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CHAPTER |
INTRODUCTION

1.1 Bacterial infection

Bacterial attachment and proliferation on surfaces pose serious problems in
both public health and industries [1]. For biomedical applications, bacterial adherence
and biofilm formation on medical implants and devices limit the lifetime of devices,
cause inflammatory responses and become antibiotic resistance bacteria. For marine
industries, microbial attachment on a ship's hull induces other marine species to attach
and proliferate, leading to high cost of fuel consumption and maintenance. For food
industries, bacterial contaminations can occur during the raw materials storage and
food productions, resulting in food contamination and spoilage. Foodborne illness or
food poisoning is a result of consuming contaminated food [2]. It can seriously affect
anyone, especially pregnant women and children. To solve these problems,
considerable attention have been directed toward developing antibacterial agents and

materials that can prevent bacterial attachment and proliferation.

1.2 Bacterial membrane components

Several antibiotics are designed to destroy or interrupt the cell wall formation.
The rigid bacterial cell wall provides structural integrity to the cell and protects the
cell from swelling and rupturing caused by osmotic tension between cell and its
surrounding. It usually consists of peptidoglycan, polysaccharide network interlaced by
polypeptides. The different formations of peptidoglycan layer can be used to identify
two major types of bacteria by a staining process called a Gram stain. The cell
envelopes of Gram-positive and Gram-negative bacteria are shown in Figure 1.1. In
Gram-positive bacteria, the peptidoglycan (red) forms a thick network around the outer
surface and stains a purple color of crystal violet. The intercalated lipoteichoic acid
(yellow) carries negative charges on bacterial cell wall due to the presence of
phosphate in its structure. The peptidoglycan layer is relatively less abundant in the
Gram-negative envelope, and is sandwiched between an outer membrane and the cell

membrane. It does not retain the purple-colored dye, but gets stained by the dye



safranin. The outer membrane in the Gram-negative envelope is composed of
phospholipid  (¢reen), protein  porins  (yellow), lipoproteins (blue) and

lipopolysaccharides (green) which impart a negative charge to bacterial surface.

The Gram-positive envelope The Gram-negative envelope
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Figure 1.1 The cell envelopes of Gram-positive (left) and Gram-negative (right)

bacteria [3].

1.3 Mechanism of antibacterial surfaces

Various designed of antibacterial surfaces can be divided into two main
categories [4] based on their operating strategies: bacteria-resistant surfaces and
bactericidal surfaces.

Bacteria-resistant surfaces have a general purpose to reduce bacterial
attachment on surfaces and thereby inhibit the earliest stages of biofilm formation by
preventing non-specific adhesions of biologically related materials. These surfaces are
usually modified with hydrophilic polymer to from the hydration layer as a physical
barrier in aqueous environment. Olicomers based on different repeating units of
ethylene glycol (EG) are the most commonly used. Chemical grafting of hydroxyl
groups of polyethylene glycol (PEG) to isocyanate groups of polyurethane urea (PUU)
surface was reported [5]. The modified surface forms a hydrophilic PEG layer that repels
bacterial cells. This surface not only inhibited the accumulation of bacteria, but also

showed a resistance for protein adsorption and platelet adhesion.



Bactericidal surfaces are surfaces with an ability to kill bacteria. These surfaces
can be divided into released-based and contact-based bactericidal surfaces according
to the killing mechanism as shown in Figure 1.2. For released-based bactericidal
surfaces, biocidal agents are preloaded or coated on surfaces and slowly leached into
surrounding to kill bacteria. Silver nanoparticles (AgNPs) are an example of common
biocidal agents applied to antibacterial surfaces. AgNPs slowly release silver ions into
the coating layer and subsequently the solution. AgNPs can attach to the bacterial
membrane by electrostatic interaction, then leading to disruption of the membrane
and consequently cell death [6]. However, these type of surfaces showed a temporary
activity and may cause environmental problems. For human health, prolong contact

with silver can cause irreversible pigmentation of the skin or eyes known as argyria and

Sy
AR
ERIW

other serious effect on the kidney [71].

|
®
e

Released-based Contact-based
bactericidal surfaces bactericidal surfaces

Figure 1.2 Antibacterial mechanism of released-based (left) and contact-based (right)

bactericidal surfaces [1].

For contact-based bactericidal surfaces, antibacterial agents are permanently
immobilized on surfaces by either physical adsorption or covalent conjugation. Biocidal
agents do not release to the surrounding, so the sufficiently high biocide concentration
will kill bacteria upon contact. The biocidal agents can be either small molecules or

natural biomolecules [4, 8-12].



1.4 Antibacterial cellulose

Antibacterial surfaces from various substances such as gold [13], ¢lass [14],
cellulose [8, 9, 11, 15], polyurethane [16] and other polymer have been studied from
researchers around the world. In this regards, cellulose has been one of the most
widely used materials due to its biocompatible and biodegradable properties.

Cellulose is the most abundant and renewable polymer resource. It is
biosynthesized by living organisms ranging from higher to lower plant and some
bacteria [10]. As pointed out in Figure 1.3, cellulose is a linear homopolymer consisting
of 3-1,4-glycosidic linked D-anhydroglucopyranose units [17]. Each monomer contains
three hydroxyl groups. These hydroxyl groups have abilities to form both intra- and
intermolecular hydrogen bonds in its structure resulting in the crystalline packing and
other physical properties of cellulose [18]. Moreover, the multiple free hydroxyl groups
can be used as a precursor for chemical modifications. We will focus on the covalently

modification of cellulose derivatives for contact-based bactericidal surfaces.

o 3 2OH o
HO§ —HO §
HO  OH O . HO OH-O

Figure 1.3 Chemical structure of cellulose [17, 18].

Various amino-containing molecules have been used to modify antibacterial
surfaces due to its positive charges. These positive charges can be either permanent
or pH-dependent. Quaternary ammonium compounds (QACs) contain permanently
positive charges with the structure NR;", R being an alkyl group or an aryl group.
Primary, secondary or tertiary ammonium cations are positively charged by protonation
in the solution with pH lower than its pKa. These positive charges can interact with the
negatively charged components of both Gram-positive and Gram-negative bacteria
through electrostatic interactions. The binding occurs with lipoteichoic acid in Gram-

positive bacterial membrane and lipopolysaccharides in Gram-negative bacterial



membrane [3, 19, 20]. These interference will disrupt the membrane integrities and
cause cell death.

QACs parent units with lipophilic adjuncts were reported by the Abel group [8].
Appropriate haloalkanes (R = C8 - C18) were reacted with 1,4-Diazabicyclo
[2.2.2]octane (DABCO) and resulted in monocationic DABCO derivatives. These
monocationic salts were immobilized on cotton and filter paper in two steps as shown
in Figure 1.4. Surface modifications of the DABCO surface with an alkyl group with
varying length from C10 to C18 illustrated strong antibacterial activities against three
species of Gram-positive bacteria. Interestingly, DABCO-C16 surfaces showed 100%

inhibition on both Gram-positive and Gram-negative bacteria.

o
CH3
).

R
2 &
] ND
TsClI, pyrldlne /&

m } 2 o

OH OH >/ © OH ©
n

Figure 1.4 Synthetic scheme of DABCO-R surfaces (R vary from C8 to C18) [8].

DABCO-R

Moreover, DABCO derivatives can also be appended on methyl O-D-
glucopyranoside [21] as shown in Figure 1.5. DABCO-C18 modified surface, Compound
12, revealed only 1% growth of Staphylococcus aureus on the surface. In contrast,
DABCO-C16 modified surface did not show high bacterial growth inhibition. The

minimum inhibitory concentration (MIC) was higher than 10 uM.
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Figure 1.5 Synthetic scheme of DABCO derivative modified methyl QL -D-

glucopyranoside [21].

Polyethyleneimine (PEI) have also been used as a QACs parent unit for
modifications of common woven textiles such as cotton, wool, nylon, and polyester
by the Lin group [15]. Firstly, cotton with hydroxyl groups and wool with amino groups
were modified with 4-bromobutyryl chloride as shown in Figure 1.6. PEI with different
molecular weight were N-alkylated and subsequently modified with bromohexane and
iodomethane. The textiles prepared using 750-kDa PEI showed a broad antibacterial
spectrum asgainst Staphylococcus aureus, Staphylococcus epidermidis, Escherichia
coli, Pseudomonas aeruginosa and also fungi. For antimicrobial textile applications,
soapy washing was applied to N-alkylated PEls modified cotton. PEls with molecular
weight less than 2 kDa modified cotton revealed significant reduction of antibacterial
potencies. However, the potencies of 25-kDa and 750-kDa PEls modified cotton
remained after the second washing. The dependence of antibacterial activities on the
molecular weight of PEls was confirmed by modifying non-porous material, NH,-glass
slides, with the same method. After washing off, 750- and 25-kDa PEls modified surfaces
showed high antibacterial activities. In contrast, their 2- and 0.8-kDa counterparts did

not.
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Figure 1.6 Synthetic scheme of PEI derivatives modified cotton and wool [15].

Modified cotton using branched PEI (molecular weight of 750 kDa) with
hydrophobic and cationic portions was also studied by the Hsu group [22]. Dodecyl
chains and hexanoyl chain containing aryl azide were attached to amino groups of PEl,
followed by quaternization using iodomethane. The structure of N,N,N-ANPAH,
dodecyl, methyl-PEl are shown in Figure 1.7. After dipping cotton into the solution of
this polymer in dichloromethane, followed by irradiation of both sides of cellulose at
365 nm, the photosensitive aryl azide moiety became more reactive toward cellulosic
hydroxyl groups. The covalently modified cotton showed high bactericidal efficiencies

against Staphylococcus aureus and Escherichia coli.
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Figure 1.7 Molecular structure of N,N,N-ANPAH,dodecyl,methy(-PEl [22].

Not only the long alkyl chains can perform antibacterial activities, but a propyl
chain can also function in the same way. Antibacterial properties of modified cellulose
using a propyl chain with terminal QAC were studied by Chaker and Boufi [9]. As shown
in Figure 1.8, glycidyl trimethyl ammonium chloride (GMA) was immobilized on
nanofibrillar cellulose (NFC) through nucleophilic addition of hydroxyl groups of
cellulose to the epoxide ring of GMA. C-NFC nanocomposite gel was prepared by using
polyvinyl alcohol (PVA) as a matrix. The C-NFC/PVA gel increased visible transmittance
due to the fact that the positive charge on C-NFC induces electrostatic repulsion. The
C-NFC/PVA was casted into petri dishes and tested for antibacterial activities against
both Gram positive and Gram negative bacteria. The C-NFC/PVA film demonstrated

great antibacterial inhibitions with no colony growing on the film.
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o
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KOH/dimethylacetamide

Nanofibrillar cellulose C-NFC
(NFC)

Figure 1.8 Synthetic scheme of GMA modified nanofibrillar cellulose [9].



Furthermore, a propyl chain with terminal free amino groups can also exhibit
high antibacterial activities as well. 3-aminopropyltrimethoxysilane (APS) grafting on
bacterial cellulose (BC) was reported by the Fernandes group [10]. The simple reaction
can be performed in acetone as shown in Figure 1.9. The acetone induced reaction
was occurred by an imine formation between carbonyl groups of acetone and amino
groups of APS (shown in Figure 1.10) [23]. The second phase, the hydrolysis of methoxy
groups occurred and silanol groups were produced. Finally, these silanol groups were
condensed with hydroxyl groups of cellulose to from Si-O-C bond and also condensed
with each other to form siloxane. Antibacterial activities of BC-NH, against
Staphylococcus aureus and Escherichia coli showed more than three log reduction of
bacterial growth. They described the antibacterial mechanism that the terminal amino
group of BC-NH, can provide a polycationic structure by being protonated. The positive
charge affected an interaction with the cytoplasmic membrane of bacteria resulting in
significant antibacterial activities. Moreover, BC-NH, displayed high biocompatibility
with human adipose derived stem cells (ADSCs) after 72 hours of contact.

\O :

/ SI\/\/NHZ

~ SI\/\/NHZ

BC-NH,

Figure 1.9 Synthetic scheme of APS modified bacterial cellulose [10].
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Figure 1.10 Mechanism of acetone induced polymerization of APS [23].

Using of diamino-containing molecules as spacer chains was studied by the

Nakamura group [11]. The immobilization reactions of 1,3-diaminopropane and 4,7,10-

trioxa-1,13-tridecanediamine (DA) on cotton surface are shown in Figure 1.11. Further

modification on terminal amino groups with antimicrobial peptides (AMPs) were

performed and the peptides-immobilized cotton exhibited high antibacterial activities

against Staphylococcus aureus and methicillin-resistant Staphylococcus aureus

(MRSA).

In the aforementioned study, DA-modified cotton did not show any

appreciable antibacterial activity. However, our preliminary results found that DA-

modified cotton can inhibit bacterial growth on surfaces, prompting us to further

investigate this class of compounds for their antibacterial activities.
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Figure 1.11 Synthetic scheme of diamino spacer chains modified cotton [11].
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This study aimed to develop contact-based bactericidal surfaces by appending
simple chemical scaffolds on cotton surface through covalent modifications. The
antibacterial activities of four types of amino-containing molecules (3-aminopropyl-
trimethoxysilane  (APS), polyethyleneimine (PEI), 1,d-diazabicyclo[2.2.2]octane
(DABCO), and 4,7,10-trioxa-1,13-tridecanediamine (DA) and its derivatives) will be
studied. The knowledge obtained from these systematic studies would be beneficial
for elucidating structure-activity relationship of this type of scaffolds on cotton surface,
thereby leading to more efficient utilizations of this material in a variety of applications.

The objectives of this research are:

1. To develop simple methods for immobilizing various amino-containing

molecules on cotton surfaces.

2. To evaluate antibacterial activities of the modified cotton surfaces against

non-pathogenic bacteria and foodborne pathogens.

3. To evaluate the biocompatibility of the modified cotton surfaces against a

mammalian cell line.



CHAPTER Il
EXPERIMENT

21 Materials

All chemicals and reagents were purchased from Acros organics, Carlo Erba
reagents S.p.A., Fluka, Merck, and Sigma-Aldrich Co., Ltd. All solvents were purchased
from RCl Labscan (Thailand) and used without further purification. MilliQ water was
obtained from ultrapure water system with Millipak® 40 filter unit 0.22 um, Millipore
(USA). 100% cotton fabric was purchased from Thai Textile Development and Finishing
Co., Ltd. and washed with N,N-dimethylformamide (DMF), deionized water, methanol
and dichloromethane before use. Staphylococcus aureus (ATCC 6538P), Escherichia
coli (ATCC 8739) and Pseudomonas aeruginosa (ATCC 9027) were cultured in HiMedia
Nutrient Broth (NB). Foodborne pathogens including Escherichia coli (IAM 1264), Listeria
monocytogenes (CIP 103575), Salmonella enterica subsp. enterica (ATCC 13311) and
Acinetobacter baumannii (JCM 6841) were cultured in BBL™ Trypticase™ Soy Broth

(TSB). Leuconostoc carnosum (JCM 9695) were cultured in Oxoid™

de Man, Rogosa
and Sharpe Broth (MRSB). L-929 mouse connective tissue fibroblast (DSMZ ACC 2) cell
lines were cultivated in Roswell Park Memorial Institute medium (RPMI) with 10% Fetal

Bovine Serum (FBS).
2.2 Synthesis of amino-containing surfaces

2.2.1 Synthesis of APS-modified surface (APS)

Cotton fabric (6.0 x 6.0 cm2) was immersed in a solution of
3-aminopropyltrimethoxysilane (APS) (1.0 mL, 0.52 M) in acetone (10.0 mL). The
reaction was maintained at room temperature for 5 hours with 160-ppm shaking. The
surface was then washed twice with acetone (5 minutes each) to remove unreacted
residues and heated at 110 oC for 2 hours. After cooled down to room temperature,

the surface was incubated in acetone for 18 hours and then air-dried.
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Scheme 2.1 Synthesis of APS-modified surface (APS).

2.2.2 Synthesis of 10,/PEl-modified surfaces (IO.PEI)

Cotton fabric (6.0 x 6.0 cm?) was shaken in a solution of sodium meta-
periodate (86.0 mg, 0.04 M) and lithium chloride (0.89 ¢, 2.1 M) in Milli-Q water (10.0
mL) for 5 minutes. The surface was subsequently washed with deionized water (2x, 5
minutes each) and methanol (5 minutes). Next, the surface was shaken in a solution
of polyethyleneimine (PEl; branched, 25 kDa) (260 mg, 1.6 mM) and sodium
cyanoborohydride (1.26 mg, 2.0 mM) in 50% triethylamine in methanol (10.0 mL) at 45
°C for 24 hours. The surface was washed twice with methanol (5 minutes each),
deionized water (5 minutes), DMF (overnight) to remove unreacted residues, methanol

(2x, 5 minutes each) and then air-dried.
HZN(” )\( \/}NHZ

OH
m } NalOy, LiCl ﬁ/ﬁfo} A ‘ ?O}
N

Y =

~NH NH

10.PEI

Scheme 2.2 Synthesis of 104/PEI-modified surfaces (10.PEI).

2.2.3 Synthesis of OTs/PEl modified surface (TS.PEI)
Firstly, cotton fabric (6.0 x 6.0 cm? was reacted with p-
toluenesulfonylchloride (3.82 g, 2.0 M) in pyridine (15.0 mL) for 90 minutes. After
washing with DMF (2x, 5 minutes each), methanol (2x, 5 minutes each),

dichloromethane (2x, 5 minutes each) and air-drying, the tosylated surface can be used
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for further modification. This surface was shaken in a solution of PEI (0.40 ¢, 1.6 mM)
in 15-mL DMF for 18 hours. Then, the surface was washed with 5.0 M sodium hydroxide
in methanol (5 minutes), methanol (2x, 5 minutes each), DMF (5 minutes), deionized
water (4x, 5 minutes each) and dried in an oven at 40°C for 10 hours. Finally, the
surface was washed with DMF overnight to remove unreacted residues, methanol (2x

5 minutes each) and then air-dried.

.-NH N

\_\

/©/CH3 HZN,</\S )\( \/}\NHz I
NH

o o
on S, or OH /.

TS.PEI

Scheme 2.3 Synthesis of OTs/PElI modified surface (TS.PEI).

2.2.4 Fabrication of physically-adsorbed PEI surface (Phys.PEI)
Cotton fabric (6.0 x 6.0 cm?) was shaken in a solution of PEI (0.40 g, 1.6
mM) in DMF 15.0 mL for 18 hours. After the reaction, the surface was washed with 5.0
M sodium hydroxide in methanol (5 minutes), methanol (2x, 5 minutes each), DMF (5
minutes), deionized water (4x, 5 minutes each) and dried in an oven at 40°C for 10
hours. Finally, the surface was washed with DMF overnight to remove unreacted

residues, methanol (2x, 5 minutes each) and then air-dried.

2.2.5 Synthesis of DABCO modified surface (DABCO)
The tosylated surface was prepared using the same condition as in 2.2.3
and was then treated with a solution of 1,4-diazabicyclo[2.2.2]octane (DABCO) (0.45 g,
0.36 M) in 50% acetonitrile in dichloromethane (10.0 mL) for 18 hours. The reacted
surface was washed with ethyl acetate (2x, 5 minutes each), methanol (5 minutes),

acetonitrile (5 minutes) and dichloromethane (5 minutes), respectively.
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Scheme 2.4 Synthesis of DABCO modified surface (DABCO).

2.2.6 Synthesis of DABCO-C16 modified surface (DABCO-C16)

The precursor molecule was first synthesized by reacting DABCO (10.0
g, 90 mmol) with 1-bromohexadecane (5.5 mL) in ethyl acetate (90 mL) (Scheme 2.5).
After stirring at room temperature for 24 hours, white precipitate was obtained. The
precipitate was filtered and washed with ethyl acetate and diethyl ether. The identity
of the product was confirmed by 'H Nuclear Magnetic Resonance spectroscopy (‘H
NMR, Varian Mercury+, 400 MHz). Next, the tosylated surface prepared by condition in
2.2.3 was shaken in a solution of the precursor molecule (1.5 g, 0.36 M) in 50%
acetonitrile in dichloromethane (10.0 mL) for 18 hours and washed with ethyl acetate
(2x, 5 minutes each), methanol (5 minutes), acetonitrile

(5 minutes), dichloromethane (5 minutes) and hexane (5 minutes), respectively.

C|:H2(CH2)14CH3
N N:
ES] CH3(CH,)15Br E?j

N ethyl acetate, rt, 24 h
Precursor molecule

Scheme 2.5 Synthesis of the precursor molecule for DABCO.C16 fabrication.

CH(CH3)14CH3

&

®
m}
> O O
OH
n

DABCO-C16

CH»(CH3)14CH3

CHs, |
0, O ND
o3 [?]
(@]
0
OH

O
n

Scheme 2.6 Synthesis of DABCO-C16 modified surface (DABCO-C16).



16

2.2.7 Synthesis of DA modified surface (DA)
The tosylated surface prepared by condition in 2.2.3 was immersed in
a solution of 4,7,10-trioxa-1,13-tridecanediamine (3.5 mL, 1.0 M) in 15-mL DMF for 18
hours. The surface was washed with 5.0 M sodium hydroxide in methanol
(5 minutes), methanol (2x, 5 minutes each), DMF (5 minutes), deionized water (4x,

5 minutes each) and dried in an oven at 40°C for 18 hours.
°
|4N’\6/\o)’3\/\NH2
o
o}
OH

Hs
Q
7% H N"é/\o)’\/\NH
2 2 0]
%@% >/ 3 . o>/
n

O
Scheme 2.7 Synthesis of DA modified surface (DA).

OH
DA

n

Surface DA was further modified as follows.

A) Synthesis of DA.CO.C10

A solution of decanoic acid (19.0 pL, 1.0 M), hydroxybenzotriazole
(HOBt.H,O) (17 mg, 1.1 M), N,N’-diisopropylcarbodiimide (DIC) (17 L, 1.0 M) in
anhydrous DMF (100 pL) was spotted on surface DA for 2 pL, the whole process was
repeated two more times (10 minutes each). The surface was washed with DMF (2x, 5

minutes each), methanol (2x, 5 minutes each) and hexane (5 minutes).

B) Synthesis of DA.CO.C16

A solution of hexadecanoic acid (26.0 mg, 1.0 M), HOBt.H,O (17 mg, 1.1
M), DIC (17 L, 1.0 M) in anhydrous DMF (100 uL) was spotted on surface DA for 2 pL,
the whole process was repeated two more times (10 minutes each). The surface was
washed with DMF (2x, 5 minutes each), methanol (2x, 5 minutes each) and hexane

(5 minutes).

C) Synthesis of DA.C10
Surface DA was immersed in a solution of 1-bromodecane (1.05 mL, 0.5
M), pyridine (805 pL, 1.0 M) in 10-mL DMF. The reaction was kept shaking at room

temperature for 20 hours. Then, the reacted surface was washed with DMF (2x,
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5 minutes each), methanol (5 minutes), 0.1 M sodium chloride in deionized water
(5 minutes), deionized water (5 minutes), methanol (5 minutes) and hexane

(5 minutes), respectively.

D) Synthesis of DA.C16

Surface DA was immersed in a solution of 1-bromohexadecane (1.53
mL, 0.5 M), pyridine (805 pL, 1.0 M) in 10-mL DMF. After shaking at room temperature
for 20 hours, the surface was then washed with DMF (2x, 5 minutes each), methanol
(5 minutes), 0.1 M sodium chloride in deionized water (5 minutes), deionized water

(5 minutes), methanol (5 minutes) and hexane (5 minutes), respectively.

E) Synthesis of DA.Mel

Surface DA was shaken in a solution of iodomethane (310 pL, 0.5 M) in
10-mL DMF at room temperature for 20 hours. After the reaction, the surface was
washed with DMF (2x, 5 minutes each), methanol (5 minutes), 0.1 M sodium chloride
in deionized water (5 minutes), deionized water (5 minutes) and methanol

(5 minutes), respectively.

F) Synthesis of DA.C10.Mel

Surface DA.C10 was shaken in a solution of iodomethane (310 pL,
0.5 M) in 10-mL DMF at room temperature for 20 hours. After the reaction, the surface
was washed with DMF (2x, 5 minutes each), methanol (5 minutes), 0.1 M sodium
chloride in deionized water (5 minutes), deionized water (5 minutes) and methanol (5

minutes), respectively.

G) Synthesis of DA.CAPPED
Surface DA was shaken in a solution of 5% propionic anhydride in
10-mL DMF at room temperature for 15 minutes. The surface was then washed with

DMF (2x, 5 minutes each), methanol (2x, 5 minutes each) and then air-dried.
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Scheme 2.8 Further modifications of surface DA with additional reagents.

2.3 Characterization

2.3.1 Primary amine loading quantification by Cl acid orange 7
2.5 x 2.5 cm? samples were immersed in a solution of Cl acid orange 7
(25.0 mg, 1.4 M), acetic acid (475 pL) in 50-mL deionized water at 50 °C for
30 minutes. Each sample was washed several times with water (3 minutes each) and
placed in 25% aqueous pyridine solution (1.0 mL) for 15 minutes. Absorbance of the

solution was measured at 485 nm using Cary 100 Bio UV-Visible spectrophotometer.

2.3.2 Quaternary amine loading quantification by fluorescein sodium salt

2.0 x 2.0 cm” samples were immersed in 1% aqueous solution of

fluorescein sodium salt (1.0 mL) for 5 minutes. Each sample was washed several times
with deionized water (3 minutes each) and placed in 0.25% aqueous solution of

cetyltrimethylammonium bromide (CTAB) (5.0 mL) for 15 minutes. The solution was



19

diluted with a 0.1 M aqueous phosphate buffer (pH 8.0) and measured for absorbance
at 501 nm.

2.3.3 Attenuated Total Reflection Fourier Transform Infrared
Spectroscopy (ATR-FTIR)

ATR-FTIR spectra were obtained using a Thermo Scientific™ Nicolet™

iS™5 FT-IR spectrometer. The spectra were taken in transmittance mode over the

wavenumber range of 400 — 4000 cm™.

2.3.4 X-ray Photoelectron Spectroscopy (XPS)
XPS results were evaluated using PHI 5000 VersaProbe Il (S) with an Al
Ka (hv = 1486.6 eV) source at a power of 100W (20 kV). The pass energy of wide spectra
was 280 eV and for spectra from individual elements were 26 eV (C 1s),
55 eV (O 1s), 140 eV (N 1s), 224 eV (Si 2p, Br 3d). Most spectra were collected at an

emission angle 45 degree from sample surface.

2.3.5 Scanning Electron Microscopy (SEM)

Surface morphology of unmodified and modified cotton was observed
by SEM using a JEOL JSM-6480LV scanning electron microscope. Dried samples were
deposited on a metal stub and coated with gold layer before an observation. The
accelerating voltage used was 5 kV. Electron micrographs of the sample were recorded

at different magnifications, ranging from 500x to 5000x.

24 Antibacterial activity assays

Antibacterial activities of all surfaces were tested against Staphylococcus
aureus (ATCC 6538P), Escherichia coli (ATCC 8739) and Pseudomonas aeruginosa
(ATCC 9027). The bacterial pre-inoculum cultures were grown under the condition as
shown in Table 2.1 with continuous shaking at 200 ppm and diluted to 1x10" CFU/mL
with 0.85% Normal Saline Solution (NSS). Samples (1.0 x 1.0 cm?) were placed in 12-
well plates. 100 pL of bacterial suspension was dropped on each sample and then
incubated at 37 °C for 18 hours. After reaching the desired time period, the suspension

was diluted into 10-mL NSS and serially diluted to 10™ folds. All dilutions were spotted
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on agar plates and incubated at 37 °C until bacterial colonies were visible. Colony
Forming Unit (CFU) of bacteria was counted and calculated to the number of bacterial
growth on surfaces and the percentage of inhibition by using unmodified cotton as a

negative control.

Table 2.1 Strains and culture conditions of bacteria.

Pathogens Strain Medium | Incubated temperature
Staphylococcus aureus ATCC 6538P NB 37 °C
Escherichia coli ATCC 8739 NB 37 °C
Pseudomonas aeruginosa | ATCC 9027 NB 37 °C

2.5 Inhibitory activities against foodborne pathogens

Inhibitory activities of various modified surfaces were tested against foodborne
pathogens including Escherichia coli (IAM 1264), Listeria monocytogenes (CIP 103575),
Salmonella enterica subsp. enterica (ATCC 13311), Acinetobacter baumannii (JCM
6841) and Leuconostoc carnosum (JCM 9695). The culture conditions were displayed
in Table 2.2. The pathogens from stock cultures were incubated for 24 hours under
optimum conditions. The pre-inoculum cultures were prepared by transferring 10-pL
solution to 10-mL medium and incubating for
24 hours. The solution was serially diluted with 0.85% NSS to 10 folds. The suspension
(100 pL) from 10 to 10°® dilutions were spread on agar plates, incubated and counted
for CFU. 100-uL suspension of 107 dilution was dropped on each sample in 24-well
plates and incubated for 18 hours. After reaching the desired time period, the
suspension was diluted into 10-mL NSS and serially diluted to 10~ folds. All dilutions
were spread on agar plates and incubated until bacterial colonies were visible, which
was then followed by CFU counting. The inhibitory activities were calculated by using

unmodified cotton as a negative control.
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Table 2.2 Strains and culture conditions of foodborne pathogens.

Pathogens Strain Medium | Incubated temperature
Escherichia coli IAM 1264 TSB 37 °C
Listeria monocytogenes | CIP 103575 TSB 30 °C
Salmonella enterica

ATCC 13311 TSB 37 °C

subsp. enterica
Acinetobacter baumannii | JCM 6841 TSB 30 °C
Leuconostoc carnosum JCM 9695 MRSB 30 °C

2.6 Cytotoxicity assay

L-929 mouse connective tissue fibroblast (DSMZ ACC 2) cell line was cultivated
in Roswell Park Memorial Institute (RPMI) medium with 10% Fetal Bovine Serum (FBS)
at 37 °C in 5% CO, humidified atmosphere. All cotton samples were sterilized by
immersing in 70% ethanol overnight. After air-dried, samples were placed in 24-well
plates and 50 pL of L-929 fibroblast cells (4x10° cells/mL) was pipetted onto each
sample and the soaked fabrics were incubated for 2 hours.
500 pL of RPMI medium was subsequently added to each well, and the solution was
transferred for further incubation for 24 hours. Thereafter, 300 yL of 0.5 mg/mL MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) in 0.9% NSS was added.
The solution was further incubated for 2 hours, and was then added with 300-uL. DMSO
to dissolve formazan. The \viabilty was determined by measuring

540-nm absorbance using Multiskan FC microplate reader.
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RESULTS AND DISCUSSION

3.1 Synthesis of amino-containing surfaces

Four main  types of  amino-containing molecules including
3-aminopropyltrimethoxysilane  (APS), polyethyleneimine (PEl), 1,4-diazabicyclo
[2.2.2]octane (DABCO), 4,7,10-trioxa-1,13-tridecanediamine (DA) were immobilized on
cotton surfaces via various chemical reactions (Scheme 3.1). The details of each

reaction are described below
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Scheme 3.1 Chemical grafting of amino-containing molecules onto cotton surfaces.
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3.1.1 Synthesis of APS-modified surface (APS)
Surface APS was modified via the chemical reaction as shown in
Scheme 3.2. An acetone induced reaction was occurred by an imine formation
between carbonyl groups of acetone and amino groups of APS, followed by hydrolysis
of methoxy groups and production of silanol groups [23]. Finally, these silanol groups
were condensed with hydroxyl groups of cellulose and also condensed with each

other to form polymeric siloxane (Scheme 3.3).
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Scheme 3.2 Synthesis of APS-modified surface (APS).
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Scheme 3.3 Mechanism of acetone-induced polymerization [23].

3.1.2 Synthesis of 104/PEI-modified surfaces (IO.PEI)
IO.PEI was modified using two steps as shown in Scheme 3.4. First,
hydroxyl eroups of cellulose were oxidized to dialdehyde groups, followed by

reductive amination between the dialdehyde groups and amino groups of PEI.
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Scheme 3.4 Synthesis of 104/PEl-modified surfaces (10.PEI).

3.1.3 Synthesis of OTs/PEl modified surface (TS.PEI)
TS.PEl was modified via two step synthesis (Scheme 3.5). First, the
hydroxyl group of cellulose was converted to the tosyl group, which is a good leaving

group. The tosyl group was later reacted with amino groups of PEl in Sy2 manner.
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Scheme 3.5 Synthesis of OTs/PEl modified surface (TS.PE).

3.1.4 Fabrication of physically-adsorbed PEI surface (Phys.PEI)

Phys.PEl was created by simply immersing cotton surface in PEI
solution. This adsorption was found to be relatively strong since DMF washing for
overnight could not remove the molecule, likely because of strong hydrogen bonding.

3.1.5 Synthesis of DABCO modified surface (DABCO)
DABCO was synthesized by modifying the tosylated surface with DABCO

as shown in Scheme 3.6. This surface exhibits a permanent single positive charge.
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Scheme 3.6 Synthesis of DABCO modified surface (DABCO).

3.1.6 Synthesis of DABCO-C16 modified surface (DABCO-C16)

To fabricate the surface DABCO-C16, the precursor molecule was
synthesized by reacting DABCO with 1-bromohexadecane in ethyl acetate for 24 hours
(Scheme 3.7). After filtration to obtain a solid product, the solid was confirmed to be
the desired product by "H NMR spectrum (Figure A1). The compound was grafted onto
the tosylated surface as shown in Scheme 3.8 to result in a new surface DABCO-C16,

which has a permanent doubly positive charge in its structure.
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Scheme 3.7 Synthesis of the precursor molecule for DABCO.C16 fabrication.
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Scheme 3.8 Synthesis of DABCO-C16 modified surface (DABCO-C16).

3.1.7 Synthesis of DA modified surface (DA)
DA was synthesized by reacting the tosylated surface with 4,7,10-trioxa-
1,13-tridecanediamine in an Sy2 manner as shown in Scheme 3.9. As there are two

amino groups on each terminus of the structure, 4,7,10-trioxa-1,13-tridecanediamine
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can be used as a spacer. The further modifications on the terminal amino group with

additional reagents were studied as shown in Scheme 3.10.
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Scheme 3.9 Synthesis of DA modified surface (DA).
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DA.CO.C10 and DA.CO.C16 were synthesized by modifying DA with
fatty acid chains (decanoic acid and hexadecanoic acid) via a standard carbodiimide
coupling with diisopropylcarbodiimide (DIC) and hydroxybenzotriazole (HOBt). The
introduction of the fatty acid chains aimed to fabricate a hydrophobic part on surface
DA.

DA.C10 and DA.C16 were synthesized by modifying DA with alkyl
bromides (1-bromodecane and 1-bromohexadecane) via alkylation (Sy2). These
modifications also aimed to increase hydrophobic properties of DA.

DA Mel was synthesized by quaternizing DA with iodomethane, which
is an active alkylating agent. This modification was expected to create a permanent
positive charge on DA.

DA.CAPPED was synthesized by reacting DA with propionic anhydride.
The propionyl group can protect free amino groups of DA from protonation and other

reactions.
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l

R-COOH, DIC/HOBt 3
0
OH

o>/ DA.CO.C10: R = -(CH,)sCHg,
DA.CO.C16: R = -(CH);4CHs

R-Br

O>/ DA.C10: R = -(CHz)gCH3,
DA.C16: R = -(CH2)150H3

Scheme 3.10 Further modifications of surface DA with additional reagents.

3.2 Characterization
Both physical properties and chemical properties of surfaces were determined

as follows.

3.2.1 Primary amine loading quantification

Primary amine loading on unmodified and modified cotton surfaces was
quantified using Cl acid orange 7 (the structure is shown in Figure 3.1) [11]. Cotton
samples were first incubated in the dye solution under acidic condition, positive
charges of protonated amino groups can interact with negative charges of the dye via
the reversible electrostatic interaction [24]. After several washing with water, all
samples were placed under basic condition, the positive charges of protonated amino
groups become neutral and have no interaction with the dye, thus resulting in a release

of the dye (if previously attracted). These solutions were used for UV measurement
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and the loading was calculated. The molar extinction coefficient (€) was determined

to be 16.328 mM™cm™ using the calibration curve as shown in Figure 3.2.

© so,
Figure 3.1 Molecular structure of Cl acid orange 7.
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Figure 3.2 Calibration curve of Cl acid orange in 25% aq. pyridine solution.

The primary amine loadings calculated from an average of three
independent measurements are shown in Table 3.1. The highest value of APS
indicated high efficiency of this immobilization reaction onto cotton surfaces through
Si-O-C bond. Interestingly, Phys.PEl displayed high quantities of the amino loading
although the interaction was merely non-specific physical adsorption between PEI and
cotton. In fact, TS.PEI showed slightly less amount of the loading than Phys.PEl,
suggesting that Sy2 reaction did not improve the loading for PEI. On the other hand,
this physical adsorption did not occur in DA without tosylation (denoted as Phys.DA).
This was confirmed by significantly lower loading value of Phys.DA, compared to DA.
The different amount of hydrogen bonding might affect the different physical

adsorptions of PEl and DA on cotton surfaces.



Table 3.1 Primary amine loading on surfaces.

Surfaces Loading (umoles/cm?)
Cotton 0.0748 + 0.02
APS 0.5258 + 0.04
TS.PEI 0.3830 + 0.02
Phys.PEI 0.4149 + 0.02
DA 0.4110 + 0.06
Phys.DA 0.0821 + 0.01

3.2.2 Quaternary amine loading quantification
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Quaternary amine loading on unmodified and modified cotton surfaces

was quantified using fluorescein sodium salt (the structure is shown in Figure 3.3) [15].

First, cotton samples were incubated in the dye solution, positive charges of

quaternary amine can interact with negative charges of the fluorescein dye through

the reversible electrostatic interaction. After several washes with water, treatment with

a solution of cationic surfactant, cetyltrimethylammonium bromide (CTAB), resulted in

a release of the dye (if previously attracted) into a solution. These solutions were used

for UV measurement and the loading was calculated. The molar extinction coefficient

(€) was determined to be 42.797 mM™cm™ using the calibration curve as shown in

Figure 3.4.

Figure 3.3 Molecular structure of fluorescein sodium salt.
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Figure 3.4 Calibration curve of fluorescein sodium salt in 0.25% ag. CTAB.

The quaternary amine loadings calculated from an average of three
independent measurements are shown in Table 3.2. The high quantities of DABCO
indicated high efficiency of DABCO immobilization onto cotton surfaces. DA showed
some amount of positive charges due to the protonation, however, this value could
not be compared directly to the Cl acid orange 7 method as it was not under acidic
condition. DA.Mel showed the highest loading due to the reactivity of iodomethane.
We hypothesized that DA.C10 and DA.C16 could not be quaternary amine due to the
slow rate of Sy2 reaction with these substrates. This hypothesis was further confirmed
by quaternizing DA.C10 with iodomethane. DA.C10.Mel displayed significant increase

in loading.

Table 3.2 Quaternary amine loading on surfaces.

Surfaces Loading (umoles/cm?)
Cotton 0.0019 + 0.00
DABCO 0.3770 + 0.02

DA 0.2578 + 0.01
DA.C10 0.2382 + 0.01
DA.C16 0.2234 + 0.01
DA.Mel 0.5322 + 0.01

DA.C10.Mel 0.3373+ 0.01
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3.2.3 ATR-FTIR experiments

Functional groups of the unmodified and modified cotton surfaces were
characterized using ATR-FTIR. Due to the fact that these modifications occurred mostly
on the surface, and the amount of cellulose is extremely larger than the attached
molecules, the characteristic peaks of cellulose thus dominated in all spectra as shown
in Figure 3.5. Apart from the absorption bands of cotton at around 3300 cm™ (OH
stretching) [10] and around 2850 cm™ (CH, stretching) [10], the spectra of modified
cotton (APS, 10.PEIl, TS.PEl, DABCO) displayed two bands at around 1650 cm’
corresponding to NH, deformation vibrations [25]. These NH, vibrations can confirm
the introduction of the amino-containing molecules onto cotton surfaces. Large
changes were observed in the spectrum of DABCO. However, DA barely exhibited any
changes. The physical properties of DA would be characterized using additional

techniques.

1650 cm™
3300cm?! 2880cm? 020000 -----

f T | | T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm-?)

Figure 3.5 ATR-FTIR spectra of unmodified and modified cottons.
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3.2.4 Elemental compositions by XPS analysis

The elemental compositions of unmodified and modified cotton were
studied by XPS analysis. Atomic concentration in Table 3.3 and survey scan spectra in
Figure 3.6 showed significant quantities of carbon and oxygen in all samples. Trace of
calcium was detected in some samples due to the manufacturer’s washing procedure
[22]. As expected, nitrogen content was significantly increased after modifications with
amino-containing molecules. APS showed the highest content of nitrogen and silicon,

whereas DA and DA.CO.C10 displayed similar elemental compositions.

Table 3.3 Atomic concentration (%) in survey scan spectra.

Surfaces Cils N1s O1s Silp Ca2p
Cotton 72.6 0.4 26.4 0.5 0.2
APS 62.4 1.8 33.4 2.1 0.3
DA 61.1 1.3 37.3 0.3 ND
DA.CO.C10 60.1 1.4 38.1 0.4 ND
3X 105 T T T T
§ 2
250 ® -
3
X o
r? d o9 T
T °ZF9 &8 g
® Cotton L——'—‘—A—'\J 7 o)
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Figure 3.6 XPS survey scan spectra of unmodified and modified cottons.



33

Curve fitting results of Cls as shown in Figure 3.7 displayed the
decreasing C-C, C-H ratios of APS, DA and DA.CO.C10 comparing to cotton after the
modifications. Interestingly, curve fitting results of N1s scan spectra as shown in Figure
3.8 revealed that there are two peaks of N1s chemical state (denoted as N1s.cfl and
N1s.cf2) in cotton. After the amino modifications, the chemical state at 400.5 eV

(N1s.cf3) were detected in APS, DA and DA.CO.C10.

Cotton A I
oo c-C H000)
c-0// \C-H .
\ To00F
2000
[l
3 soogf 4 4 sooof
4000
40001
3000
2000
2000
1000~
o i ] 1 L n n n n n n o i i L i i 1 n n I 1 i
30 300 298 296 294 92 290 2z 226 234 a2 am 200 298 296 294 299 290 a8 P eq a2
EBindirg Energy (V) Einding Energy (%)
000 T 12000, T T T T
| DA | |DA.co.c10
100008
GO0
000-
A000|
3 40| 4 4 sooor
3000
4000
o) 0=C-0
2000+
1000 —
AR o

i
294 292 290
Einding Energy (24)

I I i L L
294 297 290 288 200 298 296

Einding Energy (24

296

Figure 3.7 Curve fitting results of Cls scan spectra.
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Figure 3.8 Curve fitting results of N1s scan spectra.

3.2.5 Surface morphology by SEM analysis

L
334 3932

SEM analysis was carried out in order to study the morphological

changes affected by chemical modifications. SEM images of unmodified and modified

cottons with x500 and x5000 magnifications are shown in Figure 3.9 and 3.10,

respectively. These images illustrated that the morphology of modified cotton were

maintained after the chemical modification.
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Figure 3.9 SEM images of unmodified and modified cotton with X500 magnification.
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Figure 3.10 SEM images of unmodified and modified cotton with x5000 magnification.
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3.3 Antibacterial activities

To evaluate antibacterial activities of all surfaces, antibacterial assays based on
the Japanese Industrial Standard (JIS) L 1902 test were performed for at least three
independent experiments using unmodified cotton as a negative control. Three species
of bacteria including Staphylococcus aureus (ATCC 6538P), Escherichia coli (ATCC 8739)
and Pseudomonas aeruginosa (ATCC 9027) were selected. All bacteria were cultured
in Nutrient Broth (NB) media (pH 7.4+0.2) at 37 °C and the time period of bacterial
contact on surfaces was 18 hours.

Antibacterial activities against Staphylococcus aureus are revealed in Figure
3.11A). Unmodified cotton showed high amount of bacterial growth around six log
CFU. APS exhibited strong killing activities against this strain with essentially no colony
observed. This strong inhibitory effect may be due to the highest primary amine loading
amount among all surfaces, which in turn resulted in several available amino groups
to be protonated to yield positive charges on the surface. These positive charges can
then bind with lipoteichoic acid [19] and other anionic phospholipid contents including
phosphatidylglycerol and phosphatidylserine on the membrane of Gram-positive
bacteria via an electrostatic adhesive force [26]. The phospholipid contents may be
pulled out of the bacterial membrane causing holes in the membrane. In addition, the
fact that APS was synthesized on a support of polysiloxane may result in an increase
in accessibility of the aminopropyl group to the membrane component of the
bacterium, which is in contrast to some surfaces that active groups may stay close to
the cellulose structure. The same argument can be applied to both Gram-negative
bacteria (Escherichia coli (Figure 3.11B) and Pseudomonas aeruginosa (Figure 3.11C)),
albeit with lesser degree as complete killing was not observed.

PEIs (IO.PEl, TS.PEI, Phys.PEl) showed high killing activities with no colony
observed in Staphylococcus aureus since branched PEl is a polymer containing
primary, secondary and tertiary amines which can be protonated. Similar to APS, the
protonated amino groups can attract the negatively charged contents of cellular
membrane and cause cell death. Interestingly, Phys.PEl seemed to be most active

among all PEl surfaces for both Gram-negative bacteria with unknown reason.
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Although DABCO did not show complete killing, the activity was still
considered high with only one log CFU remained after exposure to the surface for all
bacteria tested in this study. This is perhaps due to the monocationic structure. The
permanent positive charge on quaternary amine can also interfere the structural
integrities of bacterial membrane. Interestingly, no colony was observed on DABCO-
C16 with a polycationic structure and hydrophobic part. The cationic portions can
interfere with membrane integrity and the lipophilic portion can attract to lipophilic
moieties of lipid bilayer via hydrophobic interaction causing membrane destruction
[26]. These same results occurred in Gram-negative bacteria, Escherichia coli (Figure
3.11B)) and Pseudomonas aeruginosa (Figure 3.11C)). The alkylation of DABCO can
improve antibacterial efficiency in both Gram-positive and Gram-negative bacteria.

Notably, DA immobilized cotton was previously reported to show no
antibacterial activities against methicillin-resistant Staphylococcus aureus (MRSA) by
the Nakamura group [11]. Nevertheless, in this research, DA demonstrated high
antibacterial activities against Staphylococcus aureus with four log CFU reduction.
Since several experimental conditions are essentially identical, the difference in the
exact strains used in each study may be the cause of this drastic difference in
antibacterial activities. To gain further insight into this surprising activity, further
modifications of DA were performed in order to probe structure-activity relationships.
On the contrary to DABCO, the introduction of alkyl eroups onto DA decreases
antibacterial activities by reducing free amino groups for protonation. This was found
to be true for DA.C10, DA.C16, DA.Mel and DA.CAPPED and for all species tested.
However, the acylation of DA (DA.CO.C10 and DA.CO.C16) showed some bacterial
inhibitions related to the chain lengths. DA.CO.C16 with a longer lipophilic chain
showed higher antibacterial activities than DA.CO.C10.

In comparison with the Gram-positive Staphylococcus aureus, most surfaces
showed similar activities to both Escherichia coli (Figure 3.11B) and Pseudomonas
aeruginosa (Figure 3.11C). This is perhaps due to the fact that the positive charges of
modified surfaces can attract to lipopolysaccharide on the outer membrane of Gram-
negative bacteria via an electrostatic interaction [20]. However, Gram-negative bacterial

membrane are more complex than Gram-positive bacteria. There are two layer of
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membranes. An active portion must interact with both inner and outer membranes.
Interestingly, apart from differences between Gram-positive and Gram-negative
bacteria, some differences in activities of certain surfaces against each Gram-negative
bacterium was also observed. DA and DA.CO.C10 showed strong antibacterial activities
in Escherichia coli, while DA.CO.C16 was barely active. Conversely, DA and DA.CO.C16
showed complete killing in Pseudomonas aeruginosa, while DA.CO.C10 showed poor
activities. These contrary results may be due to the difference of fatty acids
substitution in lipopolysaccharide of the Gram-negative bacteria. Pseudomonas

aeruginosa contains longer length of fatty acid chains than Escherichia coli [27-29].
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Figure 3.11 Log CFU of A) Staphylococcus aureus B) Escherichia coli

C) Pseudomonas aeruginosa after 18-h incubation on various surfaces.

3.4 Inhibitory activities against foodborne pathogens

To gain further insight for possible food applications, inhibitory activities of

modified cotton were tested against five species of foodborne pathogens; Escherichia

oli (IAM 1264), Leuconostoc carnosum (JCM 9695), Listeria monocytogenes (CIP
103575), Salmonella enterica subsp. enterica (ATCC 13311) and Acinetobacter
baumannii (JCM 6841). Culture conditions depend on each pathogen and the time
period of bacterial contact on surfaces was 18 hours for all pathogens.

As pointed out in Figure 3.12 A) and B), APS exhibited strong inhibitory
activities in all species, especially complete killing was observed in both species of
Gram-positive bacteria. Although DA did not show large amount of CFU reduction, the
percentage of bacterial inhibitions were higher than 84% in Escherichia coli,
Salmonella enterica subsp. enterica and Leuconostoc carnosum. Interestingly, the
introduction of decanoic acid onto DA (DA.CO.C10) can improve inhibitory activities of
surface DA with 97% bacterial inhibition in Listeria monocytogenes, whereas DA
showed only 53% inhibition. Interestingly, DA.C10 showed low inhibitory activities in
all species, which corroborated well with the results from three strains studied in the

previous section.



41

A) 6
5
41
=] ]
G 5
g
— -
2 1
1]
o -
Cotton APS DA DA.CO.C10 DA.C10
E Listeria monocytogenes O Leuconostoc carnosum
B) 7 ;
64 ™
] - [ ]
5 7 =
24
Q J
@ ]
S 3
2 ]
- I-El
0 1
Cotton APS DA DA.CO.C10 DA.C10

O Escherichia coli B Salmonella enterica subsp. enterica B Acinetobacter baumanii

Figure 3.12 Log CFU of A) Gram-positive and B) Gram-negative foodborne pathogens

after 18-h incubation on various surfaces.



a2

3.5 Cytotoxicity

To ensure that fabricated surfaces can be applied for broader applications like
in medical-related materials, cytotoxicity assays of modified cottons toward [-929
mouse connective tissue fibroblast were conducted. The cytotoxicity was measured
by the standard MTT assay. In this regard, cotton was applied as a control sample with
100% cell growth. As shown in Figure 3.13, cell viability was estimated to be 113% for
DABCO and around 80-85% for DA derivatives after 24 hours incubation. The results
remained unchanged after 48 and 72 hours of incubation. These data indicated that
DABCO, DA and DA.CO.C16 are biocompatible with mammalian cell. In the case of
TS.PEl and Phys.PEl, cell viability was nearly 20% after 24 hour-incubation and
decreased to around 10% after 48 and 72 hours of incubation. The results demonstrate
that PEls modified surfaces did not exhibit sufficiently good biocompatibility.
Nevertheless, Phys.PEI was easily fabricated and showed high antibacterial activities.
Therefore, it may find some use in other applications with no direct contact with

human cells.
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Figure 3.13 Cell viability on modified surfaces using L-929 cell line



CHAPTER IV
CONCLUSIONS

A series of amino-containing molecules, namely 3-aminopropyltrimethoxy
silane (APS), polyethyleneimine (PEl), 1,4-diazabicyclo[2.2.2]octane (DABCO), 4,7,10-
trioxa-1,13-tridecanediamine (DA) immobilized on cotton surfaces were successfully
fabricated using various chemical reactions. Additionally, DA was further modified with
various capping reagents to investicate some structure-activity relationship.
Antibacterial activities of all surfaces were evaluated in both Gram-positive
(Staphylococcus aureus (ATCC 6538P) and Gram-negative bacteria (Escherichia coli
(ATCC 8739) and Pseudomonas aeruginosa (ATCC 9027)). DABCO-C16 with
polycationic structure and Phys.PEl with its abilities to be protonated showed
complete killing in all species. APS and DA also have the protonating abilities. These
surfaces showed non-complete killing, but were still considered highly active with
around five log CFU reduction. Their bacterial growth inhibition on Gram-positive
bacteria were higher than that of Gram-negative bacteria due to the difference of
membrane components. Cytotoxicity assays of modified cottons toward L-929 mouse
connective tissue fibroblast were evaluated and confirmed the biocompatibilities of
DABCO and DA and its derivative with mammalian cells.

Due to the broad spectrum of antibacterial activities of fabricated surfaces,
assays related to food applications were also performed. In this regard, five species of
foodborne pathogens (Escherichia coli (IAM 1264), Salmonella enterica supsp. enterica
(ATCC 13311), Acinetobacter baumannii (JCM 6841), Listeria monocytogenes (CIP
103575) and Leuconostoc carnosum (JCM 9695)) were used to evaluate inhibitory
activities of modified cotton. APS showed high bacterial growth inhibitions in all
species. Interestingly, the modification of DA with decanoic acid (DA.CO.C10) can
increase inhibitory activities in Salmonella enterica supsp. enterica and Listeria

monocytogenes.
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Figure A1 'H NMR spectrum of the precursor molecule for DABCO.C16 fabrication.
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