen proteins of peanut. Peanuts cause severe allergic reactions in certain

populations and it is among the most common food allergies. In order to provide

safety in food production lines, cross-contamination should be tested frequently

for the presence of peanut proteins in the system. In this research, as a proof-

of-concept, both direct detection and antibody-capturing of Ara-h1 protein was

tested. Principal component analysis technique was used to differentiate the pres-

ence and different concentrations of Ara h1 on zein-SERS platform.

This was the first time when zein, a biodegradable food polymer, was utilized

as a platform to develop SERS application. The feasibility of the sensor was

investigated by using a model molecule, Rhodamine 6G and two different analytes

that are important to food industry, acrylamide and peanut allergen Ara h1.
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CHAPTER 2

LITERATURE REVIEW

2.1 Zein

Zein comprises 50-70 % of the protein content of corn and it was first identified

by Gorham in 1821 (Holding and Larkins, 2009). Due to its low nutritional qual-

ity, it has since found value and use as an industrial polymer, especially after its

commercial production began in 1939 (Shukla and Cheryan, 2001). The protein-

rich by-products of corn processing include corn gluten meal (CGM) and corn

gluten feed (CGF) from wet-milling, and distillers dried grains (DDG) and dis-

tillers dried grains solubles (DDGS) from dry-milling (Shukla and Cheryan, 2001).

Zein can be extracted from any of these by-products; however the commercialized

zein is extracted from CGM (Anderson and Lamsal, 2011).

2.1.1 Amino acid composition and structure

Zein is a prolamin rich in proline and glutamine. Prolamins are not soluble in

water or ethanol, but soluble in water-ethanol mixtures. Zein was first classified

into different fractions by its solubility in aqueous alcohol solutions (Anderson

and Lamsal, 2011). Today, the nomenclature in use relies not only on solubility,

but also on molecular weight and amino acid structure. There are four fractions

of zein: alpha, beta, gamma and sigma. Each fraction constitutes approximately

71-85%, 10-20%, 1-5% and 1-5% of total zein protein, respectively (Wilson, 1991;

Anderson and Lamsal, 2011). α-zein is the most widely used because it is commer-
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cially available (Lawton, 2002). Zein fractions can be separated and observed by

sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) method.

α-zein is found as two different polypeptide forms having either 19000 Da or 22 000

Da molecular weight (Figure 2.1) (Shewry and Tatham, 1990). These fractions

are also referred to as 19 kDa and 22 kDa α-zeins, respectively.

Figure 2.1: Different fractions of zein separated by SDS-PAGE (Shewry and
Tatham, 1990)

Amino acid compositions of 19 kDa and 22 kDa α-zein are shown in Table 2.1.

Both α-zeins with different molecular weights have amphiphilic polypeptides, as

approximately %59 and %57 of the amino acids, respectively, are non-polar, such

as alanine, leucine and proline. There are three segments in α-zein structure

(Figure 2.2): 1) N-terminus consisting of 35-36 unique residues, 2) Repeat units

of 20 residues and 3) C-terminus of 10 residues. Shewry and Tatham (1990)

proposed that the difference between Z19 and Z22 is having either 9 or 10 repeat

units in the second segment. On the other hand, Argos et. al. 1982 argued that

the difference comes from extra 10-residue unit onto C-terminus in Z22.

The first model proposed for conformational structure of α-zein was by Argos

and colleagues in 1982. Based on the known amino acid sequence and Circular

Dichroism (CD) experiments, in which zein was found to have 50-60 % alpha-helix
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Table 2.1: Amino acid composition of 19 kDa and 22 kDa α-zein. Adapted from
(Shewry and Tatham, 1990)

Class Amino acid 19 kDa α-zein 22 kDa α-zein

Nonpolar Glycine 5 4

Alanine 29 34

Valine 5 15

Leucine 43 44

Isoleucine 9 8

Phenylalanine 13 9

Tryptophane 0 0

Proline 23 22

-OH Serine 15 16

Threonine 5 8

Tyrosine 8 8

-SH Methionine 0 5

Cysteine 2 1

Basic Lysine 0 0

Arginine 2 2

Histidine 2 3

Acidic Aspartic acid 0 0

(as aspargine) 10 12

Glutamic acid 1 1

(as glutamine) 41 50

Total 213 242

structure, they suggested that the protein forms 9 adjacent helical units forming

a distorted cylinder structure. Since CD experiments showed a high alpha-helical

content, the 9 repeating units of amino acids in the primary structure were pro-

posed to form these 9 alpha-helical units, combined with glutamine rich turns,

based on the primary structure. They also suggested that these alpha-helical

units show hydrophobic properties as most of the amino acids in the primary

structures were non-polar, as opposed to polar glutamine residues on the turns.

The helical units showed non-polar characteristics, self assembling through
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Figure 2.2: The amino acid sequences of Z19 and Z22 (Shewry and Tatham,
1990)

hydrophobic interactions, while the cap of the cylinders had polar glutamine-

rich turns, allowing for interaction during stacking and solvation processes (Argos

et al., 1982). The conformational model of Argos proposed that zein had sym-

metrical units with a 2:1 axial ratio. Tatham and co-authors (1993), with fur-

ther investigation of α-zein’s conformation in solution conducted by Small Angle

X-Ray Scattering (SAXS) and viscometric measurements modified the conforma-

tional proposal to form an asymmetrical rod-like structure. This structure was

suggested to give a better explanation of the film forming abilities of zein by

considering the orientation of the rods into two- and three-dimensional stacking

arrays (Tatham et al., 1993).They found different axial ratios from SAXS and

viscometric measurements due to the differences between these methods. The

dimensions they reported for rod-like structure were 15.3 nm in length and 0.69

nm in diameter (Tatham et al., 1993).

The most commonly used conformational model was developed by Matsushima

and colleagues in 1997 with the help of another set of SAXS measurements, in

which they calculated radius of gyration (Rg) and the corresponding radius of gy-

ration of the cross-section (Rc) and used these values to estimate the dimensions

of zein protein. They based their model on the findings of Argos’ model: zein

had alpha-helix tandem units joined by glutamine-rich turns or loops with N and
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C termini. However, they disagreed with the proposed axial ratio. Instead, they

proposed a model, in accordance with Tatham’s study, wherein the shape was

asymmetrical rather than a symmetrical cylinder. The model proposed had an

axial ratio of 6:1 and formed a ribbon-like structure whose geometry could be ap-

proximated by a helical capsule shapes (R1, R2, - , R9 shown in Figure 2.3) having

the following dimensions: L (13 nm) x W (3 nm) x D (1.2 nm) (Matsushima et al.,

1997). The proposed model can be seen in Figure 2.3. It is important to empha-

size that the repeating neighboring units have hydrophobic surfaces, whereas the

caps have hydrophilic loops and turns, giving the amphiphilic property to zein

protein.

Figure 2.3: Conformational model of α-zein (Matsushima et al., 1997)

There have been other studies proposing conformational models based on data

collected by Nuclear Magnetic Resonance (NMR) experiments (Bugs et al., 2004)

and Fourier Transform Infra-Red (FTIR) Spectroscopy experiments (Forato et al.,

2004b). However, their findings were not found to be credible by Momany and

coworkers, since these models used water as a solvent during modeling, and zein

is not soluble in water (Momany et al., 2006). The researchers using computa-

tional algorithms and published experimental data suggested that Z19 had three

segments of helical coiled-coils, which have 4 residues/turns compared to 3.6

residues/turn as in alpha-helix (Momany et al., 2006). This model also allowed
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the lutein (one of the carotenoids which is known to give zein its yellow color) to

fit in the three-helical structure. It was argued that this could explain the diffi-

culty in obtaining white zein (Momany et al., 2006). They reported an axial ratio

of 6 - 7:1, which is in accordance with Matsushima’s model (Matsushima et al.,

1997). However, they noted that no concrete experimental data have confirmed

any of the models proposed to date. They declared “No conclusive experimental

data exist that positively confirm any particular 3D model of α-zein. However,

the conformation described here is consistent with most physical measurements

and awaits a definitive experiment to prove or disprove its correctness (Momany

et al., 2006).

2.1.2 Solubility

Zein is soluble in a large number of solvents (around 70) and these solvents are

classified as primary (Evans and Manley, 1941), secondary/binary (Evans, 1944)

and ternary (Evans and Manley, 1944). Primary solvents alone can dissolve zein

in a concentration of more than 10%, secondary solvents need to be combined

with either water or an aliphatic alcohol to solve zein, and ternary solvents are

mixtures of solvents, water and an aliphatic alcohol (Evans and Manley, 1941;

Evans, 1944; Manley and Evans, 1943; Evans and Manley, 1944). A good solvent

for an amphiphilic protein, needs to have both polar groups and non-polar car-

bon/methyl groups (Lawton, 2002). Even though zein is soluble in various organic

solvents, such as ketones, amide solvents, glycols and chlorinated hydrocarbons,

aqueous alcohols are most commonly used to dissolve zein (Lawton, 2002; Shukla

and Cheryan, 2001). Aqueous alcohol used as a solvent is generally either ethanol

or 2-propanol (Anderson and Lamsal, 2011). Zein is soluble in between 40 and

95% ethanol solutions, optimum solubility being around 70 - 75%. Aqueous sol-

vents such as acetone, acetonylacetone, dioxane, and dioxolane were also found

to be comparable to aqueous alcohol solvents, however they resulted in very low

viscosity solutions (Manley and Evans, 1943). It was found that zein solutions
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in aqueous ethanol showed Newtonian behavior, with a decrease in viscosity as

ethanol content in water decreased (Fu and Weller, 1999).

2.2 Zein films

Zein has found a significant place in the field of biodegradable, natural mate-

rial alternatives to synthetic polymers owing to its film forming abilities (Lawton,

2002). It has been used as coating, adhesive and packaging material (Shukla and

Cheryan, 2001). Zein films are made in mainly two forms: resin films and cast

films. Resin films are obtained by first solubilizing zein and additional reagents

(e.g. plasticizers) in a solvent. This is followed by either kneading and rolling (Lai

et al., 1997), precipitating in cold water (5◦C) and kneading (Lai and Padua, 1997)

or extruding (Wang et al., 2003b). Films of high quality are obtained by casting

zein solution onto a non-stick surface and peeling off after solvent evaporation to

form free-standing films (Lawton, 2002).

Zein films are brittle and plasticizers are needed to make them more flexible

(Hansen, 1938). There have been numerous plasticizers identified and categorized

as either primary or secondary plasticizers (Lawton, 2002). Primary plasticizers

are grouped as follows: glycols, sulfonamides, fatty acids, amides, amines, esters

glycol esters and glyceryl esters (Hansen, 1938). Secondary plasticizers are found

to be effective only when they are used in combination with primary plasticizers,

the most commonly used, being glycerol (Lawton, 2002). A good plasticizer,

just as a good solvent, should have both polar and non-polar groups in order to

effectively interact with zein (Lawton, 2002). Most widely used plasticizers are

liquid organic molecules such as polyols, glycerol, mono- di-and oligosaccharides,

lipids, lipid derivatives and fatty acids (e.g. palmitic, stearic and oleic acid)

(Zhang and Mittal, 2010). The most effective of these plasticizers are amphiphilic,

such as triethylene glycol, dibutyl tartrate and oleic acid (Corradini et al., 2014).

Zein films plasticized with oleic acid have been extensively studied due to

their desired flexibility and hydrophobicity. The effect of different concentrations
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and different casting conditions of oleic acid on thermal (Santosa and Padua,

2000), mechanical (Santosa and Padua, 1999) and barrier properties (Lai and

Padua, 1998) of the films were investigated. Oleic acid was found to be one of the

most effective plasticizers as it provided more flexibility to zein films suggested

by its liquid crystalline state at room temperature (Yoshimoto and Sato, 1994).

Films plasticized with oleic acid have lower water permeability since oleic acid

is an unsaturated fatty acid, which is a desired quality in packaging applications

(Lawton, 2004; Lai and Padua, 1998).

Role of oleic acid in plasticized zein film formation

Several researchers looked into the mechanism behind plasticization of zein

films with oleic acid. Lai and colleagues proposed structural models for oleic acid

- zein complex, after conducting solid state Wide-angle (WAXS) and small-angle

X-Ray scattering (SAXS). They observed that the preparation method (either

resin or cast films) made a difference in the periodicity of the films, where resin

films had more periodicity compared to cast films (Lai et al., 1999). Because

of the fact that zein powder and zein films without oleic acid did not show any

periodicity in WAXS and SAXS experiments as opposed to zein films with oleic

acid, they suggested that oleic acid plays an important role in plasticized lm

formation. For the resin films, the proposed models are shown in Figure 2.4.

Table 2.2 summarizes the periodicity observed in zein films prepared in different

ways, as well as granular zein and zein fiber. The 4.9 and 10 Åd-spacings observed

in WAXS experiments were correlated with the inside packing of alpha-helices and

the packing with neighboring alpha-helices, respectively. The fact that granular

zein and zein fiber did not show any periodicity in SAXS patterns as opposed to

zein films containing oleic acid suggested that oleic acid plays an important role

in the film formation and periodicity.

Oleic acid can be seen in the form of bilayers having a 46 Å(for solid state) and

zein as forming stacks of two helical models, with dimensions in accordance with
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Table 2.2: WAXS and SAXS measurement results (d-spacing) of different zein
films (Lai et al., 1999)

Matsushima’s model (Lai et al., 1999; Matsushima et al., 1997). However, they

noted that the same periodicity did not apply to cast zein films. Additionally,

they did not have physical or chemical proof for how many oleic acid or zein layers

stacked together in these proposed models. The models were based on the finding

that zein’s secondary structure was not affected by the plasticization with oleic

acid. The authors noted that even though the side-chain spacing may change,

the alpha-helical structure (which accounts for 50% in zein) did not change as a

result of heating, dissolution and mechanical processes (Lai et al., 1999). They

explained this phenomenon as follows: “In the present study, the inter-chain

spacing between the alpha-helices is about 10.5 Å. Assuming the zein molecule

subunits in neighboring molecules are packed in a hexagonal array (considered to

be a reasonable packing because zein is a storage protein), this corresponds to a

diameter of the zein helix of 12.1 Å. This value is in good agreement with the 12

Åzein α-helix diameter assumed by (Matsushima et al., 1997) for construction of

their model, with values of 10-14 Åbeing considered reasonable depending on the

side-chain lengths.” This claim was supported by follow-up studies by the same

group (Wang et al., 2005).

They did another set of SAXS and WAXS experiments and based on the

d-spacings (they did not change), and they concluded that zein’s alpha helical

structure was not affected by film forming process with plasticizer. In addition,
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Figure 2.4: Left: Proposed model for zein-oleic acid complex for resin films.
Right: proposed alternative stacking options These models were proposed based
on the WAXS and SAXS data, in addition to Matsushima’s model of zein
structure: L (13 nm) x W (3 nm) x D (1.2 nm). (Lai et al., 1999)

Xu and associates found through FTIR studies that secondary structure of zein

plasticized with oleic acid did not differ from that of unplasticized zein films (Fig-

ure 2.5) (Xu et al., 2012). Rather, they suggested that oleic acid contributes to the

supramolecular orientation of zein films through non-covalent bonding such as hy-

drophobic interactions, electrostatic interactions and/or van der Waals forces(Xu

et al., 2012).

For cast films, several differential scanning calorimetry (DSC) experiments

showed that not all oleic acid was interacting with zein within films. DSC peaks

observed at 7.1 ◦C (melting of oleic acid) and at -0.9 ◦C and -4.3 ◦C (crystal-

lization of oleic acid) suggested that oleic acid separated from cast zein films,

as opposed to resin films in which these peaks were non-existent, where these

peaks were non-existent as shown in Figure 2.6 (Lai and Padua, 1997). This was

interpreted as higher interaction of zein with oleic acid in resin films, resulting
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Figure 2.5: Top: FTIR spectra of zein films without and with plasticizers or
combination of plasticizers. Bottom: Calculated secondary structures based on
FTIR measurements (Xu et al., 2012)

in a stronger structural organization (Lai and Padua, 1997). The unbound oleic

acid phenomenon was observed again by the same group when they were studying

re-plasticization effects (Santosa and Padua, 2000).

DSC experiments conducted for plasticized zein films showed melting peaks of

oleic acid at 5-7 ◦C, which suggested the presence of free oleic acid, which could

be explained by incomplete miscibility of oleic acid with zein matrix. Based on

these findings, it was proposed that cast zein films have oleic acid that is both free

and bound and it is rather randomly stacked in between zein layers (Lai et al.,

1999).

Oleic acid is an amphiphilic molecule, with a carboxylic (-COOH) head and a
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Figure 2.6: Differential Scanning Calorimetry measurements of cast zein films
(dotted line) and resin zein films (solid line) Melting peak at 7 ◦C and
crystallization peaks at - 0.9 ◦C and -4.3 ◦C of oleic acid were only observed for
cast films (Lai and Padua, 1997).

carbon tail (18 C) with a methyl (-CH3) end. The question whether oleic acid uses

carboxylic or methyl end to interact with zein prompted a number of investiga-

tions using surface plasmon resonance (SPR) and NMR techniques (Wang et al.,

2004b,a; Forato et al., 2004a). SPR is an optical sensing technique, which consists

of a reflective surface (such as gold), and a detection system to observe the change

in refractive index as a result of molecules adsorbing/binding to the gold surface.

SPR system is shown in Figure 2.7. The mechanism behind SPR is that when

polarized light (through prism) is incident on a metal-dielectric (air/water) inter-

face, it creates an oscillation of electrons on the metal surface which propagates

parallel to this interface. Thus it is very sensitive to any disturbance that may

occur on this interface, e.g. a molecule binding to the surface. The change in the

properties of reflected light is correlated with the presence and quantity of the

binding molecules and this is detected by the optical detection unit (Figure 2.7).

Specificity of these sensors is provided by immobilizing capture molecules on the
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gold surface that binds to specific target analytes (orange dots in Figure) in the

flow channel.

Figure 2.7: Schematic of Surface Plasmon Resonance sensor. When the
molecules bind to the gold side of the sensor chip, resonance angle shifts and the
change in this angle can be observed kinetically as shown in the plots(Cooper,
2002).

Wang and coworkers used this system to study zein’s affinity towards car-

boxylic and methyl molecular groups, which would be an indication of zein-oleic

acid inter-action. After functionalizing the gold surface with 11-mercaptoundecanoic

acid (-COOH end) and 1-octanethiol (-CH3 end), the surface was flushed with

zein and washed with buffer in order to get rid of the excess (Wang et al., 2004a).

These dynamic adsorption experiments showed that both the adsorption rate and

maximum adsorption value were higher for zein on carboxylic end compared to

methyl end. The results indicated that zein had higher affinity towards hydrophilic

surfaces compared to hydrophobic ones. Furthermore, it was suggested that zein

must be interacting with oleic acid through its carboxylic end (Wang et al., 2004a).

Atomic force microscopy (AFM) images showed that zein formed high rising,

rougher monolayers on hydrophilic surface (with 11-mercaptoundecanoic acid) as
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opposed to smooth, short monolayers on hydrophobic one (1-octanethiol). This

finding was interpreted as zein having a different footprint on these surfaces, and

using different sides of the ribbon-like structure (Figure 2.3) to interact with and

adsorb onto different molecular moieties (Wang et al., 2004b).

The hypothesis that oleic acid might be interacting with zein through car-

boxylic end was further confirmed through 13C NMR studies 13C. Interaction of

13C labeled oleic acid with Z19 zein was studied and the results were interpreted

as oleic acid interacting with zein through electrostatic interactions, rather than

hydrophobic or ionic bonds. It was proposed that the carboxyl proton was disso-

ciated as a result of this electrostatic interaction. The sites on zein to attract the

oleic acid was suggested to be the arginine amino acids which provide a positive

charge that attract the negatively charged carboxylic acid groups on oleic acid

Since the number of arginine amino acids are limited, authors have commented

that when larger quantities of oleic acid was used it was found in both bound and

free form (Forato et al., 2004a).

2.2.1 Surface properties of zein films

Water contact angle method

One of the important characteristics of zein films are the surface properties,

such as wettability/water affinity and micro/nano structures formed on the sur-

face. These properties have been shown to affect certain physical properties,

such as water vapor permeability, oxygen permeability, cell attachment, absorp-

tion and adsorption of solvents/molecules that zein films come into contact with

(Dong et al., 2013).

Surface wettability can be characterized by measuring the water contact an-

gle (WCA). WCA is widely used to classify the surfaces based on hydrophilicity

and hydrophobicity. It is measured by dropping a certain volume of water onto

the surface of interest and measuring the angle between the droplet and surface.

Figure 2.8 shows the range of WCA from 0 to 180 degrees. Increase in water
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Figure 2.8: Water contact angle and wettability θe. Adapted from (Lee and
Owens, 2011)

contact angle above 90 degrees is the result of hydrophobicity and above 150 de-

grees surfaces are super-hydrophobic. In contrast, decreasing water contact angle

is associated with hydrophilicity, wettability, adhesiveness and increase in surface

energy. Water contact angle measurements are done by dropping a known volume

of water on the surface of the material of interest and measuring the tangential

angle between the surface and the edge of the droplet. The equipment used in this

study was VCA Optima from AST products, inc. The equipment had a measuring

range of 0-180 degree, with 0.5 degree accuracy. Highest magnification was 51:1

and the sample stage had the dimensions of W: 6.5 in, L: 9 in and H: 2.5 in. The

equipment had a 100 ml syringe and it was possible to automate the droplets on

the surface with a range of 150-500 droplets.

The effect of different processing and production methods for zein on WCA

were examined by several researchers. Yoshino and coworkers studied the effect

of solvent, zein concentration and drying conditions on water contact angles, and

found that zein surface’s water affinity can be tuned by changing these parameters.

They used polyethylene (PE) sheets to cast zein on and observed that WCA

ranged between around 40 and 78 for the surface that was in contact with PE

sheets (basal side). On the other hand, air side of the zein films differed than

that of basal side. Air side had lower WCA, ranging between 20 and 50 degrees

(Yoshino et al., 2000). Water contact angle measurements were reported as in

18



Figure 2.9. It was observed that for majority of the cases, WCA on the basal side

of the zein films were higher than that of air side. The difference between the air

side and basal side was observed on a visual level as one surface being dull and

the other glossy when cast on a non-stick surface (Lai and Padua, 1997).

Figure 2.9: Water contact angles of zein films cast on PE sheets with different
conditions. White bars: air side, black bars: basal side. A/E: Acetone or
Ethanol solution, First number: initial concentration of zein, Second number:
drying temperature, Last number: drying relative humidity (Yoshino et al.,
2000)

In some cases, hydrophilicity is favored for zein film surfaces. For example 3-

minutes of UV/Ozone treatment reduced WCA from 82 to 11 degrees (Shi et al.,

2009). Furthermore, in the same study the difference between using acetic acid

versus ethanol as a solvent for zein was studied. Films prepared with ethanol were

more hydrophilic compared to films prepared with acetic acid. It was suggested

that zein used different surfaces to form films, either stacking on top of hydropho-

bic surfaces, lateral sides of the helical structure as described in Matsushima’s

model (Figure 2.3), or stacking up in a vertical way which results in a hydrophilic

surface (Shi et al., 2009).

In other cases, hydrophobicity is the desired property. In order to make the

surface more hydrophobic, different approaches were tried. Biswas and associates
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(2009) used derivatization with octenyl succinct anhydride and alkyl and alkenyl

ketene dimers and observed an increase in WCA, from 67 up to 96 degrees. Shi

and coauthors used acylation in a later study and found an increase in WCA

from 75 to 86 degrees when zein films formed after chemical modification with

laury chloride acylation (Shi et al., 2010). A recent study showed that it was

possible to obtain zein films with very hydrophobic characteristics (up to WCA

119) when cast on gold surfaces functionalized with methyl groups. The authors

found that both solvent and zein concentration played a role in the water affinity

of the surfaces. WCA decreased (from 115 to 73 degrees) with an increase in zein

concentration (from 0.5 mg/ml to 5 mg/ml) when prepared with 80 % ethanol

solution. On the other hand, when the zein concentration was kept constant at

0.5 mg/ml, WCA first increased (105 till 119 degrees and decreased 110 degrees)

with an increase in ethanol content (40 % till 80 % and 95 %, respectively). They

explained this process as evaporation induced self-assembly (EISA) owing to the

amphiphilic characteristics of zein protein (Dong et al., 2013).

Atomic Force Microscopy

Atomic Force Microscopy (AFM) is also useful in studying changes in surface

characteristics. In this method, a cantilever with a very sharp tip, with a nanome-

ter scale radius of curvature, is used to scan a surface. The forces between the

tip and the surface is measured by a laser and detector system and reconstructed

into an image. AFM is different than other microscopy techniques as it is not the

actual image, but an approximation of the surface properties and particularly the

surface topography at the nanoscale. AFM operates mainly in either the contact

mode or non-contact (tapping) mode. Contact mode is generally used for force

measurements, whereas tapping mode is used for topography. Also as a general

rule, it is suggested to use tapping mode for soft surfaces and contact mode for

hard surfaces.

In contact mode (Figure 2.10), which is also referred to as static mode, tip is in

contact with the surface and the force interaction of the tip with the surface can

be used to measure surface properties. Cantilever, which holds the tip approaches

20



Figure 2.10: AFM Contact mode mechanism. Cantilever is in contact with the
surface throughout the measurement while the height of the cantilever is
adjusted based on the feedback loop (Asylum AFM-MRP-3D Manual)

the surface from a distance until it is in contact with it, any further movement

would alter the deflection of the cantilever and/or damage the sample. Through

the feedback system, the cantilever is pulled back to the original position. The

force that the tip is exposed to while pulling back is related to the surface chem-

istry/physical properties in the form of adhesion or compliance. When working

with soft samples, the contact mode tends to damage the sample and/or pick up

debris from the surface. For this reason, tapping mode, also referred to as AC

mode, was developed. In tapping mode (Figure 2.11), the cantilever is oscillating

with a sinusoidal wave whose amplitude is kept constant through feedback mech-

anism. For instance, when there is a high feature on the surface, cantilever does

not have the same space to oscillate and the amplitude decreases. On the other

hand, when there is a dip on the surface cantilever has more space to oscillate and

the amplitude increases. The detector measuring the change in amplitude thus is

able to give out the topography of the surface.

The reconstructed image by AFM depends on several parameters such as tip

geometry, tip material, surface chemistry and surface topography. Same sample

might give different AFM images, when scanned with different tips, for this reason

one should always keep in mind that an AFM image is not a photography of the

sample surface, rather it is a convoluted image of the interaction between sample

and the tip (West, 2007). In order to overcome this limitation, researchers need
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Figure 2.11: AFM Tapping mode (AC) mechanism. Top: Cantilever oscillates
with a certain amplitude while going over the surface. Bottom: height of the
cantilever is adjusted based on the feedback to avoid cantilever damage (Asylum
AFM-MRP-3D Manual)

to select the tips with care. The material that the tip is composed of, its force

constant and the geometry are all important parameters, need to be optimized

depending on the application. In addition, working in a dust-free environment,

such as clean rooms, would help eliminate the tip picking up contaminants and

introducing error to the AFM images.

Zein films have been studied using AFM by several researchers (Subramanian

and Sampath, 2007a; Wang et al., 2003a, 2008) in order to understand the surface

topography and relate the topography to hydrophilicity or hydrophobicity. Zein’s

ability to self-assemble on both hydrophobic and hydrophilic surfaces was inves-

tigated and found that zein forms films with rough, vertical like surfaces when

cast on hydrophilic surfaces and had smooth features when cast on hydrophobic

surfaces. In order to form hydrophobic surface, researchers used self-assembled

monolayers (SAM) with a methyl end, and to form hydropilic surface, SAMs with

a carboxylic acid end was used. These gold films with SAMs were immersed in

zein solution (in 2-propanol) for 2 hours and rinsed with the solvent to remove

loosely bound molecules. Figure 2.12 shows the AFM images of zein surface when
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cast on hydrophobic (left) versus hydrophilic (right) SAMs. Surface roughness,

reported as rms, was 1.35 nm for methyl-ended SAMs, whereas it was 4.7 nm

for hydrophilic SAMs. The difference in the surface topography was interpreted

as zein stacking on top of each hydrophobic helical group, resulting in a smooth

surface when cast on methyl-ended SAMs. On the other hand, the packing during

film formation occurred on top of the hydrophilic glutamine turns side of zein (as

illustrated in Figure 2.13.

Figure 2.12: Atomic Force microscopy images of zein films a) on hydrophobic
surface and b) on hydrophilic surface. The surface roughness for a is 1.35 nm
whereas for b is 4.7 nm (Subramanian and Sampath, 2007a)

Another study which utilized Surface Plasmon Resonance system also showed

similar results, i.e. hydrophilic surfaces having rougher features compared to hy-

drophobic ones. Zein solutions were run through gold surfaces that were function-

alized with 1-octanethiol (hydrohobic) or 11-mercaptoundecanoic acid (11-MUA)

(hydrophilic) (Wang et al., 2003a). Figure 2.14 shows the AFM images of zein

film surfaces formed after SPR measurements. It was observed that zein formed

uniform, smooth stuctures on hydrophobic surface and ring or cylinder like rough

features on hydrophilic surface. Zein was thought to interact with methyl ends

through hydrophobic interactions, whereas it adsorbed onto hydrophilic surface by

using glutamine rich turn helical caps, which resulted in rough surface features. In

this study, it was also noted that after zein solution (in 75% ethanol) run through
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Figure 2.13: Proposed model of zein’s film forming mechanism on top of
hydrophilic (carboxylic-ended SAMs) and hydrophobic (methyl-ended SAMs)
based on Matsushima’s model (Subramanian and Sampath, 2007a)

Figure 2.14: Atomic force microscopy images of zein adsorbed onto 1-octanethiol
surface (left) and 11-mercaptoundecanoic acid surface (right) (Wang et al.,
2003a)

SPR system, it was flushed with water, which introduced a change in polarity and

caused zein to form cylinder-like structures on top of carboxylic-ended 11-MUA

SAMs (Wang et al., 2003a).
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2.3 Biosensors

In the food and agricultural industries, detection and monitoring of biological

and chemical contaminants are crucial to ensure safety. For this reason, a va-

riety of sophisticated analytical tools have been developed. Some examples are

GCMS (Gas Chromatography - Mass Spectrometry), HPLC (High Performance

Liquid Chromatography), ELISA (Enzyme linked immunosorbent assay) and PCR

(Polymerase Chain Reaction). Most of these techniques require a laboratory with

trained personnel and are generally time consuming. Thanks to developments in

nanotechnology and molecular biology, biosensors that are sensitive, robust, fast,

cost-effective and portable have become possible. Biosensors combine a biological

recognition element with a physicochemical detector (Van Dorst et al., 2010).

The detection element of a biosensor can be electrochemical, optical, acoustic

or colorimetric. The most common electrochemical biosensors are glucose sen-

sors, which have been used for three decades to measure blood glucose levels.

Even though glucose sensors for personalized home use are not as accurate as lab

results, they have been widely accepted due to their low cost, ease of use and

portability leading to point of care outcomes. Research has advanced since then

on how to develop automated biosensors that are linked to insulin release (Oliver

et al., 2009). The growth and success of biosensors is evident by this example and

the biosensor industry today is worth billions of US dollars (Turner, 2013). De-

spite their success, biosensors have some challenges and limitations such as false

positives, false negatives, lack of specificity, inadequate sensitivity and need for

expensive equipment. False positives and false negatives can be equally harmful

for certain areas, such as medical testing. False positives are observed when an

unharmful analogue of a targeted analyte binds to the capturing element of the

biosensor and gives positive result when in reality the analyte does not exist in

the system. On the contrary, false negatives are observed the capturing element

is unable to form a bond with the analyte due to problems such as diffusion, and

this results in a negative reading even though the analyte is existent in a given
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system. Lack of specificity can be caused by the high cost of producing highly

specific capture elements, such as monoclonal antibodies. When the biosensor is

produced with a marker that has affinity towards both harmful and unharmful

analytes, the results may become hard to interpret. Inadequate sensitivity hap-

pens when signal to noise ratio is not at desired level or when there is interference

from the medium to the measurement. Many of the highly specific, accurate and

sensitive biosensors also require an expensive equipment set up.

Biosensors can make use of several different physical phenomenon, such as

thermal, electrochemical, electrical, mass and optical properties. In the research

of this dissertation, we utilized an optical technique: surface enhanced Raman

spectroscopy, which is explained in detail in the next section.

2.4 Surface Enhanced Raman Spectroscopy

Light can interact with a medium in various ways, such as reflection, emission,

transmission, absorption, diffraction and scattering (Figure 2.15). Each of these

phenomena can be utilized in order to understand the nature of the medium

by comparing the properties of the incident light source with what is collected

back after interacting with the medium. For instance, when light scatters from a

medium, its direction and energy might change as a result of the interaction with

the molecules that constitutes the medium. Raman scattering is defined as the

situation where the energy of the scattered light is different than that of incident

light, which was first discovered by Sir C.V. Raman (Raman and Krishnan, 1928).

It is possible to measure the energy of the light that is sent to and scattered

back from a sample. When the energy of light of the incident light is the same

as the scattered light and there is no energy dissipation the phenomenon is called

elastic scattering and has been name after its discoverer as Rayleigh scattering.

Elastic scattering is the most commonly observed form of light scattering. When

the energy is different between the incident and scattered light, it is called inelastic

or Raman scattering. Raman scattering can be observed in two forms. In the first
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Figure 2.15: Interaction of light with a medium in different forms. Adapted from
Zhang 2012

case the energy of the incident light is higher than the energy of scattered light

(Stokes); in the second case the energy of the scattered light is higher than the in-

cident light (Anti-Stokes). When light interacts with molecules, first the energy is

absorbed and the molecules reach a temporary higher virtual energy state. Then,

the light is emitted and the molecules go back to the ground energy states, as

shown in Figure 2.16a. Most light scattering occurs as elastic Rayleigh scattering,

whereas Raman scattering happens only 1 in every 107 incident photons.

Figure 2.16: a) Energy level diagram of light scattering where E: energy of the
photon, h: Planck constant, v: frequency of the photon (Barron, 2013). b)
Example Raman spectrum of potassium permanganate showing both Stokes and
Anti-Stokes regions (Johnson et al., 2012)

A typical spectrum showing Stokes and Anti-stokes scattering is displayed in
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Figure 2.16b. Raman spectrum is plotted as the intensity of the collected photons

vs wavenumbers. Wavenumbers have the unit of cm-1, which is the reciprocal of

the wavelength. Wavenumbers (w) represent the difference between the frequency

of laser wavelength (ν0) and frequency of scattered light (νm) calculated by the

following equation, where c is the speed of light.

w =
ν0
c
− νm

c
(2.1)

For each molecule, absolute values of stokes and anti-stokes wavenumbers are

identical. Stokes region has positive wavenumbers, whereas Anti-stokes region has

negative wavenumbers. Anti-stokes intensity is much smaller compared to Stokes

as it is less likely to have a molecule on a higher ground electronic state to begin

with. For this reason, for most applications, only Stokes region is reported in the

Raman spectrum. In the ensuing discussions in this dissertation, Stokes shifts

will be referred to as Raman signals/shifts.

The reason for the Raman shifts is the vibrational modes of the molecules,

and they are highly specific to the specific molecular bonds. Raman Effect only

happens when the polarizability of the molecule changes, unlike Infra-Red spec-

troscopy, which requires a change in dipole moment of a molecule. The peak

position of a bond is determined by two factors: the force constant and vibra-

tion mode (e.g. stretching, bending) of the bond, and the reduced mass of the

molecules involved in the bond. Vibration modes are shown in Figure 2.17. The

peak positions of stretching vibrations for the same molecule is observed at higher

wavenumbers compared to bending ones.

Stronger bonds, e.g. C=C, compared to weaker bonds, e.g. C-C, also occurs

at higher wavenumbers. Lastly, the molecules with low molecular weight, hence

low reduced mass occurs at smaller wavenumbers. These rules apply to molecules

in the absence of other molecules. When there are surrounding molecules, the

band position might shift or overlap and width of a peak might change due to

the influence of the surrounding molecules on a particular molecule. Some of the
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Figure 2.17: Different modes of molecular vibrations for a three-atom molecule.
Twisting, wagging, rocking and scissoring are types of bending vibrations
(Nawrocka and Lamorska, 2013)

Raman peak positions are given in Table 2.3.

Bandwidth can be influenced by a number of factors, the most important one

being the molecular neighborhood in addition to the spectral resolution, which is

influenced by the grating and laser type used in the Raman spectrometer (Nas-

dala et al 2004). For instance, amorphous materials have broader Raman bands

compared to crystalline ones. In addition, certain molecular interactions, such as

Hydrogen bonding, may cause a shift and/or broadening of the bands, which is

similar to the broadening phenomenon observed in Infra-red spectroscopy. Apart

from the effects arising from the sample, the instrumental parameters, such as

spectral resolution and laser wavelength stability, may also affect the bandwidth.

For instance, if the spectral resolution is low, the bandwidth will be larger as

the instrument will not be able to resolve fine details, on the other hand with

high-resolution one would obtain sharper peaks with a smaller bandwidth.

The factors affecting the Raman peak intensity can be divided into two; pa-

rameters related to the instrument and parameters related to the sample. The

instrument effect consists of three parameters: detector efficiency, analyzed vol-
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Table 2.3: Wavenumbers for some molecular groups (Vandenabeele, 2013)

ume and the laser intensity. The area of the collected signal is inversely related

to the intensity, i.e. larger the area, smaller the intensity. The intensity of the

laser is directly proportional to the intensity. Shorter wavelength of laser results

in higher intensity. However, too strong lasers, such as UV range, may result

in degradation of the sample. Raman intensity is directly correlated with the

number of molecules under the measured area, i.e. concentration as well as the

average polarizability of the molecule. Polarizability is defined as the ability of the
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molecule to respond to an electric field with a distortion in its electron cloud. In

general, molecules with higher molecular weights have higher polarizability since

they held onto the electrons more loosely. Molecular orientation may also affect

polarizability as a result of having electron dense sites within the molecule.

The bands are generally classified as weak, medium and strong based on their

relative intensity compared to the most intense Raman band. The collection of

Raman spectrum can be hindered by absorption effects of the medium. The inci-

dent or scattered light might be absorbed by the medium, which results in lower

intensity of Raman peaks. Raman intensity is affected by both laser frequency

and laser power. Higher the frequency and laser power, higher the Raman inten-

sity. If some of the energy of the laser is absorbed by the medium and cannot be

used to excite the target molecule, this results in a decrease of intensity of Raman

peaks.

Ambient light, photodecomposition of the sample and fluorescence of the sam-

ple interfere with Raman spectroscopy. Since ambient light has the visible light

spectrum of wavelengths and certain lasers such as 532 nm and 633 nm are also in

the visible range, ambient light could potentially introduce noise and interference

to the collected data. Ambient light effect is generally eliminated by working in

a dark room. Photodecomposition can be controlled by choosing a laser with a

suitable wavelength and exposure time. On the other hand, fluorescence, which is

frequently observed with colored biological samples, is a severe interference as it

gives a large broad peak. In order to eliminate fluorescence, longer wavelength of

laser lines might be chosen. Unfortunately, since the Raman intensity drops with

the 4th power of laser frequency, this would strongly affect and reduce the Raman

intensity. Another technique would be to photobleach the sample or removing

its color before taking Raman measurement, but it has the risk of damaging the

sample if waited for long times. For this reason, post-processing techniques, such

as baseline subtraction and smoothing might be used to eliminate the fluorescence

effect on Raman signal.

Baseline corrections
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In order to eliminate the noise in a Raman spectrum that arise from other

phenomena than Raman, such as fluorescence or background radiation, baseline

correction is usually applied. This can be done in two ways: first by selecting the

points that are on the assumed baseline and subtracting it from the spectrum,

second is to fit a curve, either exponential or polynomial, to the baseline and

subtract this from the spectral data. The first method is very time consuming for

large sets of data. The second method might not be fully accurate if an n-degree

polynomial does not fully fit the baseline. In certain Raman software programs,

it is possible to automatically fit a curve to the baseline and manually add several

points to the baseline to obtain the best-fitted baseline curve. An example of

polynomial curve fitting is given in Figure 2.18 where the impact of an iterative

procedure on the quality of the spectrum is shown. The data clearly shows that

a relatively precise fit of the baseline results in significant improvement in the

Raman spectrum obtained.

2.4.1 Raman spectroscopy

Raman shifts are currently measured by Raman spectrometers. These can be

custom-made in various forms, however there are mainly two commercial forms

of Raman spectrometers; dispersive Raman and Fourier-transform (FT)-Raman

instruments. The diagram for these are shown in Figure 2.19a and b, respectively.

Dispersive Raman systems utilizes a grating and multi-channel detector, such

as charge-coupled device (CCD), whereas FT-Raman systems use a multiplexer

and inverse Fourier-transformation to obtain the Raman spectrum. Laser wave-

lengths used in dispersive Raman are 514, 532, 633, 785 and 850 nm, on the other

hand longer wavelength, 1064 nm, is preferred in FT-Raman systems.

Surface Enhanced Raman Spectroscopy

Raman spectroscopy is capable of giving molecular level information. It is

non-destructive, if a suitable laser wavelength and exposure time are selected so

that the sample is not damaged. It is also a label-free technique, i.e. it does not
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Figure 2.18: Baseline correction on a Raman spectrum. The solid line on top
represents the original spectrum, the dotted line represents the fitted baseline
curve, and the solid line at the bottom shows the subtracted spectrum. a) First
iteration b) seventh iteration (Vandenabeele, 2013)

require any fluorescence dye/quantum dots/enzymatic tags for detection purposes.

However, the Raman signal is inherently weak due to the low chance of occurrence

of inelastic light scattering. There are certain approaches to enhance the signal,

such as tip enhanced Raman scattering, resonance enhanced Raman Scattering,

surface enhanced Raman scattering and sometimes a combination of these.

Surface Enhanced Raman Scattering (SERS) effect was discovered in 1977
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Figure 2.19: Diagram of dispersive Raman (a) and FT-Raman instruments (b)
(Vandenabeele, 2013)

(Jeanmaire and Van Duyne, 1977; Albrecht and Creighton, 1977), after being

observed for the first time in 1974 as an enhanced Raman signal of pyridine on

rough silver surfaces (Fleischmann et al., 1974). It was hypothesized by Martin

Moskovits that this enhancement was a result of excitation of surface plasmons

when sub-micron or nano-sized noble metals were in contact with a laser source

(Moskovits, 1985). Surface plasmons are defined as ‘collective and periodic free

electron movement in the metallic structures under the electromagnetic excitation’

(Liu, 2010). A schematic for this periodic electron oscillation is shown in Figure

2.20. Metals with high density of electrons have some free electrons that are

not bound to the nucleus and thus can be excited with an electromagnetic field

within the physical boundary of the metal. When the excitation wavelength of

the incident light, i.e. laser, matches the resonance mode of the nanophotonic

structure, these oscillating electrons form a dipole and are capable of reemitting

light. This reemitted light, may excite the surrounding molecules and the metal

itself, resulting in an enhanced electromagnetic (EM) field in addition to the
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incident EM field.

Figure 2.20: Schematic diagram of plasmon resonance on a flat surface (a) vs
localized surface plasmon on a spherical nanoparticle (b). The free electrons
oscillate with the electromagnetic wave as shown in this figure (Willets and
Van Duyne, 2007)

Enhanced EM field is the most commonly accepted and studied phenomenon

behind SERS technique. Enhancement of EM field is highly dependent on the

shape, size, and aspect ratio of the surface roughness, the electron density of the

metals and the wavelength of the laser used (Petryayeva and Krull, 2011). It was

found that the electron density can be artificially engineered to be concentrated

at very small surface areas, such as sharp tips, corners and contact points, which

results in so-called “hot spots” in SERS. These are the regions where the local-

ized surface plasmon resonance is observed. There are two important factors to
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take into consideration about SERS. First, the enhanced EM field dissipates as

the molecules move away from the hot spots. Second, the wavelength of the laser

should be carefully picked to match the surface resonance modes. The wavelength

of the laser can be determined with the help of transmittance/reflectance mea-

surements on a nanophotonic surface. Since the metals mostly used, gold and

silver, are highly reflective when their surface is smooth, choosing the wavelength

at which the light is absorbed would be indicative of the case where the light

couples with the rough surface (Liu, 2010).

Another reason to cause enhancement of the Raman signal in SERS is the

chemical-enhancement effect. The chemical-enhancement has been suggested to

arise from several different mechanisms, physisorption, chemisorption and charge-

transfer. Chemical enhancement is not as effective as the EM enhancement effect.

It can provide 100 folds of increase in the signal in contrast to potential 106-

109 enhancement with noble metal coating. However it might cause new Raman

bands to occur or the position of existing Raman bands to shift as a result of this

chemical interaction of the analyte with the surface metal (Vandenabeele, 2013).

Fabrication of SERS-active substrates

There are mainly two ways to fabricate SERS-active substrates: bottom-up

chemical synthesis and top-down nanofabrication. Bottom-up techniques involve

wet chemistry where different shape and size of nanoparticles are synthesized.

Some of the reported shapes of nanoparticles are rods, pyramids, plates, spheres,

micelles etc. (Burda et al., 2005).

Plasmon resonance is influenced by shape and size of these nanoparticles. The

simplest form and widely used nanostructures are nanospheres, such as silver

or gold nanospheres as shown in Figure 2.21. Gold nanospheres show plasmon

resonance around 520 nm wavelength and it can only be tuned within 50 nm range

(Sun et al., 2003). On the other hand, silver nanoparticles show plasmon resonance

at lower wavelengths. Nanoshells, nanorods, triangles, cubes and nanorices have

more tunable characteristics depending on the fabrication as shown in Figure

2.21, they have a longer range which they can exhibit plasmon resonance (Lal
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Figure 2.21: Nanoparticle resonance range of plasmon resonances for a variety of
particle morphologies (Middle). Electron micrographs of gold spheres (a), silver
spheres (b), silicon oxide/silver (core/shell) nanoshells (c), nanorods (d),
triangular plates (e), nanocubes (f) and nanorices (g). (Retrieved from Liu et al.
(2013b), Lal et al 2011, Grabar et al 1995, Wiley et al 2004, Nikoobakht and
El-Sayed 2003, Washio et al 2006, Wiley et al 2006, Wang et al 2006)

et al., 2011). Branched nanostructures, such as stars can be adventegous due to

their sharp edges in creating hot spots of enhanced electron magnetic field due to

plasmon resonance (Barbosa et al., 2010).

These structures can be prepared by several methods, such as sol-gel, pyrolysis,

chemical precipitation and chemical reduction (Burda et al., 2005). Inorganic

polymerization reactions are used in the sol-gel method. Precursors of the metal

or nonmetal alkoxides are the initial compounds and they are hydrolyzed with

water or alcohols. Condensation of water or alcohol follows the hydrolysis process

to obtain the gel. Then this gel is dried and decomposed at high temperature

in order to remove the solvent. Control of the particle size is achieved by tuning

solution composition, pH and temperature. Nanostructures such as TiO, ZnO,

CuO, Al2O3 among others have been obtained using this method (Burda et al.,
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2005; Li et al., 2003; Mondelaers et al., 2002; Viano et al., 2003). Prolysis is

another technique to produce nanoparticles by decomposing chemical precursors

into a solid compound by thermal treatment. This method is used to obtain

metal nanoparticles such as Ag, Au and carbon nanotubes (Weiping and Lide,

1997; Maya et al., 1996; Jou and Hsu, 2004). Chemical reduction is the method

that is most commonly used for metal nanoparticles. In this method, metal salts

are reduced in the presence of a stabilizer. The role of the stabilizer is to govern the

size and shape of nanoparticles and provide colloidal stability (Sepúlveda et al.,

2009). For instance, seeded growth approach of this method has been shown to

be successful in fabricating rods, plates, stars and other geometries as shown in

Figure 2.22.

Figure 2.22: Scanning electron microscope images of gold nanoparticles
synthesized through chemical reduction process. Top: seeded growth, Bottom:
particles made without pre-made seeds (Grzelczak et al., 2008)

These nanoparticles are relatively easy to fabricate, however aggregation and

lack of uniformity and regularity pose certain challenges for sensing purposes

because there is a non uniform distribution of hot spots and a distribution of

proximities between nanoparticles leading to a wide distribution of the intensity
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of the signal. Top-down nanofabrication techniques consist of two steps. The first

step is to create regular uniform nano-sized features by nanofabrication techniques

such as nanolithography etching or template-based methods in order to reduce

local variations. The second step is to deposit metal onto these features to obtain

a noble-metal coated rough surface at the nanoscale.

Electron-beam metal evaporation

The metal deposition can be done by electron-beam evaporator system. A

schematic of the e-beam metal evaporator is shown in Figure 2.23.

Figure 2.23: Schematic of e-beam evaporator (Xu and Huq, 2005)

E-beam evaporation is conducted under high vacuum at least around 7.5 x

10-5 Torr. The metal to be deposited is inserted in the crucible, which has a water

cooling system. Then, this metal is bombarded with electrons with the help of

an electron gun and magnets to direct the beam onto the crucible. The substrate

is generally rotated in the chamber in order to obtain uniform coating. The rate

of the metal deposition may range between 1 nm/min and 1 µm/min, allowing

precise control of the thickness on the substrate. This deposition rate is measured

by a crystal inserted in the chamber as shown in Figure 2.23. Due to the low

vacuum and high temperatures reached inside the chamber, organic polymers are

not suitable for coating in this system and alternative and intelligent methods
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need to be developed.

Nanophotonic patterns used in this study

In this project, nanophotonic patterns previously developed in Prof. Logan

Liu’s lab were used. The patterns rested include pyramids and nanopillars. First,

sub-micron scaled pyramid structures, were developed by using a high-cost com-

mercial SERS substrate, Klarite. Klarite was the first commercialized SERS sub-

strate by a company called Mesophotonics, now owned by Reinshaw Diagnostics.

Klarite substrates have inverted pyramid structures produced on Silicon wafers,

which were immobilized onto glass. In his paper, Xu et al. (2011), explains a way

to reproduce these structures onto polyethylene tetraphthalate (PET) templates

with replica-molding technique. The Si Klarite template was used only once at

the beginning. They suggested that with their facile molding technique, it was

possible to produce low-cost and high throughput samples. The schematic dia-

gram of the production is shown in Figure 2.24 and explained in the legend of the

figure.

The SERS-enhancement effectiveness was measured by using Rhodamin 6G,

a model molecule frequently used in SERS enhancement studies (Michaels et al.,

2000). It was found that the positive pyramids had an enhancement factor (EF) of

3.2 * 104, whereas inverted pyramid structures had 1.6 * 106. It was suggested that

the difference was the result of laser wavelength not matching the resonance mode

of the positive pyramids, evident by the lack of absorbance at that wavelength.

The reason for 200 nm thickness of gold was to make sure the polymer underneath

the gold would not give any peaks to interfere with the actual analyte Raman

signal. The substrates were first coated with 10 nm thick Titanium to serve as an

adhesion layer between the UV-cured polymer and gold. Gold was chosen as the

noble metal due to its better durability compared to Silver or Copper. Scanning

electron microscopy (SEM) images of the resulting substrates are shown in Figure

2.25.

The second SERS-active template used in this study was the nanopillars, which

were also developed by Dr. Logan Liu’s group in collaboration with the Lawrance
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Figure 2.24: Fabrication process of positive and inverted pyramids replica SERS
substrates. (a) Inverted pyramids silicon template. (b) Polymer molding on
silicon master and cured by UV illumination. (c) Positive pyramids replica after
being peeled off. (d) Positive pyramids template made by e-beam evaporation of
20 nm SiO2 onto positive pyramids replica. (e) Polymer molding on the positive
pyramids template and cured by UV illumination. (f) Inverted pyramids replica
after being peeled off. (g) Inverted pyramids SERS substrate completed by
deposition of 10 nm of titanium followed by 200 nm of gold onto inverted
pyramids replica. (h) Positive pyramids SERS substrate completed by
deposition of 10 nm of titanium followed by 200 nm of gold onto positive
pyramids replica. Retrieved from Xu et al. (2011).

Livermore National Lab (LLNL) (Gartia et al., 2010). Figure 2.26.A shows the

distribution of nanopillars over a 1 µm by 1 µm area. Figure 2.26.B shows that

the pillars did not have a cylindrical shape, but rather they resembled a conical

structure. Figure 2.26.C shows SEM images of nanopillars, which were coated

with 80 nm coinage metal.

These structures were fabricated by the following technique. A silicon diox-

ide wafer was coated with photoresist and exposed to 413 nm wavelength laser

interference illumination (40 mJ cm2 dose). After the photoresist development,

the wafer was covered by a photoresist mask This mask had a uniform array of
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Figure 2.25: Scanning electron micrographs of pyramids replica. (a) Positive
pyramids replica. The inset is a zoomed-in image. (b) Positive pyramids replica
with 200-nm thick gold deposited. (c) Inverted pyramids replica. The inset is a
zoomed-in image. (d) Inverted pyramids replica with 200-nm thick gold
deposited. Retrieved from Xu et al. (2011)

Figure 2.26: (A) Schematic of average number of pillars per unit area, (B)
assumed structure for the nanopillar, (C) SEM of LLNL nanopillar substrate
with 80 nm silver deposited pillar shown in the inset. Retrieved from Gartia
et al. (2010)

nanoscale circles with 150 nm diameter and 350 nm spacing distance. Then, the

wafer was subjected to ion milling deep reactive ion etching. The deep-reactive ion

etching was conducted in Bosch process. This process consists of two steps that

are alternating. First step is an isotropic plasma etch, in which the ion contain-

ing plasma attacks silicon from a vertical angle. Second step is the deposition of
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protective layer, such as Octafluorocyclobutane, to cover the surface and protect

the top and side surfaces of the substrate. Then the cycle goes back to step one

and keep etching towards the bottom, since side and top surfaces are protected.

This way deep holes can be created. The unprotected silicon dioxide area was

etched down 500 nm leaving behind the array of silicon dioxide nanopillars. Since

there was also lateral etching to the photoresist-protected area, the silicon dioxide

nanopillars are tapered and have sharp tips at the top. Finally, after complete

removal of photoresist, the wafer covered with nanopillar array structures was

subjected to 80 nm-thick metal deposition by e-beam evaporation (Gartia et al.,

2010).

Selecting the laser wavelength for high quality Raman measurements

It is very important to select the wavelength of the laser to use when working

with Raman spectroscopy. There are several factors to consider in this decision

making process. It is known that higher laser energy corresponds to higher inten-

sity for Raman signal. So working with shorter wavelength of lasers would give

higher intensity, thus better sensitivity in the detection. It is also important to

take interferences into consideration, such as photodecomposition and background

fluorescence. Working with high-energy lasers may cause photodecomposition of

the sample. In addition, if the laser is in the range of excitation of the matrix

molecules it will cause fluorescence. Clearly there is an optimization process in

this selection and while high intensity lasers desirable it might be advantageous to

avoid the wavelength ranges where photobleaching and fluorescence would cloud

the quality of the data.

SERS effect is only observed if the light couples with the surface, i.e. when that

specific wavelength of a photon is in resonance with the roughened metal surface.

Reflectance measurements are conducted in order to understand the range in

which the SERS-active substrate exhibits enhanced EM field effect. Figure 2.27

shows an example reflectance spectrum for a nanophotonic pattern. This example

illustrates the dependence of reflectance spectrum on the thickness of silver film.

Three different colors show different thicknesses as indicated by the legend. It is
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important to select the laser wavelength that the spectrum shows minima in the

reflectance. Minima in the reflectance indicate that the surface, rather than being

reflected back absorbs the light. Only at these wavelengths that show minima,

it is possible to observe the enhanced EM field. It is important to note that,

there might not be a commercially available laser at the exact wavelength that

the structures exhibit minima.

Figure 2.27: Reflectance spectrum for silver film over nanospheres with different
thickness (Lin 2010)

Another aspect to consider in selecting laser wavelength is the Resonance

Raman phenomenon. Resonance Raman is observed when the laser excites the

electrons of the molecule of interest to an electronic excited state (Figure 2.16.a).

This results in much higher Raman intensity compared to non-resonant Raman.

If there is a specific molecular bond to be studied, it is preferable to work with

that specific wavelength of laser that gives Resonance Raman enhancement on

top of SERS.

It is apparent that it would not be possible to satisfy all of these criteria

simultaneously. Thus an optimization step in deciding which laser to use for

specific SERS-active substrates as well as specific analytes is needed.
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2.4.2 SERS applications in food science

There is a need for reliable, fast, non-destructive technique for food analysis for

traceability purposes in food and agricultural industry. Researchers have studied

SERS as a potential technique for detection of food additives, chemical contam-

inants, antibiotics and illegal drugs, melamine, illegal food colorants, mycotoxins

and small-molecular toxins, and food allergens and protein toxins (Zheng and He,

2014). Some examples of food additives studied were aspartame (Peica, 2009),

monosodium glutamate (Peica et al., 2007), flavones (Teslova et al., 2007; Corre-

dor et al., 2009) and benzoic acid (Gao et al., 2013). These studies mainly focused

on the adsorption behavior and the difference in the spectrum between Raman

and SERS (Zheng and He, 2014). For pesticides, there have been several stud-

ies with a commercial Q-SERS system (Liu et al., 2013b), silver dendrites (He

et al., 2014), and silver or gold nanoparticles (Li et al., 2010; Liu et al., 2011).

In these studies, the detection was fast even though the detection limits were not

at the desired level (Zheng and He, 2014). Antibiotics and illegal drugs, such as

antifungals in fish industry were studied in solvents using SERS. Some examples

are furaltadone (Xie et al., 2012), tetracycline (Li et al., 2011), ciprofloxacin (He

et al., 2010), enrofloxacin (Zhang et al., 2012), and chloramphenicol (Lai et al.,

2011), brilliant green (Stropp et al., 2003), and crystal violet He et al. (2008a);

Hu et al. (2011). Detection limits for some of the sensors are reported in Table

2.4.

These antifungal agents are mostly dye molecules, and they are generally

Raman-active. For this reason, it makes it easier to study them with Raman

spectroscopy (Zheng and He, 2014). Some of the challenges the researchers face

regarding food analyte detection is the interference of food matrix and complex-

ity of the molecules. Separation of target molecules from food matrix has high

importance and effect in the final result of SERS detection. Even though SERS is

a fingerprinting technique, it does not automatically separate the target analyte

from the signals coming from the matrix (Zheng and He, 2014). For this rea-
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son, statistical clustering technique was applied if it was not possible to eliminate

interference during measurement (Zheng et al., 2013).

Table 2.4: Some examples of food analyte detection using SERS (analyte
detected, SERS-substrate used, LOD: limit of detection

Analyte Substrate LOD References

Aspartame Silver films Not reported (Peica, 2009)
Monosodium

glutamate Silver colloids 10-5 M (Peica et al., 2007)

Flavones
Ag colloids and

Ag electrode Not reported (Teslova et al., 2007)

Flavones Citrate reduced Ag colloids. Not reported (Corredor et al., 2009)

Benzoic acid Au colloids Not reported (Gao et al., 2013)

Pesticides Q-SERS Au substrate 3-7 ppm (Liu et al., 2013a)

Pesticides silver dendrites 0.01 ?g/mL (He et al., 2014)

Pesticides Ag-coated Au-nanoparticles 25?100 ng/cm2 (Liu et al., 2011)

Pesticides Au/SiO2 nanoparticles Not reported (Li et al., 2010)

Furaltadone Au colloids 5 ppm (Xie et al., 2012)

Tetracycline
Ni/Au core-shell
microparticles 100 ppm (Li et al., 2011)

ciprofloxacin Ag dendrites 20 ppb (He et al., 2010)

enrofloxacin KlariteTM Au substrate Not reported (Zhang et al., 2012)

chloramphenicol KlariteTM Au substrate 50 ppb (Lai et al., 2011)

brilliant green Ag films over nanospheres 10-6 M (Stropp et al., 2003)

crystal violet Au colloids 200 ppt (He et al., 2008a)

crystal violet Q-SERS Au substrate 20 ppb (Hu et al., 2011)

Melamine attracted attention due to the intentional adulteration of infant for-

mula events in 2007 and 2008. Some of the efforts to detect its presence were

with SERS. Some of the substrates utilized to detect melamine were KlariteTM

substrate (He et al., 2008b; Lin et al., 2008b; Cheng and Dong, 2011). Klarite

substrates were able to provide an enhancement factor of 5 x 104 for melamine

detection, based on the intensity of the peak at 690 cm-1 location (Cheng and

Dong, 2011). Lin et al. (2008b) worked with food samples and found that with

Klarite it was possible to detect melamine in wheat gluten with an LOD of 0.1%

concentration, chicken with 0.05 % LOD, cakes with 0.05 % LOD and noodles
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with 0.07 %. Gold nanoparticle agglomerates (Mecker et al., 2012), Silver colloids

and composites (Zhang et al., 2010; Zhao et al., 2013), and gold nanorods (Peng

et al., 2013). Gold nanoparticle agglomerates used as SERS material was able

to detec melamine in the range of 100-200 ppb in various food matrices (Mecker

et al., 2012), on the other hand silver colloids were only able to detect concen-

tration above 500 ppb, in which milk was used as food matrix (Zhang et al.,

2010). Another silver nanoparticle approach was amino-modified polystyrene mi-

crospheres coated with silver nanoparticles. This system had the LOD of 2 *

10-8 M. Gold nanorods showed a very good sensitivity in detecting melamine at

the concentration level of 10-15 M. There have been studies for mycotoxins such

as aflatoxins (Wu et al., 2012) and ochratoxin-A (Galarreta et al., 2013). Re-

searchers were able to detect ochratoxin-A using an aptamer-based SERS system

embedded onto a microfluidic platform. The aptamer functionalization onto gold

surface with triangular patterns provided specificity. The only used 2.5 µM con-

centration in this proof-of-concept study. They exploited the aptamer-ochratoxin

binding phenomenon, which alters the Raman signature of the sensor.

The attempts to detect allergen proteins with SERS are very limited. Since

most proteins show similar Raman footprints, it is harder to differentiate them

from the matrix by their characteristic peaks. For this reason, one method used

was to label the proteins with dyes and essentially detect the presence of the dye

molecule through SERS (Lin et al., 2008a; Song et al., 2009). Another study

showed that detecting egg allergen ovalbumin and ricin was possible through cap-

turing them with antibody on SERS substrate. However, the distinction, and thus

detection was achieved through a statistical technique called Principal component

analysis (He et al., 2011a,b).

Principal Component Analysis

Principal component analysis (PCA) is a widely used statistical technique,

which reduces the number of variables in a set of data into substantially smaller

number of variables, which better represents the differences between data sets.

It was first conceived and developed by Pearson in 1901 and later independently
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developed by Hotelling in 1933 (Dunteman, 1989). PCA analysis takes a Raman

spectrum and gives different scores and loadings (principal components) to charac-

teristic clusters of the data. First principal component is the best approximation

of the original data and offers the strongest ability to explain the data. Second

principal component is the next best approximation and so on and so forth. In

PCA analysis, a plot of different principal components (PCs), i.e. PC1 vs PC 2,

is obtained to visually differentiate different samples (Viereck et al., 2009) and to

create clusters of the data with common characteristics. This technique has been

applied in numerous different fields, such as medicine, biochemistry, social sci-

ences, chemistry and geology (Dunteman, 1989) especially where discrimination

and prediction of the data from raw data is very difficult.

Mathematical basis of PCA can be explained as follows. Let’s assume that we

have a matrix X (m x n ) where m is the number of different samples/situations

and n is the number of repetitions in each situation. PCA is an orthogonal

linear transformation of original data into a new coordinate system that helps

identify the differences in the data set. This transformation can be mathematically

expressed as follows:

tk(i) = X(i) ∗ wk (2.2)

WK are called loadings that map each row of X(i) into principal component

scores of tk(i). Each W are unit vectors and individual variables of t is supposed to

provide maximum possible variance from X. To satisfy this condition, for the first

principal component (with highest degree of variance) can be written as follows:

W(1) = arg max
||W ||=1

∑
i

(ti)
2
{i} = arg max

||W ||=1

∑
i

(Xi ∗ w)2 (2.3)

W(1) = arg max
||W ||=1

{||Xw||2} = arg max
||W ||=1

{wTXTXw} (2.4)
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W(1) = arg max
wTXTXw

wTw
(2.5)

The result to satisfy this maximization function occurs when w is the eigen-

vector, when the max value is the corresponding eigenvalue. When the first com-

ponent is calculated to have the highest variance, the rest of the components (say

nth component) can be calculated as follows:

X̂n = X −
n−1∑
s=1

XW(S)W
T
(S) (2.6)

W(n) = arg max
||W ||=1

{||X̂nw||2} = arg max
wT X̂T

n X̂nw

wTw
(2.7)

This would maximize the variance in the data when the previous components

are already extracted. The final transformation can be summarized as follows:

T = X ∗W (2.8)

Where W is a matrix whose columns are the eigenvectors of XTX. Once all

the loadings are calculated, we can obtain the principal component scores (T),

and use it to visualize data in two or three-dimensional plots on this new coor-

dinate system. If certain sample groups have similar level of variance from the

mean/original data set, with this transformation it becomes possible to cluster

them by plotting different principal components against each other. If there is no

difference, or the variance is random, PCA analysis would not be able to show

any clustering of the transformed data.

PCA has been also utilized for SERS applications. Di Anibal and colleagues

investigated differentiation between adulterated and non-adulterated spices with

Sudan I dye, which is not allowed in food stuffs, through SERS (Di Anibal et al.,

2012). They demonstrated the importance of post-processing in the form of base-

line correction and smoothing of the Raman data in order to obtain best results.

Figure 2.28.a represents the PCA plot for adulterated (blue squares) and non-
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adulterated (red triangles) samples, when the analysis was done on raw data.

Figure 2.28.b, on the other hand, represents the same groups, after Raman spec-

tra were baseline corrected and smoothed. It was observed that raw data was

not suitable enough for differentiation, however successful results were obtained

after post-processing of the data. Since PCA analysis is a method to understand

and plot the factors that cause largest variance within the data, raw data PCA

analysis did not work as the biggest variance was different level of intensities

due to autofluorescence. However, when the correction was done in the form of

post-processing, this variance was eliminated from the system and PCA was able

to distinguish adulterated and unadulterated samples. It was possible to obtain

separate clusters in PCA plots for both PC1 vs PC2 and PC2 vs PC3 (Di Anibal

et al., 2012).

Zheng and others demonstrated that PCA could be utilized to quantify the

amount of a pesticide, Ferbam with SERS (Zheng et al., 2013). In this study, a

hand-held Raman spectrometer was investigated for its efficiency in quantification

and found that with the help of PCA different concentrations can be differentiated

from each other. Figure 2.29 shows the PC 1 vs PC 2 plot. Concentrations of 0,

4, 7 and 14 ppm were found as separate clusters in this study.

As in the previous examples, PCA plots are generally constructed with 2

components, however sometimes there is a need for third PC in order to be able

to differentiate between samples. Guicheteau and colleagues studied SERS to

observe gram-positive Bacillus spores (Bacillus atrophaeus, Bacillus anthracis,

and Bacillus thuringiensis) and Gram-negative bacterium Pantoea agglomerans

(Guicheteau et al., 2008). The PCA plot for these species is shown in Figure 2.18.

Three PCs were used in this analysis and the plot had three axis as follows: PC

1, PC 2 and PC 3. Each cluster is shown in a different color to represent Bacillus

spore samples and Pantoea agglomerans.
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Figure 2.28: Principal component plots for adulterated and non-adulterated
samples with Sudan I dye. Principle components were for Raman spectra of a)
raw data b) Baseline corrected and smoothed data (Di Anibal et al., 2012)

2.5 Food contaminant and allergen detection

2.5.1 Peanut allergen

Food allergy is one of the major health issues concerning the food industry since

the consequences can be lethal for susceptible populations. Most of the food

allergies are associated with cow?s milk, eggs, soy, wheat, peanuts, tree nuts,

fish and shellfish. Food allergies can cause a potentially fatal reaction called

anaphylaxis. Peanuts and tree nuts are the reason for the majority of cases (Al-
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Figure 2.29: Principal component plot for PC 1 and PC 2 for ferbam, a
pesticide, at different concentrations (Zheng et al. 2013)

Figure 2.30: PCA plot showing discrimination between five Bacillus spore
samples and Pantoea agglomerans (Guicheteau et al. 2008)

Muhsen et al., 2003). Peanuts (Arachis hypogea) belong to the legume family,

which includes peas, lentils and soybeans. There has been eight identified peanut

allergens so far: Ara h1 to h8. Ara h1 and Ara h2 are two major allergens (Wen

et al., 2007) and Ara h1 constitutes the main protein component of peanuts (12-16

%). This protein affects up to 100 % of the allergic patients (Koppelman et al.,

2001; Burks et al., 1992).
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Ara h1 is a glycoprotein consisting of 586 amino acids with a molecular weight

of 63.5 kDa. This protein can form a stable trimer through hydrophobic interac-

tions as shown by Chruszcz et al. (2011), with a short recombinant Ara h1 purified

protein. As shown in Figure 2.31 (Left), Ara h1 has Alpha-helices (red), beta-

strands (yellow), and loop regions (green) in its structure. The trimers shown in

Figure 2.31 (Right) are formed by hydrophobic interactions through alpha-helices

as well as overall interaction of monomers with each other. I added the informa-

tion about the antibody here. The biochemical mechanism of the allergic reaction

is an IgE-mediated type I hypersensitivity reaction (Al-Muhsen et al., 2003). It

has been found that some of the IgE-binding sites on Ara h1 are very stable and

are not affected by heating or digestion with pepsin, trypsin or chymotrypsin

(Wen et al., 2007).

Figure 2.31: Crystal structure of the Ara h1 monomer (Left) and Trimer formed
by Ara h1 (Right) with a 0 and 90 rotation (Chruszcz et. al. 2011).

According to Food Allergen Labeling and Consumer Protection Act, manufac-

turers have to label their products if it contains peanuts in any amount. For this

reason, cross-contamination on the production lines becomes a very significant

issue. The end products and lines have to be monitored for the presence of the

allergens. It has been shown that an amount as low as 2 mg can cause allergic

reaction in kids (Flinterman et al., 2006), thus the limit of detection should be in

the low ppm range (van Hengel, 2007) in order to ensure safety.

Testing methods for this allergenic protein have been a major priority for the
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food industry. The fact that the traditional analytical techniques, e.g. liquid

chromatography and gas spectroscopy, are time consuming, expensive, compli-

cated and laborious made the development of the rapid, on-site diagnostic tools

very important for the food industry (McGrath et al., 2012).

As reported by Pomés et al. (2003), four different antibodies were developed

by using mice for Ara h1 and labelled as: 2C11, 2F7, 2C12, and 2F8. We used

2F7 in this study, which did not show any cross-reactivity with 13 selected and

tested legumes (Pomés et al., 2003). Among these four antibodies, 2F7 showed

optimal binding to Ara h1 along with 2C12. 2F7 was also the antibody used in

order to purify Ara h1 protein, which was commercially supplied for this research.

The most widely used rapid analytical technique is enzyme-linked immunosor-

bent assays, ELISA and there are commercially available kits employing qualita-

tive or semi-quantitative results within 30 - 60 minutes (Schubert-Ullrich et al.,

2009). Other major immunoassay-based methods are lateral-flow assays and dip-

stick test (Picó, 2012). These are commercialized methods, which were also vali-

dated by institutions such as, Association of Analytical Chemist-Research Insti-

tute, validation according to the Performance Tested Method Program. These

immunoanalytical techniques are based on the interaction of the allergen protein

with an antibody-linked compound, which results in color formation. A common

enzyme used is alkaline phosphatase, which gives yellow color with the addition

of the substrate, p-Nitrophenyl Phosphate. ELISA can be employed in a number

of different methods as described in Figure 2.32. As it detects the allergy causing

protein, it is a direct method compared to the alternative DNA-based detection.

After the target genes are identified and sequenced, polymerase chain reaction

(PCR) enables the detection with the help of appropriate primers. DNA-based

techniques also offer semi-quantitative measurements of the allergens and some

commercialized PCR kits can be obtained from several suppliers. These kits are

reported to give results in 5-10 minutes, however only one method has been vali-

dated by Association of Analytical Communities (Picó, 2012). The draw-back of

DNA-based techniques is their false negatives if the food is low in DNA content
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but high in protein content if DNA is degraded by food processing (van Hengel,

2007).

Figure 2.32: Different types of ELISA, Left-top: Direct sandwich assay,
Left-bottom: Indirect sandwich assay, Right-top: Direct competitive assay,
Right-bottom: Indirect competitive assay (Schubert-Ullrich et al., 2009).

Due to their high speed, ease of use and high degree of automation, biosensors

present an alternative solution to the allergen detection problem. In recent years,

there has been an increase in the publications of this innovative field (Pilolli et al.,

2013). So far, some optical, electrochemical and electromechanical techniques

were attempted. A reagentless electrochemical impedance sensor was employed

to detect the protein Ara h 1 with a limit of detection (LOD) of 0.3 nm (Huang

et al., 2008). An impedance circuit system as shown in Figure 2.33 was used in

this study with an antibody functionalized gold electrode. When Ara h1 protein

binds to the antibody functionalized on the surface, charge-transfer resistance

(Rct) changed in correlation with the concentration of the antibody (Figure 2.33

bottom). The measurement required several stabilization steps after addition of

each molecule such as 11-MUA as a linker between Antibody and gold surface

(30 minutes), and monoclonal antibody 2F7. However, they reported that the

measurement of the binding of Ara h1 at different concentrations took only 2

minutes.
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Figure 2.33: Top: the electrode used in the impedance-based electrochemical
sensor, Rs: solution-phase resistance, Cd: differential capacitance, Rct: charge
transfer resistance, and Zw: impedance. Bottom: correlation of Ara h1
concentration with charge transfer resistance (Huang et al., 2008)

Among the optical techniques, Surface plasmon resonance (SPR) seems to be

the most popular one. SPR sensors use the refractive-index change close to a

surface that happens when the antigen binds to antibody. It is a real-time, label-

free technique and an LOD around 0.1- 12.5 µg/ml food samples are achieved

(Pollet et al., 2011; Mohammed et al., 2001). One of the studies that detected

Ara h1 with SPR used nanobead enhancement technique as shown in Figure 2.34.

First, gold surface was functionalized with polyclonal antibodies and then both

the presence of secondary antibody and secondary antibody immobilized onto

nanobeads were tested. It was found that nanobeads provided good enhancement

in the shift of reflected light wavelength (Figure 2.34). Limit of detection was

found to be 9 µg/ml for label-free Ara h1 test, 0.21 µg/ml for secondary antibody

enhancement and 0.09 µg/ml for nanobead enhancement. The calibration curve

for quantification was obtained for Ara h1 concentration vs wavelength shift and

it showed non-linear characteristics.

Some other examples of biosensors developed for allergen detection can be

given as gold immunochromatography assay (GICA) and optical biosensor immu-
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Figure 2.34: Left: Primary antibody functionalized gold substrate for surface
plasmon resonance system with three different test methods: label-free,
secondary antibody and nanoparticle with secondary antibodies. Right:
Corresponding wavelength shift plot for these three cases (Pollet et al., 2011)

noessay (Ji et al., 2011; Yman et al., 2006). Gold immunochromatography assay

(GICA) utilized a two-monoclonal antibody system, in which one of them station-

ary and the other was mobile, which resulted in a color change in the presence of

Ara h1 (Figure 2.35. The LOD was reported was 10 ng/ml. However, this was not

a quantitative test, rather it gave results as positive/negative with the suggestion

that it can be used in the customs as pre-screening (Ji et al., 2011).

For the protein-based techniques, there are two types of antibodies; mono-

clonal and polyclonal. Whereas monoclonal ones are highly specific to the target

allergen, they are more expensive to produce compared to polyclonal ones. They

might sometimes give false negatives because they have a very specific amino acid

sequence they recognize. If this sequence is denatured in the protein they are not

able to recognize it. Polyclonal antibodies are typically used due to the lower pro-

duction costs (Picó, 2012). They respond to several amino acid sequences within

the proteins. This introduces the problem of cross-reactivity of other proteins

with the antibody, leading to false positives in the test results. It is therefore

important that the specificity of the antibody towards that specific fraction be

demonstrated doing Western Blot Experiments. It has been shown that Ara h 1

has around 30 to 45 % amino acid identity with other vicilin proteins, of which
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Figure 2.35: Gold immunochromatography assay (GICA) strips for detection of
peanut allergen Ara h1, 1: Extract buffer; 2:PBS; 3:1000; 4:500; 5:250; 6:100;
7:50; 8:25; 9:10; 10:5; 11:2.5 ng/ml. The concentrations indicated are the
quantity of total protein per ml of crude peanut extract. +: positive; -:
negative; +/-: not definitive (Ji et al., 2011)

it is a member of, such as soybean and other beans (Ji et al., 2011). Surface

enhanced Raman spectroscopy based nanophotonic biosensor potentially offers a

solution to the reliance on the interaction of antibody-antigen reaction without

any proof-checks. False positives might be eliminated as the technique involves

the requirement for the right signature in the scattered signals. For instance, it

could be possible to tell the difference between the actual analyte vs an interfer-

ing molecule binding to the antibody by looking at their Raman signature. Most

antibody-based biosensor tools do not have other specificity measures as opposed

to SERS.

2.5.2 Acrylamide detection

Since the discovery of acrylamide in food in 2002 (Tareke et al., 2002), it has

drawn lots of attention due to its potential neurotoxicity, reproductive toxicity and

carcinogenicity (Friedman, 2003). Acrylamide is formed as a result of the Maillard

reaction, between asparagine and a reducing sugar or alpha-dicarbonyls (Blank,
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2005). It is found in plant-based foodstuffs that are heated over 120◦C mostly

during processes such as baking and frying. Some food products that are mostly

associated with high-acrylamide content are potato chips, French fries, bread and

coffee. The USDA released draft guidance for industry on reduction of acrylamide

in November 2013. Acrylamide is considered as a health concern and there is a

continuous effort to develop strategies to reduce its consumption. Reduction can

be done either by prevention or removal intervention such as vacuum treatment

(Anese et al., 2013). Several researchers have developed models that correlate the

acrylamide content in the product with the composition of the raw material and

certain attributes of the product such as color (Pedreschi et al., 2005). One of the

highest concerns of acrylamide exists for potato products, such as chips or crisps

as the content ranges between 117 - 4215 µg/ kg (Lineback et al., 2012). The

temperature of the process, moisture content, levels of asparagine and sugar were

all found to be factors affecting the acrylamide content of the end product. As

the content varies a lot, companies need a fast point of care, on location assess-

ment technique as a quality control tool. Common techniques are sophisticated,

labor intensive and expensive such as gas chromatography combined with one or

tandem mass spectroscopy (GC-MS or GC-MS-MS), liquid chromatography (LC)

combined with these or high-pressure liquid chromatography (HPLC) (Bethke and

Bussan, 2013). Near Infra Red (NIR) was studied as a promising technique and

showed a relatively large, prediction error of 266 µg/ kg (Segtnan et al., 2006) so

there is still need for improvement for this near-real time technique to be used.

In order for acrylamide to be regulated properly, there is a requirement for

a rapid, affordable detection technique. Experts keep suggesting new methods

such as adsorption stripping voltammetry, capillary zone electrophoresis and none-

aqueous capillary electrophoresis (Vesela et al., 2013; Bermudo et al., 2006; Başkan

and Erim, 2007). To this date, any reliable detection technique with Raman

spectroscopy has not been reported. However, the Raman signature of acrylamide

in water was studied (Jonathan, 1961). The structure of acrylamide can be seen in

Figure 2.36 and the Raman signature of 1 M solution acrylamide in water can be
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seen in Figure 2.37. The peaks observed at specific wavelengths were assigned to

specific vibration modes. O=C-N bending peak was observed at 498 cm-1, whereas

C-C stretching peak was seen at 978 cm-1. Three peaks at locations 1057, 1128

and 1289 cm-1 were assigned to CH2 rotation, NH2 rotation and C-N stretching.

One of the most prominent peaks was observed at 1439 cm-1 which is associated

with bending deformation of CH2 and CH bonds. The peak at 1606 cm-1 was

observed due to NH2 bending. Peaks around 1636 and 1673 cm-1 were associated

with C=C and C=O stretching respectively. Peak at 2789 was observed due to

stretching of C-H bond.

Figure 2.36: Molecular structure of acrylamide (Jonathan, 1961)
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Figure 2.37: Raman spectrum of 1 M solution of acrylamide in water (solid line)
(Jonathan, 1961)
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CHAPTER 3

MODIFICATION OF THE HYDROPHILIC /
HYDROPHOBIC CHARACTERISTIC OF

ZEIN FILM SURFACES BY CONTACT WITH
OXYGEN PLASMA TREATED PDMS AND

OLEIC ACID CONTENT1

3.1 Abstract

Zein has been widely studied as a biopolymer due to its unique film-forming

abilities. Surface properties are of high importance for certain applications which

include microfluidics and tissue engineering, as they drastically affect the end

result. It is important to develop techniques to modify zein surface properties

without compromising bulk material properties. In this study, we developed a

facile technique to change the water affinity of zein film surfaces, compatible

with patterning techniques via soft lithography. This is achieved by a simple

solvent casting technique onto a polydimethylsilohexane (PDMS) substrate that

was exposed to oxygen plasma. Water contact angle measurements ( WCA )

were used to assess the hydrophillicity of zein surfaces and they reached as low

as 20 degrees. Atomic Force Microscopy, optical absorbance and light microscopy

were used to study the characteristics of the film and its surface topography.

Hydrophilic zein surfaces had higher roughness values compared to hydrophobic

ones. Surface roughness, introduced by sandpaper and gratings does not have

the same effect as surface chemistry. The amphiphilic nature of plasticizer oleic

acid also contributed to the change in the water contact angle of the films. In

1Reprinted with permission, from P. G. Gezer, S. Brodsky, A. Hsiao,G. L. Liu, J. L. Kokini
“Modification of the hydrophilic/hydrophobic characteristic of zein film surfaces by contact
with oxygen plasma treated PDMS and oleic acid content” Journal of Colloids and Surfaces B:
Biointerfaces, 135, 433-440 (2015).
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conclusion, we demonstrated that zein film’s surface properties can be controlled

by its ability to self-assemble depending on the substrate that it is being cast on.

3.2 Introduction

Zein is an amphiphilic corn protein, with an almost equal distribution of hy-

drophilic and hydrophobic amino acids (Gianazza et al., 1977). It is soluble in a

variety of solvents including 70% ethanol, 70% acetone, glacial acetic acid, propy-

lene glycol and others (Evans and Manley, 1941; Manley and Evans, 1943) with

70% ethanol as the most widely used solvent. It is renewable, biodegradable and

environmentally friendly. It is able to form free-standing, flexible films by the ad-

dition of plasticizers (Kanig and Goodman, 1962) and it has been demonstrated

to successfully replicate micro and nano scale features, such as microfluidic chan-

nels and reservoirs (Altunakar et al., 2010; Luecha et al., 2011). Zein microfluidic

based platforms engineered using soft lithography yield a hydrophobic surface,

which may pose a challenge for water flow in the channels due to a high surface

energy barrier.

Zein can be used for cell and tissue engineering due its biocompatibility (Dong

et al., 2004; Sun et al., 2005). It has been reported that certain cells have a higher

affinity towards hydrophilic surfaces on which they better adsorb and grow (Wang

et al., 2008). Thus there is a need for a hydrophilic surface on zein films for the

aforementioned applications.

Zein film?s surface can be modified to be either more hydrophobic or hy-

drophilic depending on the treatment and manufacturing conditions (Wang et al.,

2008; Biswas et al., 2009; Shi et al., 2009). It is possible to derivatize the zein

surface through treatment with certain chemical solvents, to have different wet-

ting properties (Biswas et al., 2009). Huang and Kokini (2009) reported a drastic

drop in the Water Contact Angle of zein after UV-Ozone exposure. The UV-

Ozone exposure forms additional carboxylic groups (Shi et al., 2009). Zein is also

able to align itself with the material that it is in contact with during film forma-
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tion (Wang et al., 2004b,a). resulting in both hydrophilic and hydrophobic areas,

induced by methyl and carboxylic chemical groups. In addition, fibroblasts were

used to engineer a hydrophilic surface for tissue development (Wang et al., 2008).

Oxygen plasma treatment has been used in microfluidics to increase the wet-

tability of the surface to the flow of aqueous solutions and to permanently bond

polydimethylsiloxane (PDMS) films to glass slides (Plecis and Chen, 2007). Oxy-

gen plasma is known to introduce hydroxyl groups on the surface of PDMS (Bodas

and Khan-Malek, 2007).

In this study, we aim to show that it is possible to change the surface properties

of zein films through contact with PDMS exposed to oxygen plasma to fabricate

zein films with different hydrophilic/hydrophobic surfaces. The effect of the parent

substrate (PDMS, oxygen plasma exposed PDMS, sandpaper textured PDMS and

wax) on zein surface properties has been investigated using water contact angle

(WCA) measurements. We also investigated the effect of oleic acid content as a

plasticizer on the hydrophilic/hydrophobic properties of the surface and we offer

a mechanism of action. Atomic Force Microscopy (AFM), and optical absorbance

were used to offer nanoscale insights on the organization of the supramolecular

structure of zein leading to changes in surface properties.

3.3 Materials and methods

3.3.1 Zein formulation

Zein (Sigma Aldrich) was dissolved in 75% ethanol at 65 C at a ratio of 1:5

(g/ml). The mixture was stirred over heat for 5 minutes to ensure a homogenous

solution. Oleic acid and emulsifier (monoglyceride) were then added at ratios of 1

gram zein: 1 gram oleic acid: 0.15 g emulsifier. The mixture was then heated and

continuously stirred for an additional five minutes. For different oleic acid content

experiments, the oleic acid amount added to 1 gram of zein was changed as follows:

0 grams, 0.25 g, 0.50 g, and 1 g. Emulsifier content was kept constant as 0.15 g
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regardless of the oleic acid content, with the exception of 0 g oleic acid content

(no emulsifier was added to this solution). Zein films which are not referred with

a ratio such as 1:0, 1:0.25, 1:0.5 or 1:1, were prepared as 1 g zein: 1 g oleic acid

ratio.

3.3.2 Different parent substrate preparation methods and oxygen
plasma exposure

Parent substrate is the substrate zein was cast on, in solution form and then al-

lowed to dry in a vacuum desiccator for 2-3 days at room temperature (21◦C) in full

contact with the parent substrate. In this study paraffin wax, polydimethylsilox-

ane (PDMS), sandpapers textured PDMS, grating textured PDMS, and oxygen

plasma exposed PDMS, were used as parent substrates. The preparation methods

are explained below

Paraffin wax

bulk paraffin wax (Gulfwax, melting point: 128◦F) was melted onto a plastic petri

dish (60 mm x 15 mm) at an approximate volume of 4 ml. After cooling, the wax

was removed and flipped to expose the smooth side facing the plate. Zein was

cast on top of the smooth side of the wax.

PDMS

Five-millimeter thick PDMS films were cured by mixing elastomer base and cur-

ing agent with the ratio of 10:1 (w/w) (Sylgard 184 Silicone elastomer kit, Dow

Corning). The PDMS mixture was poured in a petri dish (60 mm diameter x 15

mm height). It was then degassed for 30 minutes under vacuum and cured at 50

◦C on a hot plate for 2 hours.
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Sandpaper textured PDMS

PDMS was cast on top of Grade 220 Sandpaper and cured. The PDMS and

sandpaper were then separated and the PDMS was cleaned with a series of water-

ethanol-water washings. Zein was cast on the sandpaper textured PDMS side

(Figure 3.1).

Figure 3.1: Schematic overview of the process of generating sandpaper textured
PDMS and zein films

Grating textured PDMS

PDMS was cast on top of 1-dimensional diffraction gratings (1000 lines/mm and

500 lines/mm) (Rainbow Symphony, Reseda, CA, USA). PDMS was then re-

moved and flipped to expose the grating textured side facing the plate. Zein

solutions were immediately poured on the grated PDMS films in order to avoid

contamination of the surface and allowed to dry.

Oxygen plasma exposed PDMS

The cured PDMS films were exposed to oxygen plasma (O2 purity: 99.9994%)

at 50% of 200-W maximum power (Pico, Diener Electronic, Reading, PA). The

duration of the oxygen plasma exposure was 1 minute except where we studied

the effect of oxygen plasma treatment duration on water contact angle. In these

experiments exposure time was changed between 0.1 to 3 minutes (0.1, 0.2, 0.3,
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0.5, 1 and 3). In a second series of experiments, portions of the PDMS film was

masked with a comb shaped mask (5-mm spacing and 5-mm gaps) during the

oxygen plasma treatment to develop intermittent hydrophilic and hydrophobic

regions. The regions masked were not exposed to Oxygen plasma and the rest

were exposed to Oxygen plasma. The zein solution was poured onto the PDMS

film immediately after the oxygen plasma treatment and dried to form a film in

a vacuum desiccator. In this paper the notation O- (O minus) was used when

PDMS was not exposed to Oxygen plasma and O+ (O plus) was used when

PDMS was exposed to oxygen plasma. In a third set of experiments zein films

were also directly exposed to oxygen plasma at different times, after being cured

on unexposed PDMS between 0.1 to 3 minutes (0.1, 0.2, 0.3, 0.5, 1 and 3 minutes).

3.3.3 Water contact angle measurements

A volume of 2 µL droplets of deionized water was dispensed onto the surface of

the film that was studied. A photograph of each droplet was taken 30 seconds

after contact with the surface using the VCA Optima contact angle analyzer (AST

products, Billerica, MA) and its software was used to measure the stable contact

angle at the water zein film interface. Water contact angle measurements were

conducted in triplicate for both the parent substrates described above and the

zein surface (both on air side and contact side).

3.3.4 Optical absorbance measurement

Squares of zein films (1 cm x 1 cm) with constant thickness from regions in

contact with Oxygen plasma-treated PDMS film and from regions in contact with

Oxygen plasma-untreated PDMS films were placed inside individual wells of a

96-well plate. The optical absorbance of the zein films was measured in triplicate

for three different samples at 450 nm, 570 nm, and 630 nm using an absorbance

micro-plate reader (BioTek Synergy HT, BioTek, USA).
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3.3.5 Raman spectroscopy measurements

Raman spectra of PDMS films were recorded with a Thermo-Scientific DXR

Dispersive Raman microscope with a 532 nm laser. A 10 mW laser with 1800

lines/mm grating was used and the exposure time was 1 second for 30 times. The

average of the 30 Raman spectra on a given sample are being reported for each

measurement. PDMS films were removed from dried zein films right before taking

Raman spectroscopy measurements. PDMS (O-) and one minute oxygen plasma

exposed PDMS (O+) were used for these experiments. Zein films that were cast

and dried on these PDMS was prepared as explained in section 2.1 with a 1:1

zein: oleic ratio.

3.3.6 Atomic force microscopy

Tapping mode AFM (Asylum Research MFP-3D) measurements were performed

for 2 µm x 2 µm area on the surface of (10 mm x 10 mm) zein films. The surface

roughness (rms value) was calculated by averaging the point surface roughness

over the entirety of the surface images. Force curves were obtained in contact

mode and the adhesion map was obtained with the help of Igor software on the

AFM equipment.

3.3.7 Statistical analysis

Statistical analysis was done by using the Minitab Release 17 software. Two-

way regression analysis of variance (ANOVA) was applied to see the differences

between both the substrate (pdms vs oxygen plasma exposed pdms) and oleic acid

content for water contact angle measurements. One-way ANOVA was applied for

analysis for one parameter. Difference between each sample was tested through

the Tukey pairwise comparison method. A confidence interval of 95% was used

for tests.
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3.4 Results and discussion

3.4.1 Effect of oxygen plasma on surface properties of PDMS

PDMS has hydrophobic properties, with a contact angle around 110 degrees.

Oxygen plasma exposure of PDMS is an effective treatment to obtain more hy-

drophilic PDMS surfaces (Owen and Smith, 1994); however this change is only

temporary (Bodas and Khan-Malek, 2007; Owen and Smith, 1994; Hillborg and

Gedde, 1999; Eddington et al., 2006). PDMS is capable of considerable self hy-

drophobic recovery in an hour and full recovery after 24 hours due to the low

molecular weight chains’ migration from bulk to the surface (Owen and Smith,

1994; Hillborg and Gedde, 1999; Eddington et al., 2006). For this reason, in all

the experiments conducted zein solution was cast on PDMS as soon as possible

(within 1-2 minutes). This showed that PDMS became more hydrophilic by hav-

ing Si-OH and/or Si-O groups as a result of oxygen plasma treatment consistent

with the literature (Bodas and Khan-Malek, 2007).

Raman spectroscopy was conducted on PDMS right after it was separated

from the zein film. Raman spectroscopy measurements done on PDMS O- and

O+ in order to observe the change in molecular groups are shown in Figure 3.2

and the assigned characteristic peaks are listed in Table 3.1. It was observed that

the peaks associated with hydrophilic groups such as Si-OH bending at 557 cm-1,

Si-OH symmetric stretching at 955 cm-1 and Si-O stretching at 1090 cm-1 exist

predominantly at PDMS O+, whereas they are non-existent or comparatively

smaller for PDMS O- spectra. Furthermore, the intensity of the peaks for Si-CH3

bond such as in 858 and 1415 cm-1 was higher for PDMS O- compared to PDMS

O+.

Clearly the enhanced engineered hydrophilic surface characteristic of PDMS

were conserved during the zein film formation as the Raman spectra were mea-

sured right after the zein films were peeled off. The decrease in water contact

angle of PDMS surface from 80 to 50 degrees (Figure 3.3) confirmed this re-
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Figure 3.2: Raman spectra of PDMS O+ (blue) and PDMS O- (red) (A.u.:
Arbitrary units)

Table 3.1: Peak assignments for Raman signature of PDMS films

Peak wavenumber (cm-1) Assigned chemical group Reference

488 Si-O-Si rock (Aguiar et al., 2009)

557 Si-OH bending (Oh et al., 2003)

858 Si-CH3 stretching (Oh et al., 2003)

955 Si-OH sym. stretching (Oh et al., 2003)

1090 Si-O streching (McKeown, 2005)

1269 Si-CH3 sym. bending (Oh et al., 2003)

1415 Si-CH3 asym. stretching (Oh et al., 2003)

sult. In contrast, when the Raman measurements were conducted a day after zein

films were peeled off, all the engineered hydrophilicity disappeared and there was

no difference between O+ vs O- spectra of PDMS due to the reversibility of its

surface hydrophilicity (data not shown).
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3.4.2 Effect of oxygen plasma exposed PDMS on the
hydrophilicity of zein film surfaces

Zein is an ampiphilic protein with a hydropathy value around 60. The hydrophilic-

ity of the zein film surface changes depending on the way it self assembles. There

are two different self-assembly processes on two different surfaces, first the self-

assembly at the contact side surface with the parent substrate second, the self-

assembly, on the side which is exposed to air. Figure 3.3 shows the difference

between water contact angles (WCA) for 1) PDMS alone 2) zein on the contact

side with PDMS and 3) zein on the air side for both PDMS O+ vs PDMS O-.

Zein films that were in contact with PDMS showed hydrophilicity increase be-

tween PDMS O+ vs PDMS O-. WCA decreased from 55 degrees (O-) to 20

degrees (O+) when the zein surface was in contact with PDMS O+. This sharp

drop in the WCA of the zein film happens very fast between 6 and 12 seconds of

PDMS Oxygen Plasma treatment (Figure 3.3, Left) and was preserved for over a

year. However, for the zein film on the air side, WCA remained unchanged ( 55

degrees (O-) and 50 degrees (O+) (Figure 3.3, Right).

Zein is an amphiphilic protein with roughly an equal ratio of hydrophilic and

hydrophobic amino acids. This gives it unique self- assembly properties depending

on the surface that it is being cast on even though it has more hydrophobic

characteristics, evident by its hydropathy value around 60. The hydrophilicity of

the zein film surface changes depending on the way it self assembles. There are

two different self-assembly processes at two different surfaces as a result of the

casting method. First the self-assembly at the contact side surface with the parent

substrate. Second, the self-assembly, on the side which is exposed to air. Figure

3.3 shows the difference between water contact angles (WCA) for 1) PDMS alone

2) zein on the contact side with PDMS and 3) zein on the air side for both PDMS

O+ vs O- cases. Zein films that were in contact with PDMS showed hydrophilicity

increase between PDMS O+ vs O-. WCA decreased from 55 degrees (O-) to 20

degrees (O+) when the zein surface was in contact with the Oxygen plasma treated
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PDMS. This sharp drop in the WCA of the zein film happens very fast between

0.1 and 0.2 minute of PDMS Oxygen Plasma treatment (Figure 3.3). However,

for the surface of the zein film on the air side, WCA remained unchanged ( 55

degrees (O-) and 50 degrees (O+) (Figure 3.3).

Figure 3.3: Left: Comparison of water contact angle of the surface of PDMS,
zein (contact side) and zein (air side). Light grey is O- (O min) and dark grey is
O+ (1 min exposure to oxygen plasma). The inset shows the surfaces on which
the water contact angle was measured. Right: Water contact angle measurement
on the surface of zein film that was in contact with PDMS O+ vs direct
exposure on zein films after film formation. Error bars represent standard
deviation (n=3).

As shown on the right side of Figure 3.3, direct exposure of zein films to oxy-

gen plasma was only partially effective and not as effective as casting them onto

PDMS O+. The water contact angle of zein films dropped from 57 degrees to

only 38 degrees after oxygen plasma exposure of 3 minutes, whereas 12 seconds

exposure on PDMS was sufficient to obtain a zein film with a considerably more

hydrophilic surface ( 20 degrees WCA ). Longer duration of oxygen plasma expo-

sure on PDMS did not cause any significant difference in the contact angle based

on the Tukey pairwise comparisons after ANOVA. For direct exposure, WCA was

only significantly different for 3 min exposure (based on comparison with Tukey

method.)

The schematic diagram in Figure 3.4 shows the procedure that was followed

for direct comparison of hydrophilic and hydrophobic regions of zein films as

well as their optical properties resulting from the use of the comb like mask.

72



Regions of zein film that were in contact with the PDMS O+ film showed lower

water contact angle, and were more hydrophilic, ( 20 degrees), in contrast, to the

masked regions of PDMS film showed higher water contact angle ( 55 degrees)

consistent with the results of earlier experiments we conducted. Hydrophobic

regions appeared visually more transparent than the hydrophilic regions and were

confirmed through optical absorbance measurement of the two regions on zein

film at 450 nm, 570 nm, and 630 nm (Figure 3.5). The difference in the optical

absorbance of the two regions might be due to the vertical organization of zein

bodies because of the increased affinity of the hydrophilic region for water and

the surface swelling of zein making the film somewhat thicker and more opaque.

Matsushima and others proposed a well accepted model of zein molecule or-

ganization as closely packed helix coils with the polar (hydrophilic) amino acid

residues oriented outward and non-polar (hydrophobic) amino acid residues lo-

cated in the interior of the helix (Matsushima et al., 1997). The outcome of this

helical conformation is that the surface of zein films can be engineered to exhibit

either hydrophobic or hydrophilic property. In earlier studies the self-assembly

property of zein was controlled by changing the pH of the solvent using acetic

acid as the solvent (Shi et al., 2009) and concentration of solvent (Wang et al.,

2004b). In this study, we observed that this self-assembly can be achieved by

simply casting zein on PDMS, either exposed to Oxygen plasma or not. Oxygen

plasma induced hydrophilicity to PDMS which was transferred to zein as a result

of contact of zein with PDMS. This can be achieved in a patterned matter by

using the mask method. In fact, this treatment is compatible with the previously

reported method of three-dimensional feature replication where micro and nano

features have been successfully transferred to zein from PDMS with great fidelity

(Luecha et al., 2011). Both treatments can be simultaneously carried out using

the same PDMS film with Oxygen plasma treatment to imprint three-dimensional

features with the additional ability to modify the hydrophilicity/hydrophobicity

of their surface.

Since the water contact angle change only happens significantly on the surface
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Figure 3.4: (a) A polydimethylsiloxane (PDMS) film exposed to O2-plasma for 1
min; there is a mask placed to selectively treat the surface of the PDMS film.
(b) Immediately after O2-plasma treatment, the mask was removed and zein
solution was cast over the PDMS film and (c) zein film cured in a vacuum
desiccator, (d) Once it is cured, the zein film is separated from the PDMS film,
(e) Visual comparison of PDMS film with mask and (f) Cured zein film shows
replication of corresponding hydrophobic and hydrophilic regions on the zein
film.

that is in contact with the PDMS, but not as much on the air side which is not in

contact with PDMS, these findings suggest that zein film surface has the ability

to organize itself to mimic the surface that it is in contact with. This is consistent

with prior studies (Yoshino et al., 2002) where zein films with different water con-

tact angles on the air-side and contact side of the films were also obtained when

zein was brought into contact with a polyethylene (PE) sheet. The water contact

angle of unplasticized zein films ranged between 20 and 60 degrees for the air side,

whereas it was between 40 and 75 degrees on the PE contact side depending on
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Figure 3.5: Optical absorbance measurement of hydrophilic and hydrophobic
regions on zein film that was cast on treated PDMS film.

zein concentration, drying temperature and drying relative humidity. This appli-

cation promoted hydrophobic surface properties on the contact side in contrast to

our work with Oxygen plasma exposed PDMS which promoted hydrophilic sur-

face properties. Furthermore, in our study it was possible to obtain intermittent

hydrophilic/hydrophobic regions on the zein films.

3.4.3 Effect of surface roughness on hydrophilicity of zein film
surfaces

Smooth PDMS, sandpaper textured PDMS, and paraffin wax were used to study

the effect of macroscopic differences on the water affinity of zein films. As can

be seen from microscopy images in Figure 3.6, the texture and topography of the

films were different for these samples on a macroscopic scale. However, WCA

angles of zein films were not different as a result of the roughness change at this

scale. Figure 3.7 shows the comparison between the water contact angles of zein

films and the materials that they were cast on. WCA angles of zein films were

not different as a result of the roughness change at this scale. It was found that

there was no significant difference between zein films that were cast on these three

different surfaces (p>0.05) even though there was a significant difference between

the WCA of parent substrates, i.e. wax, sandpaper textured PDMS and PDMS
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(p<0.05). This shows that the chemistry during self-assembly of zein on PDMS is

more important than the texture of the surface in terms of affecting surface WCA

for zein. The degree of hydrophillicity achieved by casting zein on PDMS is far

superior compared to surface textures engineered for different degrees of capillary

action.

The degree of hydrophilicity achieved by casting on PDMS is far superior

compared to the microscopic surface textures engineered that might attract water

because of capillary action and the water contact angles are approximately the

same in all of the textured surfaces.

Figure 3.6: Microscopy images of zein surface cast on wax, sandpaper textured
PDMS and smooth PDMS.

Zein films, were also cast on PDMS O+ and PDMS O- substrates, both with

one-dimensional line patterns with periodicity of 1000 lines 1/mm and 500 lines

1/mm, 1 µm-wide and 2 µm-wide lines respectively. The line features were success-

fully transferred onto the zein film from the PDMS substrate due to the accurate

replication ability of zein casting. The line features can be observed through

diffraction patterns generated by optical illumination. The films that were cast

on the PDMS O+ again retained increased hydrophilicity compared to the un-

treated zein films with corresponding water contact angles of 26 degrees versus

57 degrees respectively. These results indicate once more that a well-defined fine

texture of the parent substrate has an insignificant effect on the hydrophobicity

of zein, compared to the self-assembly promoted by the surface chemistry of the
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material it is cast on.

Figure 3.7: Graphical comparison of zein contact angles compared to the surface
it was cast on. Error bars represent standard deviation (n=4).

3.4.4 Effect of oleic acid content on the self-assembly of zein films

The difference in water contact angles between O+ and O- increased as the oleic

acid content increased as illustrated in Figure 3.8 Right. When there was no oleic

acid, there is a diference between the suface cast on PDMS O+ vs O-; however

this effect was more prominent with zein to oleic acid of 1:1 ratio (Figure 3.8 Left).

ANOVA combined with Tukey tests showed that there was a significant difference

among water contact angles between different oleic acid contents (p<0.05). There

was significant difference between O+ and O- surfaces as well (p<0.05. Oleic

acid is an amphiphilic molecule with a hydrophobic methyl end a hydrophillic

carboxylic head. If the surface is hydrophilic then oleic acid migrated to the

contact surface and exposed the carboxylic head ; in contrast if the surface is

hydrophobic then it exposed the methyl end. When there is more oleic acid

there is an increase in the amount of hydrophilic head groups exposed at the

interface and the difference between the hydrophilic WCA and the hydrophobic

WCA increases as shown in Figure 3.8 Right. This further indicates that the
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carboxylic groups of oleic acid are preferentially oriented towards the interface

contributing to increasingly pronounced hydrophilic character of zein as a result

of coming into contact with Oxygen plasma treated PDMS. We conclude that

oleic acid plays a unique role in the self assembly of zein cast on PDMS O+ or

O-.

Figure 3.8: Water contact angle of zein films (contact side) vs different oleic acid
ratios for O+ vs O- (Left). The difference between water contact angles of O- vs
O+ plotted against zein:OA ratio (Right).Error bars represent standard
deviation for different sets of experiments (n=3), within each experiment WCA
was calculated by averaging data points on the same sample (n=4)

3.4.5 AFM analysis of zein films

In order to understand the effect of the self-assembly as a result of the PDMS

treatment and the increase in oleic acid content on surface topograhpy, AFM

measurements were also conducted. AFM results showed that films that were cast

on PDMS O+ were rougher than those that were cast on PDMS O-, for all oleic

acid contents as can be seen in Figure 3.9. The roughness value measured as rms

(root mean square) was 4.5 nm for zein films with 1:1 ratio cast on PDMS treated

with oxygen plasma, whereas it was 0.6 nm for the zein films with same oleic acid

ratio but cast on oxygen plasma untreated PDMS. Our findings are consistent

with earlier studies where zein forms rougher surfaces when cast on hydrophilic

surfaces and exhibits more hydrophilic properties compared to hydrophobic ones
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(Shi et al., 2009; Wang et al., 2004a,b; Subramanian and Sampath, 2007b). It

was proposed that the asymmetrical structure of zein having hydrophilic and

hydrophobic ends contributes to this nanoscale roughness difference as zein uses

different sides to either adsorb to the surface or expose itself to air. The packing

of helix coils Matsushima et al. (1997) parallel to the surface of the substrate were

shown to produce a higher nano-scale surface roughness.

Moreover, we observed that the difference between the rms values between O+

and O-decreased as the oleic acid content decreased. The difference was 3.7 nm

for zein films with 1:1 ratio, 0.45 nm for 1:0.5 ratio and 0.19 nm for 1:0.25 oleic

acid content films. This suggests that, oleic acid-zein orientation changes with

the amount of oleic acid as well as the parent substrate.

Furthermore, a force curve analysis was conducted on the zein films that had

an intermittent mask, in order to understand the differences between two regions.

A relatively hydrophilic Silicon tip was used with a contact a water contact angle

of 38 degrees (Arkles, 2006). Figure 3.10 shows the AFM cantilever positioned

on top of the edge and able to scan on both sides (O+ and O-). In this figure,

the right side was hydrophilic zein, which was zein film cast on oxygen plasma

exposed PDMS. The left side was hydrophobic zein, which was cast on regular

PDMS. The topography difference (hydrophilic part was rougher) was analyzed

at the nano-scale in Figure 3.9 through AFM images. In Figure 3.10, the force

mapping results show both height and adhesion profile. The adhesion profile

gives new information, which was not apparent through the nanoscale topography

images. In the patterns reported in Figure 3.10 the light grey regions correspond

to larger forces and as the adhesion force becomes smaller the patterns become

darker. There is a characteristic pattern between the hydrophilic and hydrophobic

parts of this figure with the hydrophilic parts showing relatively light grey (higher

adhesion) profiles while the hydrophobic part shows relatively darker patterns

with an intersection region separating the two different adhesion profiles from

each other. This intersection region is not observed in height profiles suggesting

that the force profiles are more sensitive to small changes when compared to the
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height (topography) profiles. This proves that different force values are obtained

due to the surface hydrophilicity/hydrophobicity difference on the surfaces and

offer additional information, which is largely complementary but more sensitive

than the height profiles. The consistency between all different type measurements

offer irrevocable proof of the impact of the Oxygen plasma treatment coupled

with changing oleic acid content in zein films on conformational changes and

organization of zein films.

When the values were compared for two different regions (hydrophilic) and

(hydrophobic). It was found that the force values ranged between 5.8 nN and

11 nN for hydrophilic region, whereas they ranged between 5.8 nN and 7 nN

for the hydrophobic region. There is more variation (apparent from topography

as well) in the hydrophilic region, which is due to the way zein organizes itself

in the presence of oleic acid. When there is more oleic acid the fact that the

carboxylic groups bind to the hydrophilic amino acids could result in a network

which favors protein and oleic acid layers partly alternating between each other

where the matrix is held together with the ampiphilic emulsifier. On the other

hand, hydrophobic region is formed by a singular layer, which is more uniform

with either the methyl ends of oleic acid or the hydrophobic region of zein protein.

3.5 Conclusion

In conclusion, here we demonstrated a method to fabricate zein films with a

preferred surface hydrophobicity/hydrophilicity. The effect of surface roughness,

either on macro or micro scale was found not to be significant. The hydropho-

bicity/hydrophilicity of the surface is found to be more important and effective

to induce self-assembly of the zein molecules. PDMS and Oxygen plasma treated

PDMS enabled control of zein films’ water contact angles. Oleic acid also has

a key role in the self-assembly process. AFM analysis demonstrated that hy-

drophilic zein films were rougher than hydrophobic ones consistent with previous

findings. The simultaneous replication of three-dimensional features and sur-

80



face property can be accomplished on a large surface area in one step offering

nanomanufacturing opportunities. Simultaneous replication of three-dimensional

patterns and surface property is possible due to the use of PDMS to replicate pat-

terns through soft lithography and also to induce hydrophilicity via O2-plasma

treatment. Also when variable hydrophilic/hydrophobic properties are needed a

shadow mask with desired patterns can be used to have PDMS with intermittent

exposure to O2-plasma treatment, thereby inducing a distribution of hydrophilic-

ity/hydrophobicity. This processing technique offers a great deal of flexibility for

the fabrication of biodegradable protective coatings or thin films, which can be

used for microfluidic and/or tissue engineering applications.
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Figure 3.9: AFM images of zein films. O+: zein was cast on PDMS exposed to
oxygen plasma, whereas O-: zein was cast on PDMS. Numbers represent the
zein: oleic acid ratio.Scale bars range from 5 nm (yellow) and -5 nm (blue).
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Figure 3.10: Atomic Force microcopy images. (Left) macro image showing the
location of edge between masked and unmasked area in zein films (Middle)
height profile of this region (Right) Adhesion profile obtained by mapping of
force curves.
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CHAPTER 4

FABRICATION OF A NANOPHOTONIC
PLATFORM ON ZEIN FOR SURFACE

ENHANCED RAMAN SPECTROSCOPY1

4.1 Abstract

In this paper, we report a method to manufacture green nanophotonic sensors

made out of corn protein zein. The method is direct transfer of three-dimensional

metallic (gold and silver) nano structures onto biodegradable zein films. We have

transferred both micro scale and nano-scale structures with several geometries. In-

verted and positive pyramid structures, with 2 µm by 2 µm square base, nanopores

and nanopillars with an approximately 250 nm diameter were successfully trans-

ferred onto zein along with 200 nm and 80 nm thick gold layer onto pyramids

and nanopillars/pores respectively. Rhodamine 6G was used as a model molecule

for surface enhanced Raman spectroscopy measurements and was found that the

inverted pyramid gold zein sensors had the highest enhancement factor, compared

to the other zein-sensors. The novel zein sensor platform we developed has the po-

tential to serve as a biodegradable SERS platform for applications in agricultural,

medical and food analysis purposes.

1This work is currently under review as P. G. Gezer, A. Hsiao, G. L. Liu, J. L. Kokini
“Simultaneous transfer of noble metals and three-dimensional micro and nano-patterns onto
zein for fabrication of nanophotonic platforms” Journal of Material Science.
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4.2 Introduction

The rapid development of biosensors and lab-on-a-chip technologies promises to

make available routine, widespread analyses useful in healthcare, environmental

monitoring, agricultural and food quality and toxicology assessment. This may

be possible with cheap, miniature platforms combined with portable detection

systems. One of the key concerns of these new miniature technologies is the dis-

posability and generation of environmental pollutants, especially for agricultural

and food applications. For these reasons interest in biodegradable and biocompat-

ible materials has recently increased (Domachuk et al., 2010). Some examples of

biodegradable materials include silk (Tao et al., 2012), polycaprolactone (Van der

Schueren et al., 2013), amyloid fibrils (Li et al., 2012) and paper-based analytical

devices (Martinez et al., 2009).

In this study the focus is imprinting nanophotonics structures on biodegradable

materials by using the science and technological tools offered by nanophotonics.

Nanophotonics deals with the behavior and interactions of light with matter and

structures at the nano-scale. This research is advancing the state of the art by

showing the feasibility of using biodegradable natural materials in biosensor lab-

on-a-chip platforms.

One of the ways to make use of nanophotonics in sensors is by using regular

and reproducible nano-scaled structures coated with noble metal surfaces, which

may result in localized surface plasmon (LSP) effect. Localized surface plasmons

are an oscillating electron cloud in the boundaries of a high-electron density metal,

which arise from the interaction of the metal with an electromagnetic field at care-

fully controlled conditions. LSPs cause an enhancement of the electromagnetic

field around these nano-scale metal coated nanostructures and are utilized in de-

velopments of biosensors, two major categories being Surface Plasmon Resonance

(SPR) biosensors and Surface Enhanced Raman Spectroscopy (SERS) biosensors

(Hutter and Fendler, 2004). Raman spectroscopy gives highly specific informa-

tion at the molecular level, and enhancement of the Raman signal occurs by using
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nanophotonic structures coated with noble metals. The signal is then enhanced up

to several, sometimes up to ten orders of magnitude. Raman signal enhancement

occurs with both nanoparticles as well as nano-arrayed structures. In many cases,

the latter is preferred for the sake of signal uniformity and reproducibility. SERS

have numerous potential applications in biomedical, pharmaceutical, forensic, en-

vironmental, art, archeological sciences and in food science and food analysis in

detection of food pathogens, contaminants and adulterants (Craig et al., 2013).

The conventional support material for imprinting nano-shape metallic struc-

tures generally is based on silicon or other plastic materials, which are non-

biodegradable. In this study, we propose to utilize corn zein a biodegradable

protein polymer, to fabricate a biodegradable nanophotonic platform that can be

used for SERS applications to engineer sensors to detect and measure important

food analytes especially allergens. Zein has an amphiphilic nature, which makes it

tunable into different properties, such as water vapor permeability, surface topog-

raphy and surface water affinity. It was shown to possess self-assembly properties

owing to its amphiphilic nature. Both hydrophilic and hydrophobic surface tun-

ing can be obtained, while bulk properties are preserved, which makes it desirable

and sometimes preferable in many applications such as packaging, encapsulation,

and pharmaceutical coatings, adhesive and biodegradable films (Corradini et al.,

2014). Recently, zein has attracted attention as a potential material for cell and

tissue engineering (Dong et al., 2004). It has well-established film forming abil-

ities whose mechanical, thermal and surface properties can be tuned depending

on the desired end-goal. It is able to form free-standing films by both extrusion

and casting techniques. It was combined with several plasticizers, cross-linkers

and nanoclays to have different mechanical and surface properties. It has also

been shown to replicate micro-structures such as wells, pores and microfluidic

channels by solvent-casting technique (Altunakar et al., 2010). While replica-

tion of micro- and nano-scale features on biopolymers are possible, metallized

three-dimensional nanostructures on protein-based films are not achievable using

thermal or electron-beam evaporation due to low glass-transition temperature of
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the polymers, at or above which surface features manufactured can be distorted

or destroyed (Vroman and Tighzert, 2009).

In this research, we present a technique to fabricate a biodegradable zein

nanophotonic platform, via direct transfer of three-dimensional (3D) metallic

structures onto zein to be utilized in SERS applications. Four different types of

metallic nano-structures; positive and inverted pyramids, nanopillars and nanopores

were successfully transferred onto zein. Three of them were compared for their

Raman signal enhancement capability of a model molecule, Rhodamine 6G.

4.3 Materials and Methods

Fabrication of the sensor included three steps; production of polymer molds with

nanopatterns, noble metal deposition and 3-dimensional transfer of the patterns

along with metal onto zein. Each of these steps is described below in detail,

followed by the mechanical (ASTM D3359 adhesion test) and optical (Scanning

electron microscopy and Raman spectroscopy) characterization techniques that

were used in this study.

4.3.1 Fabrication of polymer molds with nanophotonic structures

Polyethylene tetraphthalate (PET) and polydimethylsiloxane (PDMS) were used

as polymer mold materials for transfer of nanophotonic patterns, using two meth-

ods. The nanophotonic patterned substrates were developed previously (Xu et al.,

2011; Gartia et al., 2010). The first method was replica-molding used with PET

which was done in Dr. Liu’s lab. A small volume that covers the surface with the

nanophotonic patterns of UV-curable polymer (UVcP) (Norland Products Inc.,

Cranbury, NJ or Gelest Inc., Morrisville,PA) was dropped onto the surface of the

master and a PET sheet was placed on top of the UV-curable polymer. After

the placement of the PET sheet a Teflon roller was used to cause the polymer to

flow and conform to the inverted pyramids on the surface of the master The UV-
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curable polymer was then cured 60 seconds using an ultraviolet lamp (105 mW

cm-2) and adhered to the PET sheet. The PET sheet was then manually sepa-

rated from the master mold. Soft lithography was the second replication method

and was used for PDMS. A PDMS mixture was prepared using a 10:1 v/v ratio of

base to curing agent at a volume to fill a petri dish to half thickness. This ratio

allows for an organometallic crosslinking reaction to occur between siloxane base

vinyl groups with the cross-linking curing agent with at least 3 silicon hydride

bonds being formed (Dow Corning, Midland, MI) and cast on the PET molds

with the nanophotonic patterns, and allowed to cure overnight. After curing, the

PDMS polymer mold was separated from the PET. Detailed explanations of the

development of these patterns can be found in Chapter 2. As a summary, molds

with pyramid patterns were prepared by replica-molding method as also explained

above and both negative and positive pyramids obtained. For the nanopillars, ion

milling deep reactive ion etching technique was used to obtain pillar structures,

which are much finer in size.

The nanophotonic patterns of the master were either pyramid or pillar struc-

tures. Pyramid patterns had a base of 2 µm by 2 µm with a periodicity of 2 µm

(from center to center), and height of 2.1 µm, whereas the pillar structures were

150 nm in diameter, 500 nm in height and 350 nm apart (Xu et al., 2011; Gartia

et al., 2010).

Electron beam evaporator (Temescal, Livermore, CA) which enabled deposi-

tion of gold or silver at the rate of 1/s was used to deposit noble metals onto poly-

mer molds. Pyramid molds were covered with 200-nanometer thick noble metal

(gold or silver), whereas nanopillars or pores were covered with 80-nanometer

thick gold. The thickness of the metal coating (200 nm for pyramids and 80 nm

for nanopillars/pores) was based on the original SERS-active substrates, which

were used as templates (without coating) in this study. The original molds utilized

as master in this study are shown in Figure 4.1.
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Figure 4.1: Scanning electron microscopy images of nanophotonic master molds:
Positive pyramids (Left), Negative pyramids (Middle) and Nanopillars
(Right)(Xu et al., 2011; Gartia et al., 2010)

4.3.2 Fabrication of protein films with nanophotonic structures

Zein (Sigma Aldrich, Milwaukee, WI) solution was prepared by dissolving zein

powder in 75% Ethanol (1 g of zein in 5 mL of ethanol) together with oleic

acid (Sigma Aldrich, Milwaukee, WI) and an emulsifier, monoglyceride (Caravan

Ingredients, Lenexa, KS) at a ratio of 1 g zein: 1 g oleic acid: 0.05 g emulsifier and

mixed at 65 ◦C for five minutes. The emulsifier was used to bind zein to the oleic

acid phase and the mixture is essentially a solid emulsion. It was sonicated for 2

minutes at 245 mW power to remove air bubbles, which was established before

for best results with zein film formation (Luecha et al., 2011). The solution was

then poured over the polymer molds, at a volume depending on the volume of

the petri dish being used, and dried at room temperature in a vacuum desiccator

for 24-48 hours. Once solidified, the protein film was removed with a razor blade

and lifted directly off the polymer mold. The direct transferability of the noble

metal film was assessed by whether or not the cured protein film could be cleanly

and easily separated from the polymer mold. The schematic diagram in Figure

4.2 illustrates the procedure.

4.3.3 Characterization of zein films with nanophotonic structures

Surface and cross-section views of the protein film with nanophotonic structures

were obtained by scanning electron microscopy (Either Philips XL30 ESEM-FEG,

89



Figure 4.2: Schematic diagram of the direct transfer of three-dimensional
metallic nanophotonic structures onto zein, a corn plant-based biopolymer. A
template made of either PET or with nanophotonic structures (a) is deposited
with 200 nanometers of noble metal using E-Beam Evaporation (b). Zein
solution is solvent-casted over the metal-coated template (c), and after fully
solidifying; the zein film with three-dimensional metallic nanophotonic
structures is separated from the template (d)

or Hitachi S-4700). These experiments were conducted with the following settings:

10 µA and voltage ranging between 5 kV and 15 kV depending on the sample.

Normal operation mode and long working distance (in general 12 mm) was used.

These are also reported on the SEM images. The cross-section view was obtained

by first cutting the film with a sharp razor blade and then smoothing the imaged

area with a microtome diamond blade. The adhesion between the metallic layer

and the zein films was assessed using the ASTM D3359 test described in detail

in Materials and Methods section. For measuring adhesion, a tape (rated at 570

grams per centimeter of adhesion strength) was placed over the metallic layer

and left for 90 seconds and then removed back on itself parallel to the surface

of the film at constant speed. This was repeated for 3 samples. The experiment

focuses on the extent of sticking of the metal onto the tape and the quantitative

characterization is done by comparison with the template offered by ASTM D3359

also described in the Materials and Methods section. The decision criteria are
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tabulated in Table 4.1.

Table 4.1: ASTM D3359 Adhesion test classification

Contact angle measurements were performed with a VCA Optima Surface

goniometer (AST products, Billerica, MA) and consisted of dispensing 5 µL of

solution (either water or zein in 75% ethanol) on the surface of a film and measur-

ing the angle using the VCA Optima’s software of the system. Equipment has a
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syringe that can dispense a measured amount of liquid by giving commands. After

the droplet touched the surface, we waited for 30 seconds to take measurements

for equilibration and standardization of the WCA measurements. The contact

angle is calculated with the help of a camera and software of VCA Optima.

The reflectance spectrum of the nanophotonic structures on protein film was

measured using an epi-illumination microscope (Carl Zeiss, Thornwood, NY) cou-

pled to a 500-800 nm range spectrometer (Control Development, South Blend,

IN). The samples were scanned in this range and their reflectance spectra were

measured. The wavelength at which the reflectance spectra underwent a min-

imum was considered to decide which laser would perform best during Raman

spectroscopy.

For Raman spectroscopy, 2 µL of a solution having the target molecule was

placed onto the surface of the nanophotonic protein film and dried at room tem-

perature. A model molecule, Rhodamine 6G (R6G) was used to evaluate the

signal enhancement of each nanostructured platform compared to normal Raman

spectroscopy. Serial dilutions of R6G were prepared ranging from 1 µM to 100 µM.

The background signatures of the sensors resulting from the chemistry of the pro-

tein were obtained to differentiate the characteristic peaks coming from the R6G

from those of the sensor. Dispersive Raman spectroscopy measurements were

performed using a commercial Raman spectroscopy equipment (Horiba LabRAM

HR) with a 50x objective and 300 lines/mm grating. The acquisition time was

a few seconds for all measurements. 10 mM R6G solution was placed on a clean

Silicon wafer to serve as a reference material and concentration and measured

using the same settings. In order to eliminate the effects of auto fluorescence

baseline correction was done by fitting a polynomial to the baseline and subtract-

ing it from the spectra, by LabSpec 5 software, provided by HORIBA Raman

microscopy system.
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4.4 Results and Discussion

4.4.1 Direct transfer of 3D metallic structures onto zein and
mechanical characterization

The first objective of this study was to determine if three-dimensional transfer of

metallic nanostructures onto zein by soft lithography method is feasible and re-

sults in high fidelity nanostructures on zein surfaces. Three different patterns were

chosen as master molds as shown in Figure 4.1, which resulted in 4 different tem-

plates (positive pyramids, inverted pyramids, nanopillars and nanopores). Two

different noble metals were used, silver and gold, with two different thicknesses

200 nm and 80 nm. The templates used are summarized in Table 4.2.

Table 4.2: List of different fabrication strategies for zein films with nanophotonic
structures

PET with UVcP PDMS Metal coating Zein

Inverted pyramids 200 nm gold/silver Positive pyramids

Positive pyramids 200 nm gold/silver Inverted pyramids

Inverted pyramids Positive pyramids 200 nm gold Inverted pyramids

Positive pyramids Inverted pyramids 200 nm gold Positive pyramids

Nanopillars Nanopores 80 nm gold Nanopillars

Nanopillars 80 nm gold Nanopores

First, PET templates with two different UV-curable polymers (UVcP) layers

with confidential chemistry not disclosed by the company (Gelest and Norland)

were tested. The bulk polymer was PET with the curable polymer used to du-

plicate the surface nanopatterns. It was found that gold transfer onto zein was

successful with UVcP, an acrylate modified silicon polymer from Gelest source.

However, it was not possible from the Norland source, which is a photopolymer.

In both cases, the bare metal (no nanopatterns) on the PET sheet was perfectly

transferred onto zein. Figure 4.3 shows the successful and partly-successful metal

transfer from template onto zein films. Figure 4.3a shows that when Norland
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UVcP was used, the area having the pyramid patterns did not transfer well onto

zein, whereas the rest of the gold was transferred from the PET sheet onto the

zein film. Figure 4.3b and c show that the transfer of silver and gold from the

Gelest source for UVcP was successful. The area in the dotted square (5 mm x

5 mm) in the figure is where the pyramid patterns are. The reason for the color

difference is the reflection of light at different wavelengths in the visible spectrum

between 500 - 700 nm due to these patterns.

Figure 4.3: The transfer of noble metal onto zein film. Unsuccessful transfer
evident by the squared area having the patterns did not transfer onto zein film
(on the right) (a), successful transfer of silver (b) and gold (c)

For the ease of handling and use purposes, the patterns were transferred onto

Polydimethylsiloxane (PDMS). PDMS is a commonly used elastomeric material

in soft lithography. When the patterns were transferred onto PDMS, the opposite

of the patterns were obtained. For instance, if PET mold had inverted pyramids,

PDMS had positive pyramids. We conducted most of our studies with PDMS

molds because PDMS production does not require any additional step other than

mixing the base with curing agent as opposed to UV-curing of PET molds. One

other advantage of PDMS is that it can be reused after the gold transfer is com-

pleted. It was found that PDMS was a suitable substrate for noble metal transfer

onto zein films. It was found that PDMS was an efficient substrate for noble

metal transfer onto zein films. This is a new discovery related to zein substrates

and resulting films. We also tried to use 80 nm metal-coated glass substrates to

transfer nanopatterns onto zein, however this was not successful. Metal did not
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transfer onto zein films; it rather stayed on the glass surface.

The reason of the successful versus unsuccessful transfer is the affinity resulting

from the surface energy or adhesiveness of gold onto a substrate. If the metal has

higher affinity towards the substrate that it was coated on in the case of glass for

example, it did not transfer. On the other hand, if the metal has higher adhesion

towards zein, it did transfer. Adhesion is related to wettability of the surface

with that material and consequently surface energies of the substrates. Surface

energy directly relates to the adhesion, meaning if the surface energy is low, its

ability to have strong adhesive bonds is also low. In order to analyze these, we

conducted both Water Contact Angle (WCA) measurements and compared the

surface energies.

Table 4.3 summarizes the surface energy values in mJ/m2, water and zein

contact angles on several parent substrate materials as well as the metals. High

surface energy is correlated with high adhesion (Kendall, 1971). Glass has a sur-

face energy ranging between 2000 and 4000 mJ/m2, as a result it is highly adhesive

towards many solutions/substrates with surface energies lower than glass. In con-

trast, PDMS has a surface energy of 20.9 mJ/m2 which makes it a non-adhesive

surface to many materials. PET lies in between glass and PDMS, however its

surface energy value (43 mJ/m2) is closer to that of PDMS, which makes the

transfer possible. Since UVcP1 and UVcP2 are commercial polymers, it was not

possible to obtain the chemical formulas and/or the surface energies of these poly-

mers. The difference in the surface properties of these cured polymers might have

resulted in the fact that it was possible to transfer from UVcP2, but not UVcP1

as these were provided by different companies. Water contact angles (WCA) are

also representative of the adhesion of hydrophilic materials as they are correlated

with the wettability of the surface with hydrophilic substrates. The WCA of glass

is 9.9 degrees, whereas the WCA of PDMS is 110 degrees. It is easier to wet glass

than PDMS with a hydrophilic solution. These results also helped explain the

adhesion difference between different materials.

Zein in ethanol solution contact angles were also measured the same way as
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Table 4.3: Surface properties of materials that were used to transfer metal onto
zein (UVcP: Ultraviolet-cured polymer, PET: polyethylene terephthalate,
PDMS: polydimethylsiloxane, Au: gold, Ag: Silver) References a: Dann (1970),
b: Sowell et al. (1972), c: Vitos et al. (1998)

Contact angle (degrees)

Material
Surface Energy

mJ/mˆ2
Water

Zein

solution

Direct

transfer
Reference

Parent

substrates

Glass >2000 9.9 9.8 No n/a

UVcP1

(Norland)
n/a 52.4 8.6 No n/a

UVcP2

(Gelest)
n/a 50.4 12.3 Yes n/a

PET 43 59.1 20.4 Yes a

PDMS 20.9 110 42.9 Yes b

Coinage

materials

Au 1500 96.5 29.1 Yes c

Ag 1250 74.7 24.1 Yes c

WCAs, the only difference was that zein ethanol solution was dispensed on the

surface rather than water. The values for zein solution in 75% ethanol contact

angle were 29.1 and 24.1 degrees for gold and silver, respectively and showed that

zein was able to successfully wet gold and silver, which explains the ease of gold

and silver transfer onto zein when cast in solution form. Therefore in order for

metal transfer to occur onto zein from a parent substrate including, glass, PET

and PDMS , there are two conditions to be satisfied. First, zein should have a

low contact angle, i.e. high wettability, towards the deposited metal; second, the

parent substrate has to have a low surface energy to easily peel off the metal.

The strength of the adhesion between metal and zein was also experimentally

assessed using ASTM D3359 for measuring adhesion by tape test where a standard

adhesive tape provided by ASTM is being used to test if the gold coating on

the surface of zein can be peeled off by the tape. The standard test quantifies

the degree of adhesiveness through a standard chart that accompanies the test

provided by ASTM described in the Materials and Methods section of this thesis.
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Complete lack of separation of metallic layer from the gold-zein laminate proved

that there was a strong adhesion between metal and zein. For nanophotonic

applications, there is generally an adhesion layer deposition between the substrate

and the target metal (Bowden et al., 1998). We found that zein did not need this

adhesion layer, in order to strongly adhere to the metal-zein 3D structure and this

was an advantage compared to other methods.

Adhesion is the ability of dissimilar molecules to cling to each other. There

are several mechanisms of adhesion, such as mechanical, chemical, dispersive,

diffusive and electrostatic adhesion. Zein solution, prepared with plasticizer and

ethanol as solvent, was able flow and fill all the nano and micro scale voids of

the metal-coated polymer molds. This is expected because of capillary forces at

the Nanoscale and further the crossectional SEM pictures in Figure 4.7 clearly

show that there is complete contact between gold and zein. This causes a strong

mechanical adhesion when zein films were cured and solidified in these structures.

Zein had long been recognized as an adhesive material for certain applications,

such as wood wiener and binder for cork (Lawton, 2002). We believe that chemical

adhesion also played a role potentially by sulfide and hydrogen bonding. Zein has

a number of cysteine and methionine amino acids, containing sulfur, and these

may have formed gold-sulfide bonds (Figure 4.4) (Häkkinen, 2012).

Figure 4.4: Representation of gold - sulfur bonding (Häkkinen, 2012)
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4.4.2 Scanning electron microscopy imaging of pyramid structures

Scanning Electron Microscopy (SEM) was used to image the fidelity of the trans-

ferred 3-D metallic surfaces. Since, the surface of zein was already coated with

a conductive metal (gold or silver) there was no need for additional metal depo-

sition, for SEM imaging. Figure 4.5 shows the SEM images of submicron scale

pyramid structures on zein inverted (a) and positive (b) pyramids. As can be seen

from these images, it was possible to transfer this 3D structure onto zein along

with the noble metal with high fidelity. Both positive and negative pyramids were

transferable over a large area and the shape of the pyramids were conserved. This

feature was maintained over the entire surface area (5 mm by 5 mm).

Figure 4.5: Top-down view of the inverted pyramid nanophotonic structures and
(b) positive pyramid nanophotonic structures transferred on zein (Scale bars: 2
µm)

In Figure 4.5.a, the inset shows a smaller scale image over the large area.

In Figure 4.5.b, the inset shows again the smaller scale of positive pyramids.

The transferred nano/micro structures have lateral base dimensions of 2 µm by

2 µm, calculated by image analysis using Image J, which matches well with the

original dimensions of the template (Xu et al., 2011). The figure clearly shows the

excellent fidelity in a surface area (50 x 50 micron) of the film with the exception

of a small defect in the case of upright pyramids. The defect shown in Figure

4.5.b resulted from the distortion/melting effect of the electron beam during the

imaging process. Since zein is a biopolymer, SEM imaging has to be done fast of

the order of 10-20 seconds in order not to damage the surface. Figure 4.6 shows
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the high fidelity of the gold-coated zein- inverted pyramid sensors at different

scales.

Figure 4.6: Different magnification scaled SEM images for zein with 200 nm gold
coated inverted pyramids, master mold with nanopillars

In order to observe the metal to zein interface, cross-sectional images of in-

verted pyramids were obtained with SEM. Zein films with a gold coating were first

cut with a razor blade and sharpened with a diamond blade, in order to obtain

a cross-sectional image as opposed to a top-down image as shown in Figure 4.5

or 4.6. This image was important to be able to observe the state of zein-metal

adhesion. Figure 4.7.a shows the different areas of the cross-section SEM images.

Dashed lines were drawn for ease of identifying the inverted pyramid structures.

We cut the pyramids in a diagonal way since during sectioning, it is not possible

to target the pyramids and cut them half-way. This enabled us to observe pyra-

mids in various cut images. The top image in Figure 4.7.a illustrates a pyramid

cut nearly through its center, and the bottom image illustrates a cut towards the

99



edge. Figure 4.7.b focuses on the intersection between metal layer and zein. Due

to the conductivity differences of metal and zein, it was possible to observe them

as separate layers even though there was no topological difference at the interface.

Metal is more conductive, thus it looks brighter and zein is more insulating, so it

looks darker in this image. The metal layer thickness was about 200 nm, which

shows complete transfer of the metal film. This was also evident from the fact

that, parent substrate did not have any metal residues after the transfer.

Figure 4.7: Cross-sectional SEM images of gold coated inverted pyramid
structures on zein films Scale bars: 2 m (a) and 0.5 m (b)

4.4.3 Scanning electron microscopy imaging of pillar and pore
structures

PET template with nanopillars was first used to transfer silver and gold onto zein

films. We found that silver oxidizes and tarnishes quickly so we abandoned the

silver coating process. We did the coating process in two different ways. First,

PET templates with nanopillars were coated with 80 nm of gold and transferred

onto zein films to have nanopores. Second, PET template with nanopillars was

used to produce nanopores on PDMS and coated with gold, and then it was
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transferred onto zein to obtain nanopillars. An SEM image of the original PET

mold is shown in Figure 4.8.a. The pillars had the dimensions of 250 nm base

diameter, approximately 150 nm tip diameter and approximately 300 nm height.

After these pillars on PET were coated with gold with an e-beam evaporator, the

nanopore structure on zein was obtained as shown in Figure 4.8.c. The diameter

of these pores was accurately preserved as demonstrated through measurements

using Image J and the transfer was successful as evident by these measurements

and visually by observing the SEM image. The diameter of the pores was mea-

sured to be approximately 230 nm, whereas the spacing between two pores was

220 nm.

Figure 4.8.b shows the PDMS with nanopores coated with gold, after being

transferred from the nanopillar template of PET. Due to the metal coating on top

of the pores, the shape of the holes were somewhat distorted and did not have the

same depth as the original pillars had. These pores were then transferred onto

zein to form nanopillars on zein, which resembled a dome structure. The diam-

eter of these domes was approximately 240 nm and the spacing in between was

approximately 210 nm as measured using Image J. Based on these measurements,

we concluded that the lateral dimensions were preserved. It is important to note

that these structures were about 10 times smaller than the pyramid structures.

The SEM images showed that it was possible to replicate nano-scale features

along with the metal transfer on top of zein using this method. Figures 4.9-4.12

demonstrates the reproducibility and success of the 3D-metallic transfer at dif-

ferent scales of SEM imaging for the nanopillars on PET, gold coated nanopores

on PDMS, gold-coated nanopores on zein and goldcoated nanopillars on zein,

respectively.

Since it was not possible to observe the depth of the pores or pillars through

top-down or tilted SEM imaging, cross-sectional SEM imaging was conducted.

Due to the small scale of the structures and the biological nature of the zein, it

was not possible to obtain as clear edges as it was for inverted pyramid structures.

The cross-sectional images obtained are shown in Figure 4.13.
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Figure 4.8: Scanning electron microscopy images of nanopillars on PET (a), gold
coated nanopores on PDMS (b), gold-coated nanopores on zein (c) and
gold-coated nanopillars on zein (d)

Figure 4.13.a illustrates the nanopillars on zein, which resemble nanodome

structures. The height of these was calculated to be approximately 90 nm. The

size of the nanopillars and the intermediate PDMS step affected the shape of these

pillars, and it was not possible to preserve and transfer the exact dimensions from

PET to zein. However, we obtained these smaller size (80 nm) dome structures

coated with gold. Figure 4.13.b shows the cross-section images of nanopores,

cut into half. The depth of these pores was approximately 200 nm. The original

templates were approximately 280 nm in height and they were covered with 80 nm

gold. Having 200 nm pores on zein showed that the transfer of the nanostructures

were successful. Zein was in good contact with the gold as evident by the darker

color zein layer below the bright gold regions. The reason why the bottom part

of this SEM image looks brighter is because it was painted with silver in order to

increase conductivity required to obtain SEM images.
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Figure 4.9: Different magnification scaled SEM images for master mold with
nanopillars

4.4.4 Optical characterization of nanophotonic zein protein films

The purpose of development of these nanophotonic structure imprinted zein films

coated with gold or silver was to use them in conjunction with Surface Enhanced

Raman Spectroscopy (SERS) to detect various analytes. Localized surface plas-

mon resonance is the major cause giving the SERS effect, as discussed in detail

in Chapter 2. The plasmon resonance occurs when the laser light used in Raman

Spectroscopy couples with the surface at a specific wavelength. At this wavelength

the light is not reflected (as gold/silver are highly reflective materials), instead it

is absorbed by the surface. In order to find the specific wavelengths that where

surface plasmon resonance occurs, reflectance analysis was conducted within the

range of 500 and 800 nm wavelengths.

Percent reflectivity for the nanopatterns is shown in Figure 4.14. It was found

that inverted pyramids displayed minima in the reflectivity curves around 530 and

630 nm regions. Reflectivity measurement is a way to find at which wavelength
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Figure 4.10: Different magnification scaled SEM images for PDMS with 80 nm
gold coated nanopores

laser couples with the surface, thus gives better enhancement effect in SERS. It

is preferred to work with the actual wavelength of laser, however practically we

can only work with the commercially available lasers for a detection of analyte

purpose. Gold-coated nanopillars reflectivity curves did not have any specific

minima, but had overall lower reflection in the same regions. There are only a

number of lasers available in the commercial setting that we used, namely 405

nm, 532 nm, 633 nm and 785 nm used for Raman spectroscopy.

In order to have the best SERS enhancement effect, a model molecule, Rho-

damine 6G was used to determine the surface enhancement effect of each zein-

SERS sensors. As discussed in Chapter 2, choosing a laser wavelength is crucial,

to obtain the optimum results. For this reason, Raman spectrum of Rhodamine

6G was recorded with 4 different most commonly used lasers with wavelengths

532 (green), 633 (red) and 785 nm (near IR).

There are many factors influencing the laser choice, but it can be mainly

summarized into three. First, wavelength at which the SERS-substrates are most
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Figure 4.11: Different magnification scaled SEM images for zein with 80 nm gold
coated nanopores

active, this was analyzed by the reflectivitiy measurement. Second, fluorescence

interference coming from the sample. Third, the wavelength at which the molecule

of interest shows resonance modes, resulting in higher intensity signal. For the

sake of optimization, Raman spectrum of Rhodamine 6G was recorded with three

lasers and Figure 4.15 shows the raw Raman spectra of nanopillar sensors when

excited with these lasers. It was evident from the raw spectra that all of the

lasers induced a certain amount of fluorescence in these gold-coated zein sensors.

However, 633 nm laser found to enhance the characteristic peaks of Rhodamine

6G, such as 615, 775, 1370 and 1515 cm-1, as these were observed as sharp Raman

peaks despite the fluorescence broad band. For this reason, different concentration

measurements and the comparisons between sensors were conducted with 633 nm

laser.
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Figure 4.12: Different magnification scaled SEM images for zein with 80 nm gold
coated nanopillars/domes

4.4.5 Raman spectra of Rhodamine 6G on different zein sensors

Raman spectra of Rhodamine 6G was collected with 633 nm laser and by mapping

on a 3 by 3 square geometry, spacing between each mapping point was 30 µm.

The raw data is represented in Figure 4.16. Since the base level of each Raman

signal intensity was not the same and there was apparent fluorescence, baseline

correction was applied before averaging over 9 points. For comparison, baseline

corrected-averaged spectra were used.

Different concentrations of Rhodamine 6G (R6G) was dispensed onto the zein

sensors with 200 nm gold-coated inverted pyramid patterns, 80 nm gold-coated

nanopillar patterns and 80 nm gold-coated nanopore patterns. Figure 4.17 illus-

trates both the comparison of different concentrations for each sensor and the

comparison between different sensors.

The peaks at locations 1370, 1515 and 1606 cm-1 are associated with C-C

stretching and at 615 and 775 cm-1 are associated with C-C-C deformation and

C-H deformation vibrations, respectively (Figure 4.17) (Hildebrandt and Stock-
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Figure 4.13: Cross-sectional Scanning electron microscopy images of gold-coated
nanopillars on zein (a) and gold coated nanopores on zein (b)

burger, 1984). It was also observed that the zein-sensor itself contributed certain

peaks into the spectra, such as 1330 and 750 cm-1. In each of these cases there was

a gold layer on top of zein and the gold layer was expected to eliminate any peaks

that might arise from the zein layer underneath the gold layer. However, some of

the zein peaks were observable on each of the sensors. Thinner gold coating, 80

nm compared to 200 nm gold coating resulted in higher intensity zein peaks as

can be seen in Figure 4.17.b and c. Zein peaks might have resulted from either or

both of the following facts: there could be nano-sized fractures during the metallic

transfer, which lets the zein underneath the gold come into contact with the laser

light and show Raman scattering along with Rhodamine 6G. It could also be due

to the fact that the vertical penetration depth of the laser was larger than the

gold layer thickness, which resulted in the observance of certain zein peaks, even

though the electromagnetic effect simulations for the original sensor (Xu et al.,

2011) found that laser would not penetrate into 200 nm of gold layer.

Figure 16 4.17d compares the Raman intensities of all the fabricated sen-

sors. The inverted pyramids (blue) had the best enhancement of Raman signal.

Nanopores (red) had better enhancement than nanopillars (green), but not nearly

as good as the inverted pyramid structures. Since nanopillars were distorted dur-

ing the production and formed nanodomes as opposed to pillars of the original

master might have resulted in the reduction of the enhancement effect of these

107



Figure 4.14: Reflectance spectra of 200 nm gold-coated inverted pyramids on
zein (a) and 80 nm gold-coated nanopillars on zein (b) Lower reflectance is as a
result of absorption of the light and thus, lowest possible reflection is preferred
for laser selection for SERS

structures. Based on this comparison, we concluded that the best result came

from zein sensors with 200 nm gold-coated inverted pyramids.

The enhancement factor of zein-inverted pyramid SERS sensors was calculated

by comparing the intensity of the 1370 cm-1 peak with R6G Raman signature

obtained on bare Si wafer. Si wafer does not show any auto fluorescence effect

and it did not have any roughened noble metal structure on it. Therefore, the

Raman signature of R6G obtained on it is weak. For this reason 10 mM of R6G

was used in order to calculate the enhancement factor and the following formula

was applied (Xu et al., 2011).

EF =
ISERS ∗NNormal

INormal ∗NSERS

(4.1)

Comparison of Raman spectra between 10 mM R6G on Si wafer (blue) and

100 µM R6G on zein-inverted pyramid sensors (red) are shown in Figure 4.18.

Enhancement Factor (EF) was calculated as 1.3 x 104. We found that the en-

hancement factor of zein-SERS sensors with inverted pyramid patterns and 200

nm gold coating was similar to the original SERS substrate, which we used as
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Figure 4.15: Raman spectra of Rhodamine 6G on gold-coated nanopillar zein
sensors excited with 532 nm, 633 nm and 785 nm lasers. In these figures, raw
data is presented and it was found that all lasers induced fluorescence (evident
by the broad peak features of the baseline). 633 nm laser (middle) had the sharp
Raman peaks with the best signal: noise ratio. In these figures, raw data is
presented and it was found that all lasers induced fluorescence (evident by the
broad peak features of the baseline). 633 nm laser (middle) had the sharp
Raman peaks with the best signal: noise ratio.

a template for this study. The enhancement factor of these original SERS sub-

strates which consisted of UV curable polymer on PET was found to be 1.6 x 106

(Xu et al., 2011).

One of the limitations of the original inverted pyramid sensors on PET was that

the gold layer was not adhering strongly onto the UV curable polymer despite the

adhesion layer of Titanium and was peeling off when a liquid sample was applied

to the surface (Xu et al., 2011). By utilizing zein instead of a PET coated with

UVcP, we eliminated this problem as zein had a very strong adhesion towards

gold and silver.

4.4.6 Macro images of zein SERS sensors

It is important to note that the zein SERS sensors developed and fabricated in

this study are free-standing films as shown in Figure 4.19. The thickness and

size can be adjusted during fabrication by changing the zein solution volume and

cutting the sensor with a razor before lifting it up from the parent substrate,

respectively. Figure 4.19.a illustrates the zein sensor on the gold coated side,
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Figure 4.16: Raw data of Raman spectrum of Rhodamine 6G at 9 different
mapping locations.

the squared area (5 mm x 5 mm) having the pyramid structures. Figure 4.19.b

illustrates the sensor on the zein side. Zein has the color of yellow to orange due

to the bound carotenoids (Huang et al., 1987). Figure 4.19.c shows the thickness

of sensor as 0.35 mm and Figure 4.19.d shows the size of sensor of (10 mm x 10

mm). A penny was to serve as a visual scale. The advantage of this size of sensors

is that these are light, portable and they require very little (as low as 2 µL) of

sample volume in order to get Raman spectra owing to the surface enhancement

effect.

Free-standing zein sensors with the gold coating and nanopatterns were ob-

tained in this study is the first time for a direct transfer of 3-dimensional metallic

structures onto a food polymer. Plasticized zein films with oleic acid are highly

flexible and shown to conform to various micro-scale molds previously (Altunakar

et al., 2010; Luecha et al., 2011). The flexibility and the adhesiveness of zein

played a crucial role in this 3-D metallic transfer process as explained previously.
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Figure 4.17: Different concentrations of Rhodamine 6G on (a) 200 nm gold
coated inverted pyramid sensor on zein, (b) 80 nm gold coated nanopores sensor
on zein, (c) 80 nm gold coated nanopillars sensor on zein and (d) comparison of
100 µM concentration of these sensors. It was found that inverted pyramid
structures yielded the highest enhancement as evident by the intensity of the
characteristic peaks, such as 1370 and 1515 cm-1.

4.5 Conclusion

In this research, direct transfer of 3D metallic structures onto a food biopolymer,

zein, was successfully demonstrated for the first time. Zein, a corn protein, was

plasticized with oleic acid and as a result the resulting sensor films were flexible

enough to conform and peel off from the parent substrate coated with gold or

silver. Parent substrates used in this research were nanophotonic patterns already

established to have surface enhanced raman spectroscopy (SERS) characteristics.

SERS is a technique to enhance the signal of highly specific vibrational Raman

scattering, which has the potential for lab-on-chip sensor technologies. Three

different patterns were transferred onto zein films along with different thickness
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Figure 4.18: Comparison of SERS and normal Raman spectra of Rhodamine 6G

of metal: 200 nm gold coated inverted pyramids, 80 nm gold coated nanopillars

and nanopores. The resulting zein SERS substrates were compared with each

other via a model molecule Rhodamine 6G Raman spectra. It was found that the

inverted pyramid gold zein sensors had the highest enhancement factor, 1.3 x 104,

compared to the other zein-sensors. The volume needed for these measurements

were only 2 µL and the size of the zein sensors was 10 mm x 10 mm, with a

thickness of 0.35 mm. This zein sensor can potentially serve as a biodegradable

SERS substrate for numerous applications in agricultural, medical and food field.
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Figure 4.19: Macro images of zein sensors with 200 nm gold-coated inverted
pyramids. Gold side of sensors, squared area has the nanophotonic patterns (a),
zein side of sensors (b), thickness of the sensor (c) and size of the sensor (d)
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CHAPTER 5

DETECTION OF ACRYLAMIDE USING
ZEIN-SERS PLATFORM 1

5.1 Abstract

In this study, a biodegradable zein/gold SERS platform was tested as a potential

tool to detect acrylamide for the first time. It was found that the presence of

acrylamide resulted in a characteristic marker SERS peak that did not exist in

the background SERS spectrum of the sensor. This unique peak was at 1447 cm-1.

This peak was used to detect and quantify acrylamide in aqueous solutions and

a calibration curve was obtained using acrylamide solutions within the range of

10 mg/ml and 10 µg/ml. After 10 µg/ml of concentration, it was not possible to

make reliable measurements. The error or variation for each concentration in the

range of 0.4 mg/ml (for 1 mg/ml) and 1.8 mg/ml (for 10 mg/ml) was observed.

SERS was found to be an accurate technique for quantification purposes, in the

concentration range studied. The calibration curve had an R2 value of 0.93 and

0.97 (for log-log calibration curve). This was a proof-of-concept study to inves-

tigate the potential of a SERS sensor designed on a biodegradable platform and

it was shown that this method can be potentially used with a careful design of

acrylamide extraction from food samples.

1This work is currently under review as P. G. Gezer, G. L. Liu, J. L. Kokini “Detection of
acrylamide using a biodegradable zein-based sensor with surface enhanced Raman spectroscopy”
Food Control.

114



5.2 Introduction

Acrylamide (Figure 5.1) is a small organic molecule with the chemical formula

of C3H5NO. It is an odorless, white compound, which is soluble in water and

ethanol. It is generally used in its polymeric form, polyacrylamide, in the plastic

industry (Tekkeli et al., 2012). It has carcinogenic and toxic properties in animals,

and can possibly be harmful to humans. For this reason, the level of acrylamide

in water is regulated by Environmental Protection Agency in the US. Swedish

scientists discovered in 2002 that certain foods contain acrylamide. The most

common examples are French fries, potato chips and toasted bread (Mottram

et al., 2002).These foods along with their acrylamide ranges are reported in Table

1.

Figure 5.1: Molecular structure of acrylamide (Jonathan, 1961)

Acrylamide is a by-product of Maillard reaction that occurs during high-

temperature processing of starchy foods. The mechanism proposed is that the

arginine amino acid goes under reaction with reducing sugars, i.e. glucose or

fructose, and then the reaction further proceeds to form acrylamide as shown in

Figure 2 (Mottram et al., 2002). The cooking temperature, cooking method, ini-

tial content of arginine and reducing sugar in the product, time and moisture of

the cooking affect the amount of acrylamide formed in a food system (Arvanitoy-

annis and Dionisopoulou, 2014).

In food products that are rich in proteins, the range of acrylamide found after

high-temperature processing was moderate and between 5 - 50 µg/kg of food,

whereas for carbohydrate rich foods it ranged between 150 - 4000 µg/kg (Tareke

et al., 2002). Whereas the main focus and concern has been on potato chips/crisps
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Table 5.1: Amount of acrylamide in various food products (Krishnakumar et al.,
2014)

(with a content between 117 - 4215 µg/kg) and French fries/chips (59 - 5200

µg/kg), some other products, such as roasted coffee (45 - 9359 µg/kg) showed

very high acrylamide content in certain cases. Bakery products (18 - 3324 µg/kg)

and bread (10 - 3200 µg/kg) also are a source of concern, especially when the

Maillard reaction progresses extensively and they are dark brown (Krishnakumar

et al., 2014).

In November 2013, FDA released a draft for acrylamide control and mitigation

strategies for industry. Since the industry is trying to control the levels of acry-

lamide formation, there is a need for fast and routine quality control methods for

detection of acrylamide in the food industry. The current techniques used have the

following steps: aqueous extraction of acrylamide from food, concentration of the

sample and analysis by either gas/liquid chromatography-mass spectroscopy or

high performance liquid chromatography (Bethke and Bussan, 2013). The whole

process takes a considerable amount of time and requires both sophisticated equip-

ment and trained personnel. For this reason, there is a need for a simple, robust
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Figure 5.2: Proposed formation of acrylamide through Maillard reaction
(Mottram et al., 2002)

and fast detection method for acrylamide. In this area, there has been some effort

to develop alternative techniques such as the adsorption stripping voltammetry,

capillary zone electrophoresis and none-aqueous capillary electrophoresis (Vesela

et al., 2013; Bermudo et al., 2006; Başkan and Erim, 2007). To this date, detec-

tion of acrylamide by utilizing Raman spectroscopy has not been reported. In

this paper, we investigated the use of Surface Enhanced Raman spectroscopy on

a biodegradable platform as a potential detection platform for acrylamide.

5.3 Materials and Methods

5.3.1 Preparation of acrylamide solution

Acrylamide, >99%, for biochemistry, electrophoresis grade (Acros Organics) used

in this study. Acrylamide was stored at 4◦C in a refrigerator. All solutions
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were freshly prepared before use. Distilled water was used as the solvent. The

concentrations of the acrylamide solutions used on SERS-active substrates were

as follows: 10 mg/ml, 7.5 mg/ml, 5 mg/ml, 2.5 mg/ml, 1 mg/ml, 100 µg/ml, 10

µg/ml. Environmental Protection Agency (EPA) suggests not consuming more

than 2 µg acrylamide per kg body weight of a person per day as a maximum

reference threshold toxicity dose. The concentrations of the acrylamide solutions

used on glass were as follows: 100 mM and 10 mM (approximately 7 mg/m and

0.7 mg/ml).

5.3.2 Preparation of SERS-active substrates

In this study, SERS-active zein substrates were fabricated following the methods

described in Chapter 4. Polydimethylsiloxane (PDMS) with positive pyramid

structures was used as a template. The template had pyramids with the base

squared dimensions of 2 µm by 2 µm and the height of 2.1 µm. PDMS template

was coated with 200 nm gold using an e-beam evaporator. Zein solution was

prepared by first dissolving zein in 75 % ethanol (1 g: 5 mL) and mixing with oleic

acid and emulsifier (1 g zein: 1 g oleic acid: 0.05 g emulsifier). This solution was

stirred on a hot plate for 5 minutes. After ultrasonification to remove air bubbles,

zein solution was cast on PDMS template with gold coating. After drying in a

vacuum dessicator at room temperature, dried zein films were cut and removed

from the PDMS. 200 nm gold along with the pyramid structures were transferred

onto zein, resulting in an inverted gold pyramid structure on zein. Macro and

SEM images can be found in Chapter 4.

5.3.3 Raman spectroscopy measurements

Samples for Raman spectroscopy were prepared by dropping 5 µl of one of the

acrylamide solutions at a given concentration on one of two platforms consisting

either of a glass slide or zein-SERS sensor and letting it air dry at room temper-
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ature. Figure 5.3 illustrates the droplet deposition on a zein-SERS sensor. The

prototype simple laboratory sensor was immobilized onto a glass slide with tape in

order to obtain a flat and stable surface. 5 µl of acrylamide solution was dropped

into the region where the nanophotonic structures are. Background measurements

were done on the nanophotonic structures that did not have any solution.

Figure 5.3: Zein-SERS sensor with a droplet of acrylamide solution, immobilized
on a glass slide. The squared area in the middle has the nanophotonic structures

Two Raman systems were used in this study: Nanophoton Raman-11 and

Horiba LabRAM HR. In both systems, 532 nm laser was used. In the Nanophoton

system, the excitation power was 5.35 mW (no filter was used). The objective

used was 10 X and the grating was 600 lines/mm. The slit was 60 µm and the

wavenumber range covered was 400 to 3000 cm-1. The measurement was done in

“Fast x-y scan” mode with 1 second of exposure time. An area over the edge of

the dried droplet was scanned with this system.

In Horiba LabRAM HR confocal-Raman microscopy system, the grating was

300 lines/mm the slit was 100 µm and the hole was 300 µmm. 50 X objective

and D 1 filter was used. The Raman spectra were collected in the wavenumber

range of 500 to 1800 cm-1. For quantification measurements, individual spectra

over 5 different points were collected and the exposure time was kept constant at

1 second x 30 times.
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Data analysis

Baseline correction was carried out to eliminate the fluorescence interference. A

5th order polynomial was fit to the baseline using the ‘baseline correction’ option

of the LabSpec 5 (provided by Horiba). Additional points were added to the

baseline to ensure a perfect fit, if needed. This baseline was subtracted from the

Raman spectrum.

For quantification measurements, peak fitting function of the same software

(LabSpec 5) was used. Gauss-Loren peak fitting function was used and peak

intensities were calculated. For each concentration the average of 5 points was

used to calculate the peak intensity as well as the standard deviation.

For measurements using the Nanophoton brand Raman spectrometer, the pro-

gram allows for averaging the spectra over a selected area. For measurements on

the edge of the droplet, three different areas were selected: 1) outside the droplet

(glass slide); 2) inside the droplet (glass slide + low concentration of acrylamide);

3) edge of the droplet (concentrated acrylamide).

5.4 Results and Discussion

5.4.1 Raman measurements of acrylamide on glass slide

A glass slide was used as one of the platforms in order to obtain the Raman

signature of acrylamide. When a volume of acrylamide solution is dropped on a

surface and left to dry, it forms a coffee ring shaped residual. The term ‘coffee

ring effect’ has been coined to describe this phenomenon in physics (Deegan et al.,

1997). When a liquid with dispersed solids evaporates, the capillary forces bring

most of the solids towards the edge of the droplet, causing a high concentration

and leaving a low concentration inside the droplet (Figure 5.4). In the first part

of this study, the effect of this phenomenon was studied for acrylamide deposited

on a glass slide.
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Figure 5.4: Coffee-ring effect for acrylamide solution

Figure 5.5 shows the microscopy images of the edge of the droplet (100 mM

acrylamide solution) and makes a distinction between glass slide, inside of the

droplet and the edge of the droplet. The Raman signatures of each of the regions

are plotted in Figure 5.6. In this analysis, it was found that the glass slide

had a background signal as shown in grey. Raman signals showed both glass and

acrylamide peaks inside the droplet. The edge of the droplet showed high intensity,

sharp Raman peaks as expected from the high concentration of acrylamide in this

region. Some of the key characteristic peaks of acrylamide are reported in Table

5.2.

Table 5.2: Some characteristic peaks and vibration assignments of acrylamide
and glass slide

Raman peaks (cm-1) Bond Type of vibration Material

562 Si-O-Si Bending Glass slide

850 C-C side chain Stretching Acrylamide

966 CHHC Wagging Acrylamide

996 Si-ring Breathing Glass slide

1098 SiO Stretching Glass slide

1298 C-H bending Bending Acrylamide

1440 CH2 Bending Acrylamide

1640 C-C stretching Stretching Acrylamide

1685 C-O stretching Stretching (amide I) Acrylamide

From the edge of the droplet experiment, it was concluded that for each con-
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Figure 5.5: Microscopy image of dried acrylamide solution on glass slide. Big
rectangular area shows the region in which Raman measurements were done.
Small green rectangle represents inside of the droplet (low concentration), blue
rectangle represents the edge of the droplet (high concentration) and grey
rectangle represents the glass slide (no acrylamide). Color code represents the
intensity of Raman signals over the region. Yellow color signifies higher
concentration. Scale bar: 100 µm

centration of acrylamide obtaining Raman spectra measurements on the edge of

the droplet would be the most beneficial as the acrylamide concentration was the

highest in this region as indicated above ,consistent with prior studies of Sun and

Wiederrecht (2007) who also benefitted from this phenomenon. Therefore, in the

rest of the acrylamide Raman measurements spectra were collected from the edge

of the droplet. Figure 5.7 shows the Raman spectra of both 100 mM and 10 mM

acrylamide on glass slides with the Horiba LabRAM Raman microscope. The

100 mM concentration in Figure 5.7a showed the expected characteristic peaks;
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Figure 5.6: Overlay of the Raman spectrum of glass slide (grey), edge of the
droplet (blue) and inside the droplet (green)

however the 10 mM concentration of acrylamide spectra shown in Figure 5.7b

were overwhelmed by the glass slide spectra and it was not possible to collect or

identify any Raman peaks of acrylamide. Glass slides are known to give back-

ground signature, as this was the case for our situation. Table 5.2 summarizes the

peaks that are coming from glass vs acrylamide. Glass slide gave peaks such as

Si-O-Si bending at 562 cm-1, Si-ring breathing at 996 cm-1 and SiO stretching at

1098 cm-1. Acrylamide gave peaks C-C side chain stretching at 850 cm-1, CH-HC

wagging) at 966 cm-1, C-H bending at 1298 cm-1, CH2 bending at 1440 cm-1, C-C

stretching at 1640 cm-1 and C-O stretching at 1685 cm-1.

Figure 5.7: Raman measurements of acrylamide on glass slide with
concentrations of 100 mM (a) and 10 mM (b)
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5.4.2 SERS measurements of acrylamide on zein substrates

Since acrylamide is a small molecule and glass Raman spectra give overwhelm-

ing background signatures, it was not possible to measure low concentrations of

acrylamide with normal Raman spectroscopy. In order to enhance the spectral

intensities SERS-active substrates made out of zein were used.

Figure 5.8: Microscopy image of zein-SERS substrates with acrylamide
deposited on it. White line represents the edge of the ‘coffee ring’ shape. Red
point shows the laser location on which the measurements were taken.

As discussed in Chapter 4, zein-SERS substrates also gives background sig-

nal and it was important to identify a characteristic peak of acrylamide that is

different than the background. Figure 5.9 shows the comparison between back-

ground signature of the substrates and acrylamide with 10 µg/mg concentration

on top of the substrate. From this comparison, it was concluded that many of

the Raman peaks of acrylamide overlapped with the background signal, such as

966 cm-1, 1298 cm-1, 1640 cm-1. However, the peak at 1447 cm-1, which was CH2

deformation peak did not exist in the background signature. For this reason, this

peak was used for quantification purposes. Different concentrations of acrylamide

on zein-SERS sensor can be found in Figure 5.10. As the concentration decreased,

the intensity of the peaks decreased as well. When the parameters, such as laser

power, laser area, conditions of the Raman instrument remained same, intensity
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of the Raman peak is directly correlated with the concentration of the molecule of

the interest. All the above mentioned parameters kept the same and the intensity

of the peaks were plotted against the concentration of known acrylamide.

Figure 5.9: Comparison of the background signature of zein-SERS sensor (green)
with acrylamide on top of the sensor (blue). Red dotted square indicates the
peak at the wavenumber of 1447 cm-1, which does not exists in the background,
but exists in acrylamide signature. (A.u.: arbitrary units)

As discussed in Chapter 4, zein-SERS substrates also gives background signal

and it was important to identify a characteristic peak of acrylamide that is differ-

ent than the background. Figure 5.9 shows the comparison between background

SERS spectra of the gold coated zein substrates and acrylamide with 10 mg/ml

concentration on top of the substrate. From this comparison, it was concluded

that many of the Raman peaks of acrylamide overlapped with the background

signal, such as 966 cm-1 (CH-HC wagging), 1298 cm-1 (CH bending), 1640 cm-1

(C-C stretching). However, the peak at 1447 cm-1, which was CH2 bending peak

coming from acrylamide did not exist in the background signature. For this rea-

son, this peak was used as the characteristic marker peak for quantification of the
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Figure 5.10: Surface enhanced Raman signatures of acrylamide with different
concentrations on zein-SERS substrate

concentration of acrylamide. Different concentrations (10 mg/ml, 7.5 mg/ml, 5

mg/ml, 2.5 mg/ml, 1 mg/ml, 100 µg/ml, 10 µg/ml) of acrylamide on zein-SERS

sensor are shown in Figure 5.10. As the concentration decreases, the intensity

of the peaks decreased as well. When the parameters, such as laser power, laser

area, conditions of the Raman instrument remained same (laser: 532 nm, grating:

300 lines/mm, slit: 100 µm, hole: 300 µm, objective: 50 X, filter: D1, wavenum-

ber range: 500 - 1800 cm-1 and acquisition time: 1s 30 times) he intensity of the

Raman peak is directly correlated with the concentration of the molecule of the

interest. All the above-mentioned parameters kept the same and the intensity of

the peaks were plotted against the concentration of known acrylamide.

Subtraction of the Raman spectra from the background Raman spectra of the

sensor might sometimes give desirable results in identifying the different peaks.

Figure 5.11 shows the result of Raman spectrum of background zein Sensor sub-

tracted from the Raman spectrum of acrylamide on zein-SERS sensor. It was

found that the subtraction resulted in a too noisy spectrum. Thus, we decided to
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Figure 5.11: Subtracted Raman spectra of acrylamide on zein-SERS sensor from
the background signature of the zein-SERS sensor.

use the original spectrum in the calibration curve calculations.

A calibration curve (Figure Figure 5.12) was obtained using different concen-

trations of acrylamide ranging from 10 mg/ml to 10 g/ml, specifically 10 mg/ml,

7.5 mg/ml, 2.5 mg/ml, 1 mg/l, 100 µg/ml, and 10 µg/ml. It was found that the

intensity of the Raman peak at the location 1447 cm-1 increased with increasing

concentration of acrylamide. Each value was obtained by averaging the intensity

over at least 3 different locations on the edge of the formed “coffee ring” struc-

ture. It was found that there was a certain amount of variation between different

spots. Standard deviation was 403, 216, 66, 18, 94, 6 and 0 for concentrations

of 10 mg/ml to 10 µg/ml, specifically 10 mg/ml, 7.5 mg/ml, 2.5 mg/ml, 1 mg/l,

100 µg/ml, and 10 µg/ml, respectively. The slope of the calibration curve (Fig-

ure 5.12) was 0.12 and R2 was 0.9325. On the other hand, when the intensity

versus calibration was plotted on the log-log scale, the calibration curve obtained

had a better R2 value of 0.9687 (Figure 5.13). This calibration curve was used

to determine the concentration of several samples by using the average intensity

of 1447 cm-1 peak over at least 3 points. We estimated a sample?s concentra-

tion to be 5.2 mg/ml when it actually was 6 mg/ml by using concentration curve
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linear equation. There was a 0.8 mg/ml error. For another sample of 1 mg/ml

concentration, calculated concentration was 0.6 mg/ml, which caused 0.4 mg/ml

error. When the intensity of a sample of 10 mg/ml concentration was used, the

concentration was estimated to be 8.2 mg/ml. The variation was 1.8 mg/ml for

10 mg/ml sample. This variation may be the result of several factors. First, Sur-

face Enhanced Raman measurements are known to exhibit a certain variability in

the signal intensity due to the distribution of the so-called ‘hot spots’. Second,

when working with a confocal microscope, the position, i.e. focus, of the objec-

tive affects the Raman intensity. When taking measurements at different spots,

re-focusing was done. However, there might have been variation in the degree of

focus that resulted in the intensity change observed in this study. Last, the local

concentration of acrylamide molecules adsorbed to the surface while drying might

differ at different locations and also in terms of orientation as well as thickness of

the layers. Even though there was a certain variation at each point, which was

unavoidable, there was a trend in which increasing concentration corresponded to

increasing Raman peak intensity.

Figure 5.12: Calibration curve for different concentrations of acrylamide

At the concentration of 10 µg/ml, it was only possible to observe the char-

acteristic Raman peak at one location among all the measurements taken on the

sample. This means that the concentration was too low to form a clear coffee-ring

structure and background signature became overwhelming, similar to the case of
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glass slide. From this it was concluded that the limit of detection (LOD) for this

set up was 10 µg/ml. This value was compared with the other LODs which were

reported in the literature for the conventional systems. In the literature, LODs

are generally reported as µg/kg food. In the conventional systems, acrylamide

is extracted from a given amount of food and then concentrated before being

injected into chromatography systems, such as gas or liquid chromatography in

tandem with mass spectroscopy. The extent of extraction and concentration pro-

cesses determines the final composition of acrylamide (mass/volume solvent) in

the sample to be analyzed. The amount of acrylamide in foodstuffs ranges from

150 - 4000 µg/kg food (Keramat et al., 2011). The LODs reported in the literature

varies between 30 µg/kg and 0.1 µg/kg, depending on the technique used (Tekkeli

et al., 2012). For example, LC-MS-MS systems reported gave a sensitivity of 25

µg/kg for carbohydrate-based foods (Croft* et al., 2004), whereas the same sys-

tem in another study was able to detect as low as 1 µg/kg for baby food/infant

formula samples (Jiao et al., 2005). On the other hand, GC-MS systems showed

higher detection limits in general, such as 5 µg/kg for coffee and coffee products

(Soares et al., 2006), 5-50 µg/kg for potato chips (Fernandes and Soares, 2007).

However, in the cases of GC-MS-MS or GC was coupled with electron capture de-

tector (ECD) it was possible to detect 0.1 µg/kg acrylamide in potato crisps and

French fries (Lee et al., 2007). When zein-SERS sensor is directly compared with

the conventional techniques, it can be seen that it is not as sensitive as the other

techniques. Even though SERS is considered to be a very sensitive technique in

the examples of silver nanoparticles or metallic platforms on non-biodegradable

surfaces, for our zein-SERS system there was a trade-off between sensitivity and

biodegradability. However, depending on the extraction technique, the calibration

curve obtained in this study could be applicable. For instance, Rosén and Hellenäs

(2002) reported sample preparation starting with 4 g of crispbread, which had 35

µg/kg acrylamide, and obtaining a 10 µl solution that is injected into a gas chro-

matograph. This protocol would result in having 14 µg/ml in the final solution. A

concentration of this level could be detected with the zein-SERS sensor reported
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here. However, other extraction methods were such that the concentration in the

final solution would be as low as 5 ng/ml, which would not be possible to detect

with the zein-SERS sensor. Since these are extraction methods, they do not have

sensitivity data and an optimization process is needed when the method is applied

for food samples.

Figure 5.13: Log-log calibration curve for different concentrations of acrylamide

5.5 Conclusion

In this study, a zein/gold SERS platform was tested as a potential tool to detect

acrylamide for the first time. Only 5 µl of acrylamide solution was used in detec-

tion. After the droplet was air-dried on the substrate, a ‘coffee ring’ structure was

observed. The coffee ring method was utilized to detect acrylamide on the edge

of the ring where the concentration is highest. It was found that the presence of

acrylamide resulted in a SERS peak that did not exist in the background SERS

spectrum of the sensor. This unique peak was at 1447 cm-1. This peak was used

to detect and quantify acrylamide in aqueous solutions and a calibration curve

was obtained using acrylamide solutions within the range of 10 mg/ml and 10

µg/ml. After 10 µg/ml of concentration, it was not possible to observe the ring

structure due to low concentration and for the 10 µg/ml concentration, it was

only possible to observe 1447 cm-1 peak at one location despite of the multiple
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measurements taken on the ring structure. Further studies are needed to design a

platform that has a better sensitivity. The error or variation for each concentra-

tion in the range of 0.4 mg/ml (for 1 mg/ml) and 1.8 mg/ml (for 10 mg/ml) was

observed. Even though SERS was not found to be most accurate technique for

quantification purposes, we still found that it gave reasonable approximation of

the concentration in the given range with an R2 value of 0.93 and 0.97 (for log-log

calibration curve). This was a proof-of-concept study to investigate the potential

of a SERS sensor designed on a biodegradable platform and it was shown that

this method can be potentially used with a careful design of acrylamide extraction

from food samples.
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CHAPTER 6

DETECTION OF PEANUT ALLERGEN, ARA
H1, USING ZEIN - SERS PLATFORM1

6.1 Abstract

Peanuts are among the most common food allergies, which may result in

life-threatening reactions in certain people. For this reason, it is very impor-

tant to monitor the presence of peanuts in the food system. Biosensors are an

emerging way of detecting allergen proteins. In this research, we present a surface

enhanced Raman spectroscopy (SERS) technique to detect the main allergen pro-

tein, Ara h1. The sensors were biodegradable and made out of a corn protein, zein.

Nanophotonic structures on zein films consisted of gold coated pyramid structures.

It was found that both detection and quantification was possible by using a statis-

tical clustering technique principal component analysis (PCA). An optimization

in data processing yielded the result that baseline correction and shorter data

collection times were needed in order to successfully cluster data. Furthermore,

specificity of the sensor was provided by functionalizing the surface with mono-

clonal antibodies of Ara h1. Antibody functionalization, and Ara h1 capturing

was tested and identified by also utilizing PCA analysis. As a proof-of-concept,

this study showed that a biodegradable platform can be used in detection of a

peanut allergen protein, Ara h1, by using surface enhanced Raman spectroscopy.

1This work is currently under review as P. G. Gezer, G. L. Liu, J. L. Kokini “Development
of a biodegradable sensor platform from gold coated zein nanophotonic films to detect peanut
allergen, Ara h1, using surface enhanced raman spectroscopy” Food Control.
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6.2 Introduction

Peanuts are one of the leading causes of food allergy, along with tree nuts, cow’s

milk, eggs, fish, seafood, soy, wheat and additives (Osterballe et al., 2005). The

reaction to peanuts ranges from mild oral effects to potentially fatal ones such as

anaphylaxis, which results in itchy rash, low blood pressure and throat swelling.

Currently, there is no known antidote for this allergy. Prevention relies solely

on avoiding peanuts and peanut containing food products (Xiaoyan et al., 2014).

For this reason, it is very important for the food industry to monitor the presence

and cross-contamination of peanut proteins in various food products. The most

commonly used monitoring technique is based on enzyme-linked immunosorbent

assays (ELISA), by either using monoclonal or polyclonal antibodies (Pomés et al.,

2003). These methods target the detection of the allergenic proteins of peanuts,

which are identified as Ara h1 - h8. Among these, Ara h1 constitutes the largest

portion of proteins in peanuts. In addition, it causes allergic reactions in more than

95 % of the susceptible population (Koppelman et al., 2001; Burks et al., 1992).

Detection systems as a result, target mostly the Ara h1 protein. Besides detecting

the protein itself, there are several studies that detect the DNA responsible for

the production of Ara h1 protein. Polymerase chain reaction (PCR) with gel

electrophoresis, real-time PCR and PCR-ELISA are some of the techniques that

have been utilized to detect DNA of Ara h1 (Wen et al., 2007).

6.3 Materials and Methods

6.3.1 Materials used

Peanut allergen, natural Ara h1 and its monoclonal antibody, 2F7 Anti Ara h1

were purchased from Indoor Biotechnologies (Charlottesville, VA). In order to

avoid freeze-thaw cycles, both allergen protein and antibody was divided into 5

or 10 µl aliquots and stored at Micro Nano Technology Lab Building, in Bionano
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Lab facilities in a refrigerator of which the temperature was set at -20◦C. Required

number of aliquots were thawed at room temperature before direct use. The con-

centrations used for Ara h1 were 1.4 mg/ml, 0.5 mg/ml, 0.25 mg/ml and 0.14

mg/ml. 11-Mercaptoundecanoic acid (11-MUA), N-(3-Dimethylaminopropyl)-N-

ethylcarbodiimide hydrochloride (EDC) and (N-Hydroxysuccinimide) NHS needed

to crosslink the 2F7 Anti Ara h1 onto the zein/gold SERS platform were purchased

from Sigma Aldrich. 11-MUA and NHS were stored in a refrigerator, whereas

EDC was stored at -20◦C. The solutions were freshly prepared before each use.

11-MUA solutions were prepared in 100% ethanol. For all the other solutions or

dilutions, MilliQ purified water was used.

6.3.2 Preparation of SERS-active substrates

SERS-active zein substrates were fabricated as described in Chapter 4. Poly-

dimethylsiloxane (PDMS) with positive pyramid structures were used as a tem-

plate. The template had pyramids with the base squared dimensions of 2 µm by 2

µm and a height of 2.1 µm. The PDMS template was coated with 200 nm gold by

using e-beam evaporator. The details of these procedures are given in Chapter 4.

Zein solution was prepared by first dissolving zein in 75 % ethanol (1g: 5 mL) and

mixing with oleic acid and emulsifier (1g zein: 1g oleic acid: 0.05 g emulsifier).

This solution was stirred on a hot plate for 5 minutes. After ultrasonification to

remove air bubbles, zein solution was cast on PDMS template with gold coating.

The solution cast on PDMS was allowed to dry and form a film and after drying

in a vacuum dessicator at room temperature, dried zein films were cut and peeled

off from the PDMS base. 200 nm gold along with the pyramid structures were

transferred onto zein, resulting in an inverted pyramid structure on zein. Macro

and SEM images are shown in Chapter 4.
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6.3.3 Functionalization of zein-SERS substrates

The gold surface of zein-SERS substrates were functionalized with the monoclonal

antibody of Ara h1, 2F7. The functionalization scheme is illustrated in Figure 6.1.

First, the surface was functionalized with 11-MUA ethanolic solution (2 M) by

dropping 50 µl of solution on the gold surface of the SERS platform. The 11-MUA

functionalized gold/zein platform was kept in a humidity-controlled incubator for

16 hours. Then, the surface was rinsed both with ethanol and water, followed

by drying with a nitrogen stream. Second, carboxylic groups of 11-MUA were

activated by the EDC: NHS solution. A 1:1 mixture of 0.4 M EDC and 0.1 M

NHS was applied to the gold surface by dropping 50 µl of solution and incubating

for 45 minutes. The same washing procedure was applied as before. Third, 30

µl of anti-Ara h1 with the concentration of 50 µg/ml was dropped on top of the

EDC-NHS activated surface. It was incubated for 30 minutes, before washing out

the excess using the same procedure.

Figure 6.1: Schematic illustration of the functionalization of the gold surface

6.3.4 Raman spectroscopy measurements

Samples for Raman spectroscopy were prepared by placing 2 µl of Ara h1 solu-

tion at one of the concentrations used in this study on one of the two platforms

(either smooth gold surface or zein-SERS sensor) tested in this study and letting
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it air dry at room temperature. The zein/gold functionalized surface of the gold

functionalized surface was immobilized onto a glass slide with tape in order to ob-

tain a flat and stable surface. Background Raman spectra were obtained on the

nanophotonic structures that did not have any Ara h1 protein solution for com-

parison with those that would have the protein solution. The HORIBA LabRAM

HR Raman Spectroscope was used with a 532 nm laser. The hole diameter was

300 µm, the slit selected was 100 µm and the grating used was 300 lines/mm.

The Raman spectrum was recorded in the wavenumber range between 500 and

1800 cm-1. Spectra were collected for 30 times for a period of 1 second of 5 times

for a period of 1 second. Each individual final spectrum used is an average of

these acquisitions. X-Y Mapping was used to collect data on a 30 µm by 30 µm

square. For the functionalized samples, after Ara h1 solution application with the

concentration of 0.2 mg/ml, the surface was dried and the surface of the SERS

film was washed with ethanol and water.

Data analysis

For each Raman spectrum, baseline correction was carried out in order to eliminate

the effect of fluorescence interference. A polynomial was fit to the baseline with the

“baseline correction” option of the LabSpec 5 (provided by Horiba). Additional

points were added to the baseline to ensure a perfect fit, if needed. This baseline

was subtracted from the Raman spectrum. Principal Component Analysis (PCA)

was done using Matlab R2013a software. Different Principal Components (PCs)

were plotted and color-coded by using the same software.
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6.4 Results and Discussion

6.4.1 Detection of Ara h1 on zein-SERS substrates

As discussed in Chapter 5 with our studies related to detection of acrylamide using

SERS, Raman spectra using zein-SERS substrate give a background signature.

For this reason, the first step in this study was to identify the characteristic Raman

peaks resulting from the allergen protein, Ara h1. However, since both Ara h1

and underlying zein are proteins, all of the peaks overlapped. This resulted in a

challenge in detection and quantification of Ara h1 through our zein-gold platform.

However, as reported in the literature, a statistical clustering technique, Principal

Component Analysis (PCA) can be potentially utilized to discriminate various

samples from each other. In this study, the PCA technique was investigated and

was used to obtain characteristic clusters of the raw Raman spectra data, baseline

corrected data at different acquisition times as well as different concentration of

the allergen protein.

For each sensor, Raman spectra were collected by mapping measurements at

9 separate points. Example spectra are shown in Figure 6.2. Raman spectra in

Figure 6.2.a and b were collected by using 30 separate measurements at each point

for 1 second each , and Raman spectra in Figure 6.2.c and d were collected by

using 5 separate measurements at each point for 1 second each. Figure 6.2a and

c show the background signal coming from the zein-SERS sensor, whereas Figure

6.2.b and c represents the spectra when Ara h1 was deposited on the zein-SERS

sensor. As evident from these figures, there was variable and significant amount

of auto fluorescence in the Raman signal.

Furthermore, there was not a unique marker peak that resulted from the ad-

dition of Ara h1 on the zein-SERS platform. First, PCA analysis was applied to

the raw data and the results are shown in Figure 6.3. In principal component

analysis, generally biplots are used in which one axis is one of the principal com-

ponent and the other axis is another principal component. For most of the cases,
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Figure 6.2: Raman spectra of a) background of the zein-SERS sensor (average of
30 measurements 1 second each) b) Ara h1 on zein-SERS sensor (average of 30
measurements 1 second each ) ) c) background of the zein-SERS sensor (average
of 5 measurements 1 second each) d) Ara h1 on zein-SERS sensor (average of 5
measurements 1 second each) Different colors represent individual Raman
spectra at mapping points.

PC1 and PC2 is plotted versus each other since those are the two that represent

the largest variance in data. However, in certain cases other principal component

biplots might be used if the variance coming from, let’s say 3rd component is

more relevant to the analysis is being conducted than the 1st or 2nd principal

component. These biplots help to visualize clusters of data, which has similar

variance from the data set, as a result which show similar results to each other.

This way one can understand trends and or similarities in data that is otherwise
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too complex. In the context of Raman spectroscopy, PCA biplots might be able

to differentiate between different samples and/or different concentrations of the

sample.

Figure 6.3: Principal component analysis of Raman spectra for the background
and different concentrations of Ara h1. Top-left: PC1 vs PC2, Top-middle: PC1
vs PC3, Top-right: PC2 vs PC3, Bottom-left: PC1 vs PC2, Bottom -middle:
PC1 vs PC3, Bottom-right: PC2 vs PC3. PC1 is usually the component that
explains the variability best and PC2 is second best with the condition that it is
orthogonal to PC1 and PC3 is the third best with the condition that it is
orthogonal to both PC1 and PC2

Top three plots represent PCA analysis for the 30 measurements at 1 second

acquisition time, whereas bottom three plots show the 5 measurements at 1 second

acquisition time measurements for PC1 vs PC2, PC1 vs PC3 and PC2 vs PC3

from left to right. None of the Principal Component Analysis technique gave a

clear clustering between the background or different concentrations. The reason

for this is that varying levels of autofluorescence contributes the largest variation

in the data, clouding useful correlations between Raman spectra, and thus the
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PCA method does not enable differentiation.

Auto-fluorescence arising from proteins causes a broad band, which can be

observed in Figure 6.4. In order to correct for the auto-fluorescence, baseline

correction was done to make the baseline linear and eliminate the effect of the

broad band and a couple of examples of the resulting spectra are shown in Figure

6.4. Raman spectra in Figure 6.4.a and b were baseline subtracted which is the

average of 30 measurements at 1second acquisition time. Figure 6.4.c and d were

collected by using the average of 5 measurements at 1 second acquisition time and

baseline corrected through polynomial fitting and subtracting. Figure 6.4.a and c

shows the background signal coming from the zein-SERS sensor, and Figure 6.4.b

and c represents the spectra when Ara h1 was deposited on the zein-SERS sensor.

It was found that baseline correction was successful in terms of eliminating the

variation as a result of auto-fluorescence. As can be seen in Figure 6.4, spectra

at different mapping points (different colors) appear to have the same baseline,

intensities and characteristic peaks. It was also found that the Raman spectrum

collection was uniform as the mapping points for each of the collection overlapped.

Principal component analysis was applied to the baseline corrected spectra

collected both by the average of 30 measurements at 1second (1s*30 acquisition)

time and the average of 5 measurements at 1second (1s*5 acquisition ) time. The

results for 1s*30 acquisition time are shown in Figure 6.5. It was found that

none of the principal component comparisons were able to differentiate between

Ara h1 concentrations and the background. On the other hand, 1s*5 acquisition

time principal component analysis showed promising results (Figure 6.6). Both

plots of the Raman signals plotted vs. for PC1 and PC2 as well as PC2 and

PC3, showed clear differences between the background data and the data with

the presence of Ara h1 allergen protein. Furthermore, it was possible to cluster

different concentrations of Ara h1 together, which is illustrated in Figure 6.7.

As shown in Figure 7, it was found that when Raman spectral intensity data

was plotted vs. PC1 and PC2 as well as PC2 and PC3 it was possible to separate

the data into clusters of different concentrations of Ara h1 as well as the back-
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Figure 6.4: Baseline corrected Raman spectra of a) background of the
zein-SERS sensor (1s*30 acquisition time) b) Ara h1 on zein-SERS sensor (1s*30
acquisition time) c) background of the zein-SERS sensor (1s*5 acquisition time)
d) Ara h1 on zein-SERS sensor (1s*5 acqusition time)

ground enabling the separation of Raman spectral data of different concentrations.

In both normalized Raman spectral data plots vs PC 1 and PC 2 as well as PC 2

and PC 3 plots, background of zein-SERS sensors (black stars) were clustered in

a separate region then the Ara h1 protein. It was also observed that different con-

centrations, 1.4 mg/ml (red dots), 1 mg/ml (blue dots), and 0.25 mg/ml (green

dots), were clustered together and formed the elliptic clusters expected from a

plot of the data against two principal components.

Based on the PCA, it was concluded that it is not possible to differentiate

different concentrations of Ara h1 by using raw Raman data of SERS data which

has not been corrected for fluorescence through baseline correction. This results
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Figure 6.5: Principal component analysis of baseline-corrected Raman spectra
for the background and different concentrations of Ara h1 average of 30
measurements at 1second (1s*30 acquisition time) I added the explanation
before this the way you like OK. Left: normalized Raman spectral data plotted
vs PC1 and PC2, Middle: normalized Raman spectral data plotted vs PC1 and
PC3, Right: normalized Raman spectral data plotted vs PC2 and PC3.

Figure 6.6: Principal component analysis of baseline-corrected normalized
Raman spectra for the background and different concentrations of Ara h1 (1s*5
acquisition time). Left: normalized Raman spectral data plotted vs PC1 and
PC2, Middle: normalized Raman spectral data plotted vs PC1 and PC3, Right:
normalized Raman spectral data plotted vs PC2 and PC3.

from the fact that different levels of auto-fluorescence make the biggest contribu-

tion to the PCA, which does not leave room for differentiation between samples.

Furthermore, when the acquisition time was kept longer (1s*30) , differentiation

was not achieved. However, we found that when the acqusition time is shorter,

(1s*5 ) in this case, it was possible to identify the presence and quantify Ara h1

allergen protein on zein-SERS sensors.
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Figure 6.7: Principal component analysis of baseline-corrected Raman spectra
for the background and different concentrations of Ara h1 (1s*5 acquisition
time). Left: Normalized Raman spectral intensity data plotted vs the first two
principal components PC1 and PC2, Right: Normalized Raman spectral
intensity data plotted with respect to principal components PC2 and PC3,
Black: background spectral intensity data of zein-SERS platform, Red:
Normalized Spectral intensity data for 1.4 mg/ml Ara h1, Green: Normalized
Spectral intensity data for 1 mg/ml, Blue: 0.25 Normalized Spectral intensity
data for mg/ml Ara h1

6.4.2 Limit of detection for zein-SERS sensors

Limit of detection (LOD) is considered to be the concentration at or below which

is not possible to detect the presence of the analyte using a sensor. In order to

estimate the LOD, serial dilutions were made and found that the concentration of

0.14 mg/ml would be the LOD for this zein-SERS sensor. At this concentration,

it was not possible to discriminate the background from the case in which Ara

h1 added to the sensor. Figure 6.8 shows three different principal component

analysis plots (PC 1 vs PC 2, PC 1 vs PC 3 and PC 2 vs PC 3). None of these

plots were able to form distinguished clusters, unlike higher concentrations of Ara

h1. From this we can conclude that it would not be possible to detect the presence

of Ara h1 if it is less concentrated than 0.14 mg/ml in a given sample solution

with our zein-SERS sensor. The original concentration of purified protein was 1.4

mg/ml, which was provided in a very minimal amount, after one-log reduction
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in the concentration, it was not possible to differentiate its presence from the

background. However it was possible to differentiate double amount of it. For

this reason, we believe it is safe to say that the LOD is 0.14 mg/ml.

Figure 6.8: Principal component analysis for 0.14 mg/ml Ara h1 protein on
zein-SERS sensor. From left to right: PC1 vs PC2, PC1 vs PC3 and PC2 and
PC3.

6.4.3 Antibody capturing of Ara h1 on zein-SERS substrates

In order to functionalize the surface with antibodies, there is a need for a linker

molecule. We used 11-MUA as it has both SH and CH3 ends. SH molecular group

is capable of forming bonds with gold surfaces. Many functionalization protocols

require the surface to be immersed in the solution containing the target molecule,

however for the zein-SERS platform, this posed a problem of disintegration be-

cause zein is soluble in 70% ethanol. Figure 6.9 shows the disintegration of the

zein-SERS sensor after being immersed in ethanol solution of 11-MUA.

In order to avoid disintegration, a droplet of 2 M 11-MUA was dropped on

the area covering only the pyramid-patterned area was used to functionalize the

surface. This also created some deformation on the sensor, due to the absorbance

of the solvents. In order to account for the effect of the solvents being absorbed

by the sensor, a control consisting of the original gold zein film was used. All

functionalization steps were applied to the control, except for the active materials

(11-MUA, EDC-NHS solution, 2F7 antibody and Ara h1). For instance, the same

volume of ethanol was used instead of the 11-MUA in ethanol solution or same
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Figure 6.9: Left: Zein-SERS platform, after being immersed in 2M of 11-MUA
solution inside a petri dish. Right: Close-up image of the zein-SERS sensor.

volume of water was used instead of the aqueous solution of antibody. The control

sensor was also exposed to all the washing and drying steps that occurred during

the process of functionalization. For simplicity, in this section, this control sensor

will be referred to as background zein-SERS sensor, as it represents the potential

Raman signals coming from the sensor + side effects of the functionalization

process.

Furthermore, a gold surface (coated on PET) and gold coated pyramid pat-

terns on PET were also used as a control to ensure the functionalization and

Ara h1 capturing was successful. Figure 6.10 shows the baseline subtracted and

averaged Raman signatures of Ara h1 on functionalized surfaces after rinsing pro-

cess:smooth gold surface, PET-SERS substrate, and zein-SERS substrate. As

expected, smooth gold surface gave the lowest intensity signal, since there is no

SERS effect in the absence of nanopatterns. PET-SERS substrate showed en-

hancement in the Raman signal of the protein peaks, whereas zein-SERS showed

the highest signal. This does enhancement observed with the zein-SERS surface

might have been caused by a cumulative effect of the background plus Ara h1

protein.

In order to discriminate between the background, antibody functionalization

and captured Ara h1, PCA analysis was conducted for Raman spectra collected

on zein-SERS platform as well as smooth-gold and PET-gold-pyramid surface.
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Figure 6.10: Raman spectra generated by Ara h1 protein captured with 2F7
antibody on different platforms. Red: zein-SERS, green: PET-SERS, blue:
smooth gold

Plots of PC1 vs PC2 and PC1 and PC3 are shown in Figure 6.11. The color

representations are as follows: black: baseline-corrected Raman spectra for back-

ground zein-SERS sensor, pink: antibody-functionalized zein-SERS sensor, red:

Ara h1 protein captured by antibody-functionalized zein-SERS sensor, cyan: Ara

h1 protein on functionalized zein-SERS sensor-not rinsed, blue: Ara h1 protein

captured by antibody-functionalized smooth gold surface, and green: Ara h1 pro-

tein captured by antibody-functionalized PET-SERS substrate. It was observed

that principal component 1 was successful differentiating different platforms from

each other, namely smooth-gold (blue), PET-SERS (green) and zein-SERS (all

the other colors), however it was not successful in differentiating the presence/

absence of Ara h1 on zein-SERS. It was concluded that the first principal compo-

nent was representative of different substrates in this case and was not reliable in

discriminating Ara h1 protein captured by the antibody.

Plots of normalize Raman intensity scores vs PC2 and PC3 gave successful

results in clustering these three cases in separate groups (Figure 6.12. Antibody
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Figure 6.11: Principal component analysis PC1 vs PC2 (Left) and PC1 vs PC3
(Right) of baseline-corrected Raman spectra for background zein-SERS sensor
(black), antibody-functionalized zein-SERS sensor (pink), Ara h1 protein
captured by antibody-functionalized zein-SERS sensor (red), Ara h1 protein on
functionalized zein-SERS sensor-not rinsed(cyan), Ara h1 protein captured by
antibody-functionalized smooth gold surface (blue), and Ara h1 protein
captured by antibody-functionalized PET-SERS substrate (green).

functionalized zein-SERS sensor formed a separate cluster (blue circle) compared

to the background (green circle), which indicated the ability of PCA to discrimi-

nate successfully the functionalization of the antibody on the surface. In addition,

Ara h1 captured with these antibodies also ended up in a different cluster (red).

This shows that it is possible to differentiate the presence of Ara h1 protein that

is captured by 2F7 monoclonal antibody which was immobilized onto the surface

of zein-SERS substrate. To further validate the correlation of the Ara h1 clus-

ter (red) with the presence of protein, a comparison made by adding the Raman

spectra of the non-zein substrates into the PCA analysis.

Figure 6.13 shows the plot for PC 2 vs PC 3 for 5 different cases: Ara h1

on smooth gold surface (cyan), Ara h1 on PET-SERS substrate (green), Ara

h1 on zein-SERS substrate (red), antibody-functionalized zein-SERS substrate

(blue) and background of zein-SERS sensor (black). Whenever Ara h1 protein

was present on a given substrate, it fell in the red cluster. This indicates that

analysis of the Raman spectra by plotting normalized scores vs. PC 2 and PC 3

is a successful method to detect the presence of Ara h1 for our given system.
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Figure 6.12: Principal component analysis (PC2 vs PC3) of baseline-corrected
Raman spectra for background zein-SERS sensor (black),
antibody-functionalized zein-SERS sensor (blue) and Ara h1 protein captured by
antibody-functionalized zein-SERS sensor (red).

Rinsing process is applied to get rid of the excess Ara h1 that was not bound

to the monoclonal antibody on the surface, which provides specificity. An ex-

periment was carried out to compare the before and after rinsing of Ara h1 on

the functionalized surface. PCA analysis (Figure 6.14) showed that before (cyan

color) and after (red color) rinsing fell inside the same cluster, with a slight shift

within the cluster after the rinsing process. This result proved that the red clus-

ter is consistently correlated with Ara h1 protein. In addition, 2F7 monoclonal

antibody was successful in bonding to the protein as evident by the signal after

the rinsing process.
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Figure 6.13: Principal component analysis (PC2 vs PC3) of baseline-corrected
Raman spectra for background zein-SERS sensor (black),
antibody-functionalized zein-SERS sensor (blue) and Ara h1 protein captured by
antibody-functionalized zein-SERS sensor (red), Ara h1 protein captured by
antibody-functionalized smooth gold surface (cyan), Ara h1 protein captured by
antibody-functionalized PET-SERS substrate (green).

6.5 Conclusion

In this research, detecting peanut allergen protein, Ara h1 on a biodegradable

SERS platform was developed for the first time. It was possible to detect and

quantify Ara h1 protein by using a clustering technique called principal compo-

nent analysis (PCA). Even though, background of the sensor overlapped with

the peaks obtained from Ara h1, PCA method was found successful to differ-

entiate Ara h1 with varying concentrations to separate clusters. This was only

achieved when the baseline corrected Raman spectra was used, raw spectra did

not give enough differentiation through PCA analysis. Furthermore, specificity of

the sensor was provided through functionalization of the gold surface with mon-

oclonal antibody of Ara h1. PCA analysis enabled distinction of Ara h1 protein
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Figure 6.14: Principal component analysis (PC2 vs PC3) of baseline-corrected
Raman spectra for background zein-SERS sensor (black),
antibody-functionalized zein-SERS sensor (blue) and Ara h1 protein captured by
antibody-functionalized zein-SERS sensor (red), Ara h1 protein on
functionalized zein-SERS sensor- not rinsed(cyan).

captured by antibodies from background of the sensor, as well as only antibody-

functionalized surface. This was a proof-of-concept that zein-SERS sensors can

be used in detecting allergen protein, Ara h1 by capturing it with monoclonal an-

tibodies. Further studies are needed to improve sensitivity, as well as application

to real food systems.
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CHAPTER 7

CONCLUSION

Throughout the research that led to this dissertation, the potential of uti-

lizing zein, a corn protein, as a biodegradable sensor platform was investigated.

First, zein film formation and effect of different processing on zein’s surface prop-

erties was studied. It was found that a non-destructive soft lithography method

is capable of engineering zein’s surface properties without changing the bulk film

properties. This is an important property in sensor platform development. Specif-

ically, casting zein on a hydrophilic surface, oxygen plasma exposed PDMS, as

opposed to a hydrophilic surface, regular PDMS resulted in hydrophilic zein film

surface. This kind of surface property makes many practical applications possible,

such as cell and tissue adhesion, microfluidic platforms, metal adhesion onto zein

films to name a few. The role of a plasticizer, oleic acid along with the amphiphilic

protein zein was examined in the process of self-assembly during film formation.

Second, simultaneous transfer of three dimensional metallic sub-micron and nano-

structures was achieved. The resultant nanophotonic zein films formed the base of

a platform for an optical sensing technique, called Surface Enhanced Raman Spec-

troscopy (SERS). SERS is sensitive molecular fingerprinting technique, which has

a potential to be an on field method with hand-held portable versions of Raman

spectrometers.

The zein nanophotonic sensor platform was tested for two different analytes.

First, ability of the sensor to detect a smaller food contaminant, acrylamide,

was investigated. Acrylamide is a by-product of Maillard reaction that occurs

in certain high temperature processing of food products, such as potato chips,

french fries and toasted bread. Quantitative measurement for acrylamide with
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the help of a characteristic peak and calibration curve for acrylamide. Sensitivity

level was 10 µg/mg in a model system. Second, the ability of the sensor to

detect a larger peanut allergen protein was examined. Peanut allergy is one of

the most common food allergies, and in certain individuals it might result in life-

threatening reactions. Ara h1, which was the target protein for this research,

comprises the highest percentage of all identified allergenic peanut proteins. In

addition, it causes almost in 100% of the allergic people. For this reason, it is

very important to develop tools that can detect Ara h1 protein. Feasibility of

using the zein-SERS platform in detecting this allergen was studied. With the

help of a statistical clustering technique called principal component analysis, it

was possible to detect and quantify Ara h1 protein. In addition, sensitivity of the

sensor was achieved by functionalizing the surface with monoclonal antibodies

that attaches to Ara h1. The limit of detection of this sensor was found to be

0.14 mg/ml.

With this dissertation, gold coated zein films with nanophotonic patterns were

shown to be able to detect both acrylamide and Ara h1 by using SERS for the

first time as a proof-of-concept. In the future, more work is needed to improve

the sensitivity level of these sensors. This could be achieved by either designing

different nanophotonic patterns to transfer onto zein, working with different an-

alytes or further optimizing detection parameters. We hope that, this research

will help advance the investigation and use of biodegradable platforms in sensing

technology in the future.
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F. (2013). Microfluidic channel with embedded sers 2d platform for the aptamer
detection of ochratoxin a. Analytical and bioanalytical chemistry, 405(5):1613–
1621.

156



Gao, J., Hu, Y., Li, S., Zhang, Y., and Chen, X. (2013). Adsorption of benzoic
acid, phthalic acid on gold substrates studied by surface-enhanced raman scat-
tering spectroscopy and density functional theory calculations. Spectrochimica
Acta Part A: Molecular and Biomolecular Spectroscopy, 104:41–47.

Gartia, M. R., Xu, Z., Behymer, E., Nguyen, H., Britten, J. A., Larson, C.,
Miles, R., Bora, M., Chang, A. S., Bond, T. C., et al. (2010). Rigorous surface
enhanced raman spectral characterization of large-area high-uniformity silver-
coated tapered silica nanopillar arrays. Nanotechnology, 21(39):395701.

Gianazza, E., Viglienghi, V., Righetti, P. G., Salamini, F., and Soave, C.
(1977). Amino acid composition of zein molecular components. Phytochem-
istry, 16(3):315–317.

Gorham, J. (1821). Analysis of indian corn. QJ Sci. Lit. Arts, 2:206–208.
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Tekkeli, S. E. K., Önal, C., and Önal, A. (2012). A review of current methods
for the determination of acrylamide in food products. Food Analytical Methods,
5(1):29–39.

Teslova, T., Corredor, C., Livingstone, R., Spataru, T., Birke, R. L., Lombardi,
J. R., Canamares, M., and Leona, M. (2007). Raman and surface-enhanced
raman spectra of flavone and several hydroxy derivatives. Journal of Raman
Spectroscopy, 38(7):802–818.

Turner, A. P. (2013). Biosensors: sense and sensibility. Chemical Society Reviews,
42(8):3184–3196.

Van der Schueren, L., De Meyer, T., Steyaert, I., Ceylan, Ö., Hemelsoet, K.,
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APPENDIX A

A.1 Example code for Principal component analysis

Below is given example code for PCA analysis done by using Matlab R2013a

software

\% Load baseline corrected data

\%A1

Imp=importdata('@A1 1.txt');

a11=Imp(:,2);

Imp=importdata('@A1 2.txt');

a12=Imp(:,2);

Imp=importdata('@A1 3.txt');

a13=Imp(:,2);

Imp=importdata('@A1 4.txt');

a14=Imp(:,2);

Imp=importdata('@A1 5.txt');

a15=Imp(:,2);

Imp=importdata('@A1 6.txt');

a16=Imp(:,2);

Imp=importdata('@A1 7.txt');

a17=Imp(:,2);

Imp=importdata('@A1 8.txt');

a18=Imp(:,2);

Imp=importdata('@A1 9.txt');

a19=Imp(:,2);

\%A2
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Imp=importdata('@A2 1.txt');

a21=Imp(:,2);

Imp=importdata('@A2 2.txt');

a22=Imp(:,2);

Imp=importdata('@A2 3.txt');

a23=Imp(:,2);

Imp=importdata('@A2 4.txt');

a24=Imp(:,2);

Imp=importdata('@A2 5.txt');

a25=Imp(:,2);

Imp=importdata('@A2 6.txt');

a26=Imp(:,2);

Imp=importdata('@A2 7.txt');

a27=Imp(:,2);

Imp=importdata('@A2 8.txt');

a28=Imp(:,2);

Imp=importdata('@A2 9.txt');

a29=Imp(:,2);

\%\% A3

Imp=importdata('@A3 1.txt');

a31=Imp(:,2);

Imp=importdata('@A3 2.txt');

a32=Imp(:,2);

Imp=importdata('@A3 3.txt');

a33=Imp(:,2);

Imp=importdata('@A3 4.txt');

a34=Imp(:,2);

Imp=importdata('@A3 5.txt');

a35=Imp(:,2);

Imp=importdata('@A3 6.txt');

a36=Imp(:,2);

Imp=importdata('@A3 7.txt');

a37=Imp(:,2);

Imp=importdata('@A3 8.txt');

a38=Imp(:,2);

Imp=importdata('@A3 9.txt');
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a39=Imp(:,2);

\%\% B1

Imp=importdata('@B1 1.txt');

b11=Imp(:,2);

Imp=importdata('@B1 2.txt');

b12=Imp(:,2);

Imp=importdata('@B1 3.txt');

b13=Imp(:,2);

Imp=importdata('@B1 4.txt');

b14=Imp(:,2);

Imp=importdata('@B1 5.txt');

b15=Imp(:,2);

Imp=importdata('@B1 6.txt');

b16=Imp(:,2);

Imp=importdata('@B1 7.txt');

b17=Imp(:,2);

Imp=importdata('@B1 8.txt');

b18=Imp(:,2);

Imp=importdata('@B1 9.txt');

b19=Imp(:,2);

\%\% B2

Imp=importdata('@B2 1.txt');

b21=Imp(:,2);

Imp=importdata('@B2 2.txt');

b22=Imp(:,2);

Imp=importdata('@B2 3.txt');

b23=Imp(:,2);

Imp=importdata('@B2 4.txt');

b24=Imp(:,2);

Imp=importdata('@B2 5.txt');

b25=Imp(:,2);

Imp=importdata('@B2 6.txt');

b26=Imp(:,2);

Imp=importdata('@B2 7.txt');

b27=Imp(:,2);

Imp=importdata('@B2 8.txt');
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b28=Imp(:,2);

Imp=importdata('@B2 9.txt');

b29=Imp(:,2);

\%\% B3

Imp=importdata('@B3 1.txt');

b31=Imp(:,2);

Imp=importdata('@B3 2.txt');

b32=Imp(:,2);

Imp=importdata('@B3 3.txt');

b33=Imp(:,2);

Imp=importdata('@B3 4.txt');

b34=Imp(:,2);

Imp=importdata('@B3 5.txt');

b35=Imp(:,2);

Imp=importdata('@B3 6.txt');

b36=Imp(:,2);

Imp=importdata('@B3 7.txt');

b37=Imp(:,2);

Imp=importdata('@B3 8.txt');

b38=Imp(:,2);

Imp=importdata('@B3 9.txt');

b39=Imp(:,2);

\%\% C1

Imp=importdata('@C1 1.txt');

c11=Imp(:,2);

Imp=importdata('@C1 2.txt');

c12=Imp(:,2);

Imp=importdata('@C1 3.txt');

c13=Imp(:,2);

Imp=importdata('@C1 4.txt');

c14=Imp(:,2);

Imp=importdata('@C1 5.txt');

c15=Imp(:,2);

Imp=importdata('@C1 6.txt');

c16=Imp(:,2);

Imp=importdata('@C1 7.txt');
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c17=Imp(:,2);

Imp=importdata('@C1 8.txt');

c18=Imp(:,2);

Imp=importdata('@C1 9.txt');

c19=Imp(:,2);

\%\% C2

Imp=importdata('@C2 1.txt');

c21=Imp(:,2);

Imp=importdata('@C2 2.txt');

c22=Imp(:,2);

Imp=importdata('@C2 3.txt');

c23=Imp(:,2);

Imp=importdata('@C2 4.txt');

c24=Imp(:,2);

Imp=importdata('@C2 5.txt');

c25=Imp(:,2);

Imp=importdata('@C2 6.txt');

c26=Imp(:,2);

Imp=importdata('@C2 7.txt');

c27=Imp(:,2);

Imp=importdata('@C2 8.txt');

c28=Imp(:,2);

Imp=importdata('@C2 9.txt');

c29=Imp(:,2);

\%\% C3

Imp=importdata('@C3 1.txt');

c31=Imp(:,2);

Imp=importdata('@C3 2.txt');

c32=Imp(:,2);

Imp=importdata('@C3 3.txt');

c33=Imp(:,2);

Imp=importdata('@C3 4.txt');

c34=Imp(:,2);

Imp=importdata('@C3 5.txt');

c35=Imp(:,2);

Imp=importdata('@C3 6.txt');
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c36=Imp(:,2);

Imp=importdata('@C3 7.txt');

c37=Imp(:,2);

Imp=importdata('@C3 8.txt');

c38=Imp(:,2);

Imp=importdata('@C3 9.txt');

c39=Imp(:,2);

\%\% D1

Imp=importdata('@D1 1.txt');

d11=Imp(:,2);

Imp=importdata('@D1 2.txt');

d12=Imp(:,2);

Imp=importdata('@D1 3.txt');

d13=Imp(:,2);

Imp=importdata('@D1 4.txt');

d14=Imp(:,2);

Imp=importdata('@D1 5.txt');

d15=Imp(:,2);

Imp=importdata('@D1 6.txt');

d16=Imp(:,2);

Imp=importdata('@D1 7.txt');

d17=Imp(:,2);

Imp=importdata('@D1 8.txt');

d18=Imp(:,2);

Imp=importdata('@D1 9.txt');

d19=Imp(:,2);

\%\% D2

Imp=importdata('@D2 1.txt');

d21=Imp(:,2);

Imp=importdata('@D2 2.txt');

d22=Imp(:,2);

Imp=importdata('@D2 3.txt');

d23=Imp(:,2);

Imp=importdata('@D2 4.txt');

d24=Imp(:,2);

Imp=importdata('@D2 5.txt');
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d25=Imp(:,2);

Imp=importdata('@D2 6.txt');

d26=Imp(:,2);

Imp=importdata('@D2 7.txt');

d27=Imp(:,2);

Imp=importdata('@D2 8.txt');

d28=Imp(:,2);

Imp=importdata('@D2 9.txt');

d29=Imp(:,2);

\%\% D3

Imp=importdata('@D3 1.txt');

d31=Imp(:,2);

Imp=importdata('@D3 2.txt');

d32=Imp(:,2);

Imp=importdata('@D3 3.txt');

d33=Imp(:,2);

Imp=importdata('@D3 4.txt');

d34=Imp(:,2);

Imp=importdata('@D3 5.txt');

d35=Imp(:,2);

Imp=importdata('@D3 6.txt');

d36=Imp(:,2);

Imp=importdata('@D3 7.txt');

d37=Imp(:,2);

Imp=importdata('@D3 8.txt');

d38=Imp(:,2);

Imp=importdata('@D3 9.txt');

d39=Imp(:,2);

\%\% E1

Imp=importdata('@E1 1.txt');

e11=Imp(:,2);

Imp=importdata('@E1 2.txt');

e12=Imp(:,2);

Imp=importdata('@E1 3.txt');

e13=Imp(:,2);

Imp=importdata('@E1 4.txt');
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e14=Imp(:,2);

Imp=importdata('@E1 5.txt');

e15=Imp(:,2);

Imp=importdata('@E1 6.txt');

e16=Imp(:,2);

Imp=importdata('@E1 7.txt');

e17=Imp(:,2);

Imp=importdata('@E1 8.txt');

e18=Imp(:,2);

Imp=importdata('@E1 9.txt');

e19=Imp(:,2);

\%\% E2

Imp=importdata('@E2 1.txt');

e21=Imp(:,2);

Imp=importdata('@E2 2.txt');

e22=Imp(:,2);

Imp=importdata('@E2 3.txt');

e23=Imp(:,2);

Imp=importdata('@E2 4.txt');

e24=Imp(:,2);

Imp=importdata('@E2 5.txt');

e25=Imp(:,2);

Imp=importdata('@E2 6.txt');

e26=Imp(:,2);

Imp=importdata('@E2 7.txt');

e27=Imp(:,2);

Imp=importdata('@E2 8.txt');

e28=Imp(:,2);

Imp=importdata('@E2 9.txt');

e29=Imp(:,2);

\%\% E3

Imp=importdata('@E3 1.txt');

e31=Imp(:,2);

Imp=importdata('@E3 2.txt');

e32=Imp(:,2);

Imp=importdata('@E3 3.txt');
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e33=Imp(:,2);

Imp=importdata('@E3 4.txt');

e34=Imp(:,2);

Imp=importdata('@E3 5.txt');

e35=Imp(:,2);

Imp=importdata('@E3 6.txt');

e36=Imp(:,2);

Imp=importdata('@E3 7.txt');

e37=Imp(:,2);

Imp=importdata('@E3 8.txt');

e38=Imp(:,2);

Imp=importdata('@E3 9.txt');

e39=Imp(:,2);

\%\% F1

Imp=importdata('@F1 1.txt');

f11=Imp(:,2);

Imp=importdata('@F1 2.txt');

f12=Imp(:,2);

Imp=importdata('@F1 3.txt');

f13=Imp(:,2);

Imp=importdata('@F1 4.txt');

f14=Imp(:,2);

Imp=importdata('@F1 5.txt');

f15=Imp(:,2);

Imp=importdata('@F1 6.txt');

f16=Imp(:,2);

Imp=importdata('@F1 7.txt');

f17=Imp(:,2);

Imp=importdata('@F1 8.txt');

f18=Imp(:,2);

Imp=importdata('@F1 9.txt');

f19=Imp(:,2);

\%\% F2

Imp=importdata('@F2 1.txt');

f21=Imp(:,2);

Imp=importdata('@F2 2.txt');
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f22=Imp(:,2);

Imp=importdata('@F2 3.txt');

f23=Imp(:,2);

Imp=importdata('@F2 4.txt');

f24=Imp(:,2);

Imp=importdata('@F2 5.txt');

f25=Imp(:,2);

Imp=importdata('@F2 6.txt');

f26=Imp(:,2);

Imp=importdata('@F2 7.txt');

f27=Imp(:,2);

Imp=importdata('@F2 8.txt');

f28=Imp(:,2);

Imp=importdata('@F2 9.txt');

f29=Imp(:,2);

\%\% F3

Imp=importdata('@F3 1.txt');

f31=Imp(:,2);

Imp=importdata('@F3 2.txt');

f32=Imp(:,2);

Imp=importdata('@F3 3.txt');

f33=Imp(:,2);

Imp=importdata('@F3 4.txt');

f34=Imp(:,2);

Imp=importdata('@F3 5.txt');

f35=Imp(:,2);

Imp=importdata('@F3 6.txt');

f36=Imp(:,2);

Imp=importdata('@F3 7.txt');

f37=Imp(:,2);

Imp=importdata('@F3 8.txt');

f38=Imp(:,2);

Imp=importdata('@F3 9.txt');

f39=Imp(:,2);

\%\% Combine all the data

a1=[a11 a12 a13 a14 a15 a16 a17 a18 a19];

178



a2=[a21 a22 a23 a24 a25 a26 a27 a28 a29];

a3=[a31 a32 a33 a34 a35 a36 a37 a38 a39];

b1=[b11 b12 b13 b14 b15 b16 b17 b18 b19];

b2=[b21 b22 b23 b24 b25 b26 b27 b28 b29];

b3=[b31 b32 b33 b34 b35 b36 b37 b38 b39];

c1=[c11 c12 c13 c14 c15 c16 c17 c18 c19];

c2=[c21 c22 c23 c24 c25 c26 c27 c28 c29];

c3=[c31 c32 c33 c34 c35 c36 c37 c38 c39];

d1=[d11 d12 d13 d14 d15 d16 d17 d18 d19];

d2=[d21 d22 d23 d24 d25 d26 d27 d28 d29];

d3=[d31 d32 d33 d34 d35 d36 d37 d38 d39];

e1=[e11 e12 e13 e14 e15 e16 e17 e18 e19];

e2=[e21 e22 e23 e24 e25 e26 e27 e28 e29];

e3=[e31 e32 e33 e34 e35 e36 e37 e38 e39];

f1=[f11 f12 f13 f14 f15 f16 f17 f18 f19];

f2=[f21 f22 f23 f24 f25 f26 f27 f28 f29];

f3=[f31 f32 f33 f34 f35 f36 f37 f38 f39];

\%\%

a=[a1 a2 a3];

b=[b1 b2 b3];

c=[c1 c2 c3];

d=[d1 d2 d3];

e=[e1 e2 e3];

f=[f1 f2 f3];

\%\%

\% Combine all of the data

all=[a b c d e f];

\%\%

\% Visualize pca analysis for reference

mapcaplot(all');

\%\%

\% Extract pca scores for each measurement

[coeff,scores]=pca(all');

as11=scores(1:9,1);

as12=scores(1:9,2);

as13=scores(1:9,3);
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as14=scores(1:9,4);

as15=scores(1:9,5);

as21=scores(10:18,1);

as22=scores(10:18,2);

as23=scores(10:18,3);

as24=scores(10:18,4);

as25=scores(10:18,5);

as31=scores(19:27,1);

as32=scores(19:27,2);

as33=scores(19:27,3);

as34=scores(19:27,4);

as35=scores(19:27,5);

bs11=scores(28:36,1);

bs12=scores(28:36,2);

bs13=scores(28:36,3);

bs14=scores(28:36,4);

bs15=scores(28:36,5);

bs21=scores(37:45,1);

bs22=scores(37:45,2);

bs23=scores(37:45,3);

bs24=scores(37:45,4);

bs25=scores(37:45,5);

bs31=scores(46:54,1);

bs32=scores(46:54,2);

bs33=scores(46:54,3);

bs34=scores(46:54,4);

bs35=scores(46:54,5);

cs11=scores(55:63,1);

cs12=scores(55:63,2);

cs13=scores(55:63,3);

cs14=scores(55:63,4);

cs15=scores(55:63,5);

cs21=scores(64:72,1);

cs22=scores(64:72,2);

cs23=scores(64:72,3);

cs24=scores(64:72,4);
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cs25=scores(64:72,5);

cs31=scores(73:81,1);

cs32=scores(73:81,2);

cs33=scores(73:81,3);

cs34=scores(73:81,4);

cs35=scores(73:81,5);

ds11=scores(82:90,1);

ds12=scores(82:90,2);

ds13=scores(82:90,3);

ds14=scores(82:90,4);

ds15=scores(82:90,5);

ds21=scores(91:99,1);

ds22=scores(91:99,2);

ds23=scores(91:99,3);

ds24=scores(91:99,4);

ds25=scores(91:99,5);

ds31=scores(100:108,1);

ds32=scores(100:108,2);

ds33=scores(100:108,3);

ds34=scores(100:108,4);

ds35=scores(100:108,5);

es11=scores(109:117,1);

es12=scores(109:117,2);

es13=scores(109:117,3);

es14=scores(109:117,4);

es15=scores(109:117,5);

es21=scores(118:126,1);

es22=scores(118:126,2);

es23=scores(118:126,3);

es24=scores(118:126,4);

es25=scores(118:126,5);

es31=scores(127:135,1);

es32=scores(127:135,2);

es33=scores(127:135,3);

es34=scores(127:135,4);

es35=scores(127:135,5);
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fs11=scores(136:144,1);

fs12=scores(136:144,2);

fs13=scores(136:144,3);

fs14=scores(136:144,4);

fs15=scores(136:144,5);

fs21=scores(145:153,1);

fs22=scores(145:153,2);

fs23=scores(145:153,3);

fs24=scores(145:153,4);

fs25=scores(145:153,5);

fs31=scores(154:162,1);

fs32=scores(154:162,2);

fs33=scores(154:162,3);

fs34=scores(154:162,4);

fs35=scores(154:162,5);

\%\% PLOT different principal component combinations,

each sample with a different color

plot(as11,as12,'b*',as21,as22,'b*',as31,as32,'b*',

bs11,bs12,'g*',bs21,bs22,'g*',bs31,bs32,'g*',

cs11,cs12,'r*',cs21,cs22,'r*',cs31,cs32,'r*',ds11,ds12,'c*',

ds21,ds22,'c*',ds31,ds32,'c*',es11,es12,'m*',

es21,es22,'m*',es31,es32,'m*',fs11,fs12,'k*',

fs21,fs22,'k*',fs31,fs32,'k*');

xlim([−100 150]);

ylim([−40 50]);

xlabel('PC 1')

ylabel('PC 2')

\%legend('Smooth gold + antibody + Ara h1 + rinsed','

Gold−pyr−PET + antibody + Ara h1 + rinsed ',

'Gold−pyr−zein + antibody + Ara h1 + rinsed','r',

'Gold−pyr−zein + antibody + Ara h1','c',

'Gold−pyr−zein + antibody','m','Gold−pyr−zein','k');

title ('Principal component analysis (PC 1 vs PC 2)');

\%\%
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plot(as11,as13,'b*',as21,as23,'b*',as31,as33,'b*',

bs11,bs13,'g*',bs21,bs23,'g*',bs31,bs33,'g*',

cs11,cs13,'r*',cs21,cs23,'r*',cs31,cs33,'r*',

ds11,ds13,'c*',ds21,ds23,'c*',ds31,ds33,'c*',

es11,es13,'m*',es21,es23,'m*',es31,es33,'m*',

fs11,fs13,'k*',fs21,fs23,'k*',fs31,fs33,'k*');

xlim([−100 150]);

ylim([−30 30]);

xlabel('PC 1')

ylabel('PC 3')

\%legend('Smooth gold + antibody + Ara h1 + rinsed',

'Gold−pyr−PET + antibody + Ara h1 + rinsed ',

'Gold−pyr−zein + antibody + Ara h1 + rinsed','r',

'Gold−pyr−zein + antibody + Ara h1','c',

'Gold−pyr−zein + antibody','m','Gold−pyr−zein','k');

title ('Principal component analysis (PC 1 vs PC 3)');

\%\%

plot(as12,as13,'b*',as22,as23,'b*',as32,as33,'b*',

bs12,bs13,'g*',bs22,bs23,'g*',bs32,bs33,'g*',

cs12,cs13,'r*',cs22,cs23,'r*',cs32,cs33,'r*',

ds12,ds13,'c*',ds22,ds23,'c*',ds32,ds33,'c*',

es12,es13,'m*',es22,es23,'m*',es32,es33,'m*',

fs12,fs13,'k*',fs22,fs23,'k*',fs32,fs33,'k*');

xlim([−50 60]);

ylim([−30 40]);

xlabel('PC 2')

ylabel('PC 3')

\%legend('Smooth gold + antibody + Ara h1 + rinsed',

'Gold−pyr−PET + antibody + Ara h1 + rinsed ',

'Gold−pyr−zein + antibody + Ara h1 + rinsed','r',

'Gold−pyr−zein + antibody + Ara h1','c',

'Gold−pyr−zein + antibody','m','Gold−pyr−zein','k');

title ('Principal component analysis (PC 2 vs PC 3)');

\%\% Without non−rinsed option

plot(as12,as13,'c*',as22,as23,'c*',as32,as33,'c*',
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bs12,bs13,'g*',bs22,bs23,'g*',bs32,bs33,'g*',

cs12,cs13,'r*',cs22,cs23,'r*',cs32,cs33,'r*',

es12,es13,'b*',es22,es23,'b*',es32,es33,'b*',

fs12,fs13,'k*',fs22,fs23,'k*',fs32,fs33,'k*');

xlim([−50 60]);

ylim([−30 40]);

xlabel('PC 2')

ylabel('PC 3')

\%legend('Smooth gold + antibody + Ara h1 + rinsed',

'Gold−pyr−PET + antibody + Ara h1 + rinsed ',

'Gold−pyr−zein + antibody + Ara h1 + rinsed','r',

'Gold−pyr−zein + antibody + Ara h1','c',

'Gold−pyr−zein + antibody','m','Gold−pyr−zein','k');

title ('Principal component analysis (PC 2 vs PC 3)');

\%\% Without non−rinsed option

plot(cs12,cs13,'r*',cs22,cs23,'r*',cs32,cs33,'r*',

ds12,ds13,'c*',ds22,ds23,'c*',ds32,ds33,'c*',

es12,es13,'b*',es22,es23,'b*',es32,es33,'b*',

fs12,fs13,'k*',fs22,fs23,'k*',fs32,fs33,'k*');

xlim([−50 60]);

ylim([−30 40]);

xlabel('PC 2')

ylabel('PC 3')

\%legend('Smooth gold + antibody + Ara h1 + rinsed',

'Gold−pyr−PET + antibody + Ara h1 + rinsed ',

'Gold−pyr−zein + antibody + Ara h1 + rinsed','r',

'Gold−pyr−zein + antibody + Ara h1','c',

'Gold−pyr−zein + antibody','m','Gold−pyr−zein','k');

title ('Principal component analysis (PC 2 vs PC 3)');

\%\%

plot(as11,as15,'b*',as21,as25,'b*',as31,as35,'b*',

bs11,bs15,'g*',bs21,bs25,'g*',bs31,bs35,'g*',

cs11,cs15,'r*',cs21,cs25,'r*',cs31,cs35,'r*',

ds11,ds15,'c*',ds21,ds25,'c*',ds31,ds35,'c*',

es11,es15,'m*',es21,es25,'m*',es31,es35,'m*',

fs11,fs15,'k*',fs21,fs25,'k*',fs31,fs35,'k*');
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xlim([−100 150]);

ylim([−50 50]);

xlabel('PC 1')

ylabel('PC 5')

\%legend('Smooth gold + antibody + Ara h1 + rinsed',

'Gold−pyr−PET + antibody + Ara h1 + rinsed ',

'Gold−pyr−zein + antibody + Ara h1 + rinsed','r',

'Gold−pyr−zein + antibody + Ara h1','c',

'Gold−pyr−zein + antibody','m','Gold−pyr−zein','k');

title ('Principal component analysis (PC 1 vs PC 5)');

\%\%

plot(as12,as15,'b*',as22,as25,'b*',as32,as35,'b*',

bs12,bs15,'g*',bs22,bs25,'g*',bs32,bs35,'g*',

cs12,cs15,'r*',cs22,cs25,'r*',cs32,cs35,'r*',

ds12,ds15,'c*',ds22,ds25,'c*',ds32,ds35,'c*',

es12,es15,'m*',es22,es25,'m*',es32,es35,'m*',

fs12,fs15,'k*',fs22,fs25,'k*',fs32,fs35,'k*');

xlim([−40 40]);

ylim([−30 30]);

xlabel('PC 2')

ylabel('PC 5')

\%legend('Smooth gold + antibody + Ara h1 + rinsed',

'Gold−pyr−PET + antibody + Ara h1 + rinsed ',

'Gold−pyr−zein + antibody + Ara h1 + rinsed','r',

'Gold−pyr−zein + antibody + Ara h1','c',

'Gold−pyr−zein + antibody','m','Gold−pyr−zein','k');

title ('Principal component analysis (PC 2 vs PC 5)');

A.2 Specifications of Atomic Force Microscopy
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Figure A.1: Specifications of Atomic Force Microscopy used in this study
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