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Abstract

The thesis consists of two main themes: the eye-drop study for dry eye syndrome and

the antibiotic study for antibiotic resistance. Hyaluronic acid (HA) has been commonly

used in eyedrop formulations. A difficulty has been its short residence time on ocular

surfaces due to ocular clearance mechanisms which remove the polysaccharide almost

immediately. To prolong its retention time, tamarind seed gum polysaccharide (TSP) is

mixed as a helper biopolymer with HA. Here I look at the hydrodynamic characteristics

of HA and TSP (weight average molar mass M,, and viscosity [n]) and then explore the

compatibility of these polymers, including the possibility of potentially harmful

aggregation effects. The research is based on a novel combination of three methods:

sedimentation velocity in the analytical ultracentrifuge (SV-AUC), size-exclusion

chromatography coupled to multiangle light scattering (SEC-MALS) and capillary

viscometry. For the mixed HA-TSP systems, SEC-MALS indicates the possibility of a

weak interaction. However, further investigation using sedimentation coefficient (s)

distributions obtained from SV-AUC measurements together with intrinsic viscosity

demonstrated no evidence of any significant aggregation phenomenon, reassuring in

terms of eye-drop formulation technology involving these substances.

The other topic is about the natural glycopeptide antibiotic teicoplanin used for the

treatment of serious Gram-positive related bacterial infections and it can be

13



administered intravenously, intramuscularly, topically (ocular infections), or orally. The

hydrodynamic properties of teicoplanin A2 (M; = 1879.7 g/mol) were examined in

phosphate chloride buffer using sedimentation velocity and sedimentation equilibrium

in an analytical ultracentrifuge together with capillary (rolling ball) viscometry. In the

concentration range, 0-10 mg/mL teicoplanin A2 was found to self-associate plateauing

> 1 mg/mL to give a molar mass of (35400 = 1000) g/mol corresponding to ~ (19 + 1)

mers, with a sedimentation coefficient s20, w = ~ 4.65 S.

Methicillin-resistant Staphylococcus aureus (MRS A) and enterococci have managed to

avoid the antimicrobial activity of glycan antibiotics. Aggregations of antibiotics with

mucins lead to long exposure and selection pressure to push forward further increases

in resistant species in microbes. This study was focused on any potential interactions of

teicoplanin with bovine submaxillary mucin (BSM) as an ocular mucin model, based

on the relatively novel combination of hydrodynamic and microscopic techniques: SV-

AUC, dynamic light scattering (DLS), and environmental scanning electron

microscopy (ESEM). For the mixture of teicoplanin with the lowest concentration

(0.125 mg/mL) and BSM, SV-AUC showed no interactions, while for higher

concentrations (1.25 mg/mL and 12.5 mg/mL), teicoplanin was shown to have weak

interactions with BSM and aggregates in the distributions of both sedimentation

coefficients by SV-AUC and hydrodynamic radii by DLS.
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Chapter 1: General introduction

1.1. Polysaccharides in ophthalmology

A polysaccharide is typically a large glycan formed by repeating motifs of mono-

or oligosaccharides. The term ‘glycan’ usually includes both polysaccharides and

glycoconjugates, such as glycoproteins and glycolipids (Harding et al., 2017). A

monosaccharide is a carbohydrate represented by Cx(H20)y in a chemical formula.

A typical example is -D-glucose. Figure 1-1 shows the open-chain (Fischer) and

ring (Haworth and chair) forms of B-D-glucose. In the ring form, D-glucose has one

of two orientations of a hydroxy group on C1 notated by either a (below the ring)

or B (above the ring). These differences in orientation generate diversity in

polysaccharides. For example, cellulose is a homopolymer composed of B-D-

glucose residues linked by B(1—4) throughout, while amylose is composed of

a(1—4) linked a-D-glucose residues (Varki and Kornfeld, 2017). There is also a

range of ways of producing diverse polysaccharides, such as branching (e.g.,

amylose vs. amylopectin) and the result of substitution reactions (e.g., N-acetyl-D-

glucosamine). Consequently, it is no surprise that the roles of polysaccharides are

diverse (Harding et al., 2017). For instance, cellulose is the main ingredient of plant

cell walls while starch is one of the storage polysaccharides (Harding et al., 2017).

Additionally, glucosamine including N-acetyl-D-glucosamine (B-D-glucose with

16



C2 of the hydroxy group substituted by the acetylamino group) is used to alleviate

symptoms of osteoarthritis, in which articular cartilage of the knee or/and hip is

eroded with ageing (Seeberger and Cummings, 2017).
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H—C—OH !
HO—G—t |
H—'G—OH |
H—C—oH |
6c|>H20H 5
D-Glucose

B-D-Glucose

Figure 1-1: The open-chain (left), Haworth (middle), and chair (right) forms of -

D-glucose (Varki and Kornfeld, 2017).
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Similarly, polysaccharides are used widely to relieve ocular problems including dry

eye syndrome (keratoconjunctivitis sicca in medical terms). The causes of dry eye

are classified as evaporative or aqueous-tear deficient dry eyes (Golden et al., 2022).

Evaporative dry eye is caused by exacerbated evaporation of tears (Golden et al.,

2022). This results from the dysfunction of meibomian glands secreting oils which

remain on the top of the tear film — the lipid layer of the three layers composing the

tear film and prevent evaporation. Other factors are insufficient blinking and

environmental factors, such as low humidity and high flow of air. Aqueous-tear

deficient dry eye is subclassified into two categories: Sjogren's syndrome, and non-

Sjogren's syndrome, the latter mostly because of age-related lachrymal dysfunction

(Barabino, 2013). No matter what the cause, a tear supplement is the only treatment

for dry eye (Barabino, 2013).

Artificial tear products to replace mucins of tear films have been invented using

various biopolymers including polyvinyl alcohol, polyacrylic acid (Carbomer), and

semisynthetic ~ celluloses:  carboxymethylcellulose  and  hydroxypropyl

methylcellulose, known as Hypromellose (Forrester et al., 2016a). Figure 1-2 shows

the chemical structures (chair forms) of these semisynthetic celluloses. Cellulose

derivatives are the first group of polysaccharides available for eye drops and are

still used in ophthalmology (Patchan et al., 2013). One of their drawbacks is the
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unclear threshold between a viscous solution and an unwanted gel phase because of

a lack of data on hydrodynamic properties including viscosities (Dubashynskaya et

al., 2019). As a result, the scope of eye drop development has extended to other

types of polysaccharides, such as chitosan, alginate, and hyaluronic acid (HA). HA

has a longer retention time than cellulose derivatives and polyvinyl alcohol

(Forrester et al., 2016). That is one of the main reasons why the NHS Trusts

recommend HA and cellulose derivatives rather than any other polysaccharides.

Table 1-1 summarises eye drop products recommended by the NHS Trusts.

20
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H OCH,COONa

CMC

HPMC

Figure 1-2: The chemical structures of CMC — sodium carboxymethyl cellulose

(Ghorpade et al., 2017) and HPMC — hydroxypropyl methylcellulose (Siepmann

and Peppas, 2012). The R group is either CHz, CH>CH(CH3)OH, or H. Types of

HPMC are classified according to the degree of methoxy- and hydroxypropoxy-

groups (Siepmann and Peppas, 2012).
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Table 1-1: the eye products recommended by the NHS Trusts (NHS, 2020, 2022)

The type of ingredients

such as polysaccharides

Products listed by
Imperial College
Healthcare NHS Trust

(Not related to disease

Products, depending on
disease severity,
recommended by NHS
West Essex CCG

severity) (Clinical Commissioning
Group)
Hypromellose Hypromellose Hypromellose 0.3%

0.3%, 0.5%

for mild symptoms

carboxymethylcellulose

carboxymethylcellulose
0.5%, 1%

carboxymethylcellulose
0.5%
for mild symptoms

Carbomer Carbomer Carbomer 0.2%
0.2% (GelTears® / for mild and moderate
Viscotears®) symptoms
0.36% (Blephagel®)
Hyaluronic acid Sodium Hyaluronate Sodium Hyaluronate
(HA) 0.1% (Hylo-Tear®™) 0.1% for  moderate
0.2% (HydraMed®) symptoms
Lipid paraffin Lipid paraffin carboxymethylcellulose

(Lacri-Lube eye

ointment®)

1%
for moderate symptoms

Retinal palmitate with
paraffin and wool fat
(VitA-POS®)

Retinal palmitate with
paraffin and wool fat
(VitA-POS®)

Hyaluronic acid - Sodium Hyaluronate
0.1% for severe
(HA)
symptoms
Hyaluronic acid - Sodium Hyaluronate
0.2% for severe
(HA)
symptoms
Vitamin A Retinol (vitamin A) with

paraffin and wool fat

ointment for severe

symptoms
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HA, also known as hyaluronan, has the repeating unit of N-acetyl-D-glucosamine

(GleNAc) B(1—4)-linked with glucuronic acid (GlcA). This is represented by:

...—3) B-D-GlepNAc (1—4) B-D-GlepA(1—-...

where p means pyranose, a six-membered ring including an oxygen atom (see

Figure 1-1), while furanose, f; is a five-membered ring (Harding et al., 2017). Figure

1-3 shows the chair form of HA. HA has numerous desirable features for eye drops.

For example, there are enhancing tear film stability (Forrester et al., 2016), good

biocompatibility (Dubashynskaya et al., 2019), and pseudoplastic behaviour (shear-

thinning). When a shear rate or stress increases, its viscosity decreases. Excessive

viscosity is not excellent, leading to blurred vision and low compliance of patients

(Snibson et al., 1990).
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Figure 1-3: The chemical structure of HA. n=250-25000 (Hascall and Esko, 2017).
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However, the undesired point of topical installation is that most of the amount of an
ocular drug is shed by anatomical and physiological factors (Forrester et al., 2016).
After that, the eye drop is exposed to blinking, further decreasing its volume on the
conjunctival sac (Lee, et al., 2017). Consequently, increasing the retention time of
eye drops is essential for improving their bioavailability, which is the actual amount
of a drug delivered on-site (Harding et al., 2017). In contrast, a far viscous eye drop
(e.g., 1 % w/v HA) leads to discomfort and a greater blink rate (Dubashynskaya et
al., 2019). Therefore, a firm interaction of polysaccharides with ocular mucins is a
key strategy to resist blinking.

A range of products aims to improve the interaction of ingredients of eye drops with
ocular glycans. For instance, chitosan-N-acetylcysteine (Lacrimera®) is the chitosan
derivative, whose mucoadhesive property is more improved by the thiol group of
N-acetylcysteine (Schmitz et al., 2008). The other way of enhancing mucoadhesion
is the combination of two different polysaccharides. One example is a combination
of HA and carboxymethylcellulose (Carmellose), which has a synergistic effect and
thus increases its retention time (Simmons et al., 2015). A successful alternative
combination is a mixture of HA and tamarind seed polysaccharide (TSP), released
into the market as HydraMed®. TSP is a neutral xyloglucan composed of the

backbone of B(1—4) linked B-D-glucan with branches of mainly a(1—6) linked a-
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D-xylose and partially B(1—2) linked B-D-galactoxylose (Miyazaki et al., 1998).

TSP has been intensively investigated regarding its mucoadhesive property

(Uccello-Barretta et al., 2011) and synergistic interactions with HA (Uccello-

Barretta et al., 2010). They showed using nuclear magnetic resonance (NMR)

spectroscopy mucoadhesive interactions of TSP with bovine submaxillary mucin

(BSM) as model mucin (Uccello-Barretta et al., 2013). However, prior to the present

study, there has been no published paper that presents hydrodynamic data, which

provides a different and new aspect from molecular hydrodynamics.

The second aspect of this thesis also considers the hydrodynamic properties of

glycopeptide antibiotics used in the treatment of more serious ocular and other

diseases.
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1.2. Glycopeptide antibiotics and drug delivery in ophthalmology

The history of glycopeptide antibiotics comes from the discovery of vancomycin.

Vancomycin was approved for clinical use in 1958 (see, e.g., Griffith, 1984).

Vancomycin is included in first-generation glycopeptide antibiotics, as well as

teicoplanin approved in 1988 in Europe (Blaskovich et al., 2018). Second-

generation antibiotics are telavancin, dalbavancin, and oritavancin, which are semi-

synthetic glycans (van Groesen et al., 2022). Figure 1-4 shows the chemical

structures of these glycans with noticeable differences and similarities. Both

vancomycin and teicoplanin have heptapeptide backbones, though vancomycin has

a disaccharide residue (glucose and vancosamine) attached to amino acid 4, while

teicoplanin has N-acylglucosamine, N-acetylglucosamine, and mannose, attached

to amino acid 4, 6, and 7, respectively. N-acylglucosamine includes a long acyl

chain (the R group in Figure 1-4). Both glycopeptides inhibit peptidoglycan

synthesis through Lipid II, a precursor of peptidoglycan necessary for the

construction of bacterial cell walls (Blaskovich et al., 2018). This class of antibiotics

i1s mainly used to treat Gram-positive infections (Vazquez-Guillamet and Kollef,

2014).
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Figure 1-4: The structure of (1) vancomycin, (2) teicoplanin, (3) telavancin, (4)
dalbavancin, and (5) oritavancin (van Groesen et al., 2022). Blue areas indicate the
structural differences with vancomycin and green areas indicate the differences with

teicoplanin.
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Bacterial infections of the eyes lead to devastating effects on patients’ quality of life.

Although conjunctivitis and blepharitis (inflammation of eyelids) rarely affect

vision, keratitis (inflammation of the cornea) and endophthalmitis (inflammation of

intraocular tissues) result in severe visual impairment (Forrester et al., 2016). Post-

operative (cataract) endophthalmitis accounts for 40-80% of major cases, which are

caused by coagulase-negative staphylococci (Durand, 2017). Since pathogens are

undetermined in 20-30% of cases (Durand, 2017), immediate and empiric treatment

is needed after sampling. The first choice of drugs is the intravitreal or intravenous

injection of vancomycin and ceftazidime (or amikacin for patients with penicillin

anaphylaxis), which are broad-spectrum antibiotics (NHS, 2017). Keratitis is

caused by S. aureus, the second most common bacteria (Ross et al., 2021),

following Pseudomonas aeruginosa, the Gram-negative bacteria (Forrester et al.,

2016). While P. aeruginosa leads to more severe outcomes than S. aureus,

methicillin-resistant S. aureus (MRSA) is more challenging (Forrester et al., 2016).

For MRSA keratitis, vancomycin (1.2, 2, or 5%) eye drops are recommended (Lin

etal., 2019).

To prevent infections, the ocular surface has developed host defence mechanisms.

Of these host defences, tear films play important roles in removing pathogens. The

tear film consists of two layers — an outer lipid layer and a mucous-aqueous layer,
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covering a glycocalyx layer of the ocular epithelium (Gipson, 2004). Figure 1-5

shows these two layers between the ocular surface and the environment. In this thin

(3um) film, there are more than 1500 proteins (Zhou et al., 2012), including over

twenty mucins (Dartt and Willcox, 2013). These proteins, such as secretory

immunoglobulin A (IgA), IgG, and complement, prevent bacteria invading further

(Forrester et al., 2016). Lysozyme and lactoferrin also contribute to antimicrobial

effects (Wiesner and Vilcinskas, 2010). This might be the reason why unstable or

insufficient tear films cause dry eye syndrome, leading to more susceptibility to

infections. Moreover, the epithelial cells under the tear film provide an effective

physical barrier against microorganisms — tight junctions. Superficial cells of the

stratified epithelium adhere to each other via desmosomes between the lateral

membranes (Forrester et al., 2016). These barriers are effective against bacterial

infections. As a result, microorganisms cannot colonise in the eye surface,

compared with different mucosal surfaces including the oral and intestinal cavities

(Dartt and Willcox, 2013). On the other hand, such barriers also make ocular drug

delivery harder.
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Figure 1-5: The tear film and the glycocalyx (the layer of transmembrane proteins of
the ocular epithelial cells). In the tear film, there are various types of mucins, such as
MUCSAC (purple); a secreted mucin, MUCI (blue), MUC4 (green), and MUC16 (red);

membrane-associated mucins (Gipson, 2004).
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Beyond the tight junctions between the ocular epithelial cells, there is a variety of
factors affecting drug absorption, such as ionisation, lipophilicity, and the biological
form of drugs. The first point of these factors to affect drug delivery is the pH of
tear films, normally 6.5-7.5 (Forrester et al., 2016). The degree of ionisation under
a certain pH is determined by the Henderson-Hasselbalch equation for weak acid

and base:

[A7]
pH = pK, + log {ﬁ} (1-1)

pH = pK, +log {2} (1-2)
where pK, is the point where half (50%) of the molecules are ionised, and A/HA
and B/BH" represent an acid and base, respectively (Forrester et al., 2016). The pKa
values of vancomycin and teicoplanin A2 are 7.75 (Jia et al., 2013; Takéacs-Novak
et al., 1993) and 5.66 (Bardone et al., 1978; Cavalleri et al., 1983; Jin et al., 2021),
respectively. As a result, in the tear film, vancomycin molecules are more inclined
to be un-ionised, and thus lipophilic, than teicoplanin A2. The un-ionised form is
favourable for corneal penetration because the corneal epithelium is lipophilic.

In terms of clinical use in ophthalmology, many papers have reported favourable
corneal absorption of vancomycin, rather than teicoplanin. For example, one paper
(Alster et al., 2000) showed that 50 mg/mL of vancomycin eye drops reached 1.5-

2 pg/mL in the anterior chamber (Figure 1-6), being more than the therapeutic
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concentration; MIC90 (minimum inhibitory concentration which kills 90% of

bacteria) = 1 pg/mL for both vancomycin and teicoplanin (Xu et al., 2021). Another

study reported that, after applying 33 mg/mL of topical drugs, the vancomycin

concentration was ~46.4 pg/mL in the corneal stroma (Cahane et al., 2004). In

contrast, nearly all reports indicate poor corneal penetration of teicoplanin

(Antoniadou et al., 1998; Kaye et al., 2009), and therefore, there is no clinical use

of teicoplanin by the topical route. The difference in drug absorption would result

from the biological form in tear films because teicoplanin aggregates in solution

(Bardsley et al., 2002). This aggregation additionally becomes a physical barrier to

corneal penetration of teicoplanin. Furthermore, the aggregation would prevent

teicoplanin from working, since teicoplanin uniquely works as a monomer form,

compared with vancomycin needing cooperative back-to-back dimerization during

the inhibition of bacterial cell wall synthesis (Beauregard et al., 1995).
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Figure 1-6: The diagram of a sagittal plane of ocular anatomy (Wu et al., 2018).
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1.3. Mucins and ocular mucins

Structures of mucins are diverse. Mucins are classified as glycoproteins containing

heterogeneous O-linked N-acetylgalactosamine (GalNAc) glycans attached to the

protein backbone (Brockhausen and Stanley, 2017). In eukaryotic cells, N- or O-

linkages are typically used for the covalent binding of glycans with the protein

scaffold (Guzman-Aranguez and Argiieso, 2010). As for the O-linkage, GalNAc

covalently binds with the hydroxyl group of serine (Ser) or threonine (Thr) amino

acids. O-GalNAc glycans form one of four common structures, called ‘core’, and

each core may extend further by adding sugar residues (Brockhausen and Stanley,

2017). Figure 1-7 shows four types of core structures and the model of a secreted

mucin resembling a bottle brush. It is well-known that O-GalNAc glycans (also

called ‘mucin-type O-glycans’) are relatively shorter in tear films than in other sites,

such as the respiratory and intestinal tracts (Podolsky, 1985). This could be because

of the characteristic conditions of the eyes (Guzman-Aranguez and Argiieso, 2010).

Humans have about twenty mucin genes (Brockhausen and Stanley, 2017), though

around five ocular mucins are well-investigated, namely, secreted mucins;

MUCSAC and MUC7, and membrane-associated mucins; MUC1, MUC4, and

MUCI16 (Forrester et al., 2016).
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Figure 1-7: Four types of ‘Core’ structures and the diagram of a bottle-brush mucin
(Brockhausen and Stanley, 2017; Guzman-Aranguez and Argiieso, 2010). Symbols
represent galactose (yellow round), GalNAc (yellow square), and GIcNAc (blue square).
A PTS domain is a proline, threonine, and serine-rich region which is heavily

glycosylated. A D-domain is a dimerization domain.
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Secreted mucins are subclassified as gel-forming mucin; MUCSAC and small

secretary mucin; MUC7. MUCSAC is produced by goblet cells of the conjunctival

epithelium as a large glycoprotein with a molar mass of around 40 MDa (Gipson

and Argtieso, 2003). MUCS5AC includes a tandem repeat of cysteine-rich D domains

causing multimerization through disulfide bonds (Gipson and Argiieso, 2003;

Hodges and Dartt, 2013). This multimerization allows MUCSAC to form a gel

(Gipson and Argiieso, 2003). On the other hand, MUC7 is a small soluble and

monomeric glycoprotein produced by the lacrimal gland. Its molar mass is about

180 kDa (Gomes et al., 2011). MUCT7 has a single polypeptide backbone containing

five domains (Gururaja et al., 1998), such as a histatin (histidine-rich polypeptide)-

like domain (Domain 1) and five to six tandem repeats of mucins (Domain 3).

MUCT is not found in tear fluid (Spurr-Michaud et al., 2007), whereas MUC5AC

is the most abundant mucin. Figure 1-8 shows the diagrams of each secretory mucin.

Secretory mucins must be transparent so that vision is normal due to a transparent

tear film. Mantelli and Argiieso (2008) suggested that the feature, that is, a relatively

low molar mass of the ocular mucin, might be uniquely required just for ocular

surfaces because a highly polymerised and viscous layer would damage visional

functions.
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The structures of membrane-associated mucins are more complex than secretory

mucins. Transmembrane mucins are usually composed of two heterodimers linked

together through a noncovalent bond (Hattrup and Gendler, 2008). The larger one

is extracellular and highly glycosylated, while the smaller one has a transmembrane

area and a short cytoplasmic tail (CT). Consequently, these transmembrane mucins

also have each cleavage site targeted by enzymes, leading to soluble forms detected

in tear fluid (Spurr-Michaud et al., 2007). MUCI is the smallest mucin of three

membrane-associated mucins with a molar mass of 200-500 kDa (Brayman et al.,

2004). The molar mass of MUC4 is 900 kDa (Hattrup and Gendler, 2008). MUC4

contains several characteristic domains, such as EGF (epidermal growth factor)-like

domains and a D domain (Hodges and Dartt, 2013). MUC16 is the largest mucin of

the three with a molar mass of over 2.5 MDa (Hattrup and Gendler, 2008). Both the

cornea and the conjunctivae express these three mucins (Gipson and Argiieso, 2003),

while the goblet cells of the conjunctivae express MUCSAC. Figure 1-9 shows the

diagrams of each membrane-associated mucin. Both secretory and transmembrane

mucins prevent bacterial adhesion and colonisation on ocular surfaces (Hodges and

Dartt, 2013).
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However, recent research has provided new insight into the relationship between

mucins and antimicrobial resistance (AMR). While gastrointestinal mucins prevent

arange of microbes from causing infections (McGuckin et al., 2011), mucin binding

to vancomycin exacerbates AMR because pathogens are exposed to the aggregates

of vancomycin (Dinu et al., 2020). Glycopeptide antibiotics inhibit peptidoglycan

synthesis by attaching a Lipid II precursor through five hydrogen bonds

(Blaskovich et al., 2018). To avoid the attachment of antibiotics, bacteria, such as

vancomycin-resistant enterococci (VRE), transform the binding sites (D-Ala-D-

Ala) of Lipid II. D-Ala-D-Ala is modified into D-Ala-D-Lac for van4, vanB, vanD,

vanF, and vanM, or D-Ala-D-Ser for vanC, vanE, vanG, vanL, and vanN (Stogios

and Savchenko, 2020). Figure 1-10 shows the structure of Lipid II, its binding sites

(D-Ala-D-Ala), and the modification of the binding sites (D-Ala-D-Lac). This

transformation results from the plasmid-mediated gene cluster, such as vand and

vanB, between bacterial cells (van Groesen et al., 2022). Consequently, the

increased exposure to vancomycin may be responsible for the further activation of

AMR in bacteria and selection for VRE populations among gut microbes (Dinu et

al., 2020).
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Teicoplanin also may be involved in aggregation with mucins, resulting in higher

acquisition of AMR among ocular and gastrointestinal microbes in the healthy and

infected sites. Bovine submaxillary mucin (BSM) is used as model mucin in this

thesis. Both MUCS5AC, the most abundant ocular mucins, and BSM are gel-

forming mucins (Carpenter et al., 2021; Hodges and Dartt, 2013). The molar mass

of MUCSAC is 2.2 MDa for monomer (Thornton et al., 1996) and 40 MDa for

polymer (Sheehan et al., 2000) while that of BSM is 0.8-2 MDa for monomer and

21-25 MDa for polymer (Sandberg et al., 2009). The carbohydrate content of ocular

mucins including MUCSAC is ~70% (Hodges and Dartt, 2013) whereas BSM is

60% (Tsuiki et al., 1961). Both MUCS5AC and BSM are structurally similar, and as

a result, it would be reasonable to use BSM as model mucin. Moreover, the

interaction of vancomycin was examined using BSM (Dinu et al., 2020), and thus,

a study on the interactions of teicoplanin which also used BSM would be

comparable with the previous study on vancomycin. However, it should be noted

that the glycan patterns for BSM and MUCSAC are different because these patterns

vary with species and tissues (Hattrup and Gendler, 2008; Guzman-Aranguez et al.,

2012), and consequently, this difference might affect the behaviour of each mucin.
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1.4. PhD project and the scope of the study

The PhD thesis is designed to cover hydrodynamic investigation of the behaviours

of glycans, such as interactions and aggregation, related to ophthalmology. The first

theme is the ocular mucin supplement to relieve dry eye symptoms. The

combination of HA and TSP as an eye drop has been thoroughly investigated,

although there is little data derived from molecular hydrodynamics. In this theme,

I will attempt to explore the interaction between these polysaccharides in a solution,

which is closer to the actual physiological conditions of eye drops. The

hydrodynamic methods used were sedimentation velocity in the analytical

ultracentrifugation (SV-AUC) and then size-exclusion chromatography coupled to

multi-angle light scattering (SEC-MALS). These methods would be

complementary to previous research using NMR spectroscopy with dry samples.

The study will be also focused on the hydrodynamic properties, such as intrinsic

viscosity, using the capillary viscometer. Together with molar masses obtained from

SEC-MALS, I will estimate the shapes of HA, TSP, and their mixture, which is of

importance to eye drop formulation.

The following theme is the aggregation of glycan antibiotic teicoplanin in a solution.

A study on the biological form of teicoplanin in tear fluid is interesting because that

is one of several factors affecting corneal penetration of antibiotics. Sedimentation
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equilibrium in the analytical ultracentrifugation (SE-AUC) is used to explore the

aggregation/self-association of teicoplanin A2, together with SV-AUC and dynamic

light scattering (DLS). Both SV-AUC and SE-AUC apply the same principle;

sedimentation of samples under a centrifugal field, though SE-AUC provides

accurate molar masses over a wide range of concentrations. This technique will give

information on the aggregational behaviours of teicoplanin in an aqueous solution.

DLS is another hydrodynamic method complementary to the results provided by

AUC in terms of molecular size and shape. This investigation may offer insights

into poor corneal absorption of teicoplanin.

Finally, this thesis will also focus on teicoplanin’s interactions with model mucins.

It is reported that vancomycin interacts with gastrointestinal mucins, such as BSM,

resulting in aggregates. The comparative study of two glycan antibiotics contributes

to the further understanding of long exposure to antibiotics resulting in AMR,

exploring differences and similarities in interactions with BSM. Scanning electron

spectroscopy (SEM) may consolidate the results of SV-AUC. Together with SV-

AUV and SEM, this thesis will give more insight into mucin complexation with

teicoplanin, which leads to a selection of resistant strains in mucous layers.

In the following chapter we review hydrodynamic and high resolution microscopic

methods for the evaluations of glycans.
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Chapter 2: Hydrodynamic and microscopic methods for the evaluation of glycans.

2.1. Analytical ultracentrifugation

Analytical ultracentrifugation (AUC) is the powerful matrix-free method for the

characterisation of heterogeneity/polydispersity, molar mass (molecular weight)

distributions, and interactions of glycans. ‘Matrix-free’ means that samples are

separated and analysed without the need for separation columns and membranes

(Harding et al., 2017). Glycans differ from pure proteins regarding their synthesis

because glycans, though also produced by enzymes, have no template for the direct

synthesis of carbohydrate polymers, leading to polydisperse products (Harding et

al., 2015b). A ‘polydisperse’ macromolecular population contains a range of

molecules with different molar masses, which is reasonably represented by various

types of average molar mass, such as the number-, weight-, or z-average, and

distributions (Harding, 1994a). AUC techniques make samples (and reference

solvent) sediment in specially constructed cells, with concentration distributions

being recorded by optical instruments with Rayleigh interference or/and ultraviolet

(UV) absorption (Harding et al., 2017). AUC experiments are classified as

sedimentation velocity (SV-AUC) or sedimentation equilibrium (SE-AUC). In

general, SV experiments track a sedimenting boundary of molecules moving in a

centrifugal field, while SE experiments are focused on a steady-state concentration
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distribution of the sample after equilibrium is completed (see, e.g., Cole et al.,
2008).

The Lamm equation (Eq. 2-5) depicts the transport process in a centrifugal field
(see, e.g., Zaccai et al., 2017). The Lamm equation is derived from Fick’s Frist law
of diffusion:

Je=-D|% (2-1)
where J, is the net flux in the units of mol m? s™', and D is the diffusion coefficient
in the units of m? s™!. Fick’s first law states that the diffusive flux is proportional to
the constant D and the solute concentration gradient dC/dx.

When all molecules in a cell move towards the direction +x with a speed u, the net
flux at x increases by uC(x), and thus, Equation (2-1) should be:

Jx = =D 5] +uc@) (2-2)
where C(x) is a local concentration. Since u = sw’x (w is angular velocity given by
the units of s™!), Equation (2-2) is changed to:

Jx = =D || + sw?x - C(x) (2-3)
In Equation (2-3), the first term of D [%] corresponds to transport by diffusion
while the second term of sw?x - C(x) corresponds to transport by sedimentation.
Under conditions of the AUC experiments, the radius of a finite cell with walls is

described as r, and therefore, the adequate continuity equation is defined as:
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dc 1(d
(E) === (; (]r)) (2-4)
Equation (2-3) and Equation (2-4) are combined to formulate the partial differential

equation called ‘the Lamm equation’ (Zaccai et al., 2017):

@)= tE oo @ s

2.1.1. Sedimentation velocity in the analytical ultracentrifuge (SV-AUC)
The sedimenting boundary emerges between solution and solvent when
samples are centrifuged at very high rotor speed, for example, 45,000 rpm
(Harding et al., 2017). The optical detection and recording of this moving
boundary provide the sedimentation coefficient, s. When samples (a
molecule of mass m and density p dissolved in a solvent of mass my and
density pg) are centrifuged, the molecule is affected by three forces:
centrifugal, F., buoyant, Fj, and frictional drag forces, Fy (Zaccai et al.,

2017). When these three forces are balanced, the equations are:

E.+F,+F, =0 (2-6)
E. = mw?r (2-7)
Fp, = —myw?r (2-8)
F; = —fu (2-9)

where fis frictional coefticient. Equation (2-6) is changed to:
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mw?r(1 —0py) = fu (2-10)
where U is areciprocal of density p, also called as a partial specific volume,

and my=m %. Substituting a molar mass, M, and Avogadro’s number, N4,

for a mass (m = Nﬁ), we can change from Equation (2-10) to:
A

u _ M(1-vp)
w2r Naf

(2-11)
where s represents the sedimentation coefficient, the ratio of the velocity of
the molecule, u, to its centrifugal acceleration, w’r (Zaccai et al., 2017). The
s value is given by the unit of 1073 s, called 1 Svedberg (S).

The computer programme SEDFIT (Dam and Schuck, 2004) is well-used
for obtaining sedimentation coefficient distributions. In this programme,
the Lamm equation, Equation (2-5), is solved in order to provide the change
of concentration distributions at radial positions over time, resulting in a
sedimentation coefficient distribution, g(s) versus s plot (Harding et al.,
2015b). In this plot, an area under a curve represents a concentration, and a
peak is a Gaussian whose position and width indicate sedimentation and
diffusion coefficients, respectively (Zaccai et al., 2017). Corrections of this
plot for diffusion produce a c(s) versus s plot, and further corrections of the
c(s) versus s plot generate a molar mass distribution plot, c¢(M) versus M

(Harding et al., 2015a). For polysaccharides, the g(s) versus s plot is
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suitable due to their large molar masses and slow diffusion, while for
proteins, the c(s) versus s plot is more appropriate (Harding et al., 2015b).
These plots are used for a measure of heterogeneity/polydispersity of
samples (Harding et al., 2017).

Sedimentation coefficients of a molecule are usually determined using a
particular buffer, b, with viscosity, 1y ,, and density, pr p, at a temperature,
T, and thus, these s values should be normalised to the density and viscosity
of water at 20 °C:

S20w =

1-v-
- _IPZO,W . nT,b . ST,b (2_11)
1-vprp M20w

where sy, is the sedimentation coefficient of the molecule in water at
20 °C (Zaccai et al., 2017).

To eliminate thermodynamic non-ideality (co-exclusion and polyelectrolyte
effects) due to excluded volumes and high charge of glycans (Harding et
al., 1991), low concentrations of samples should be used (Harding et al.,
2015b). The other way is extrapolating 1/s20w to zero concentration to
produce 1 /Sgo,w as a y-axis and the Gralen coefficient ks (ml/g) from a

slope (Harding et al., 2015a).

— = (1 +kC) (2-12)

S20,w S20w

Both s, and ks are related to conformation. A sedimentation coefficient
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(8, Sp0w) value usually decreases with an increase in concentration while

an increase in s with rising concentration is evidence for self-association or

weakly interaction (Zaccai et al., 2017).

2.1.2. Sedimentation equilibrium in the analytical ultracentrifuge (SE-AUC)

In SE experiments, sufficiently low rotor speeds are chosen so that the

centrifugal force is equal to the back diffusion force (Harding et al., 2017).

At equilibrium, changes in concentration of a sample with time should be

zero (Zaccai et al., 2017), and thus, the Lamm equation is:

(55)r = -2 (5|w*r2sc—pr(5)¢]) =0 (2-13)
Therefore:
w?*r?sC - Dr ()t =0 (2-14)
Substituting the Svedberg equation % = %_Tﬂp) for % where R is the gas
constant, we rearrange and obtain:
= (2-15)

The second Svedberg equation states that the concentration distribution

between the meniscus at a and point 7 follows an exponential law:

w2M(1-Tpg) (rz az)]

C(r)y=C(a)- e[ RT z 2 (2-16)

Since Equation (2-16) does not contain a parameter of the molecular shape,
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the molecular masses obtained are unrelated to conformation (Zaccai et al.,

2017). The steady state profile, c(r) versus r, can be transformed into the

M*(r) versus r plot (Creeth and Harding, 1982a, 1982b):

M= (r) = [kcm(rz—rﬁl)[-lc-;rk);rrcnin(]c(r)—cm)rdr] @17
where k is a constant related to the rotor speed, and m represents the
meniscus (Harding et al., 2015b).

The computer programme SEDFIT-MSTAR (Schuck et al., 2014) is used
for the analysis of the M* function. There are estimated to be M*(r') = My, app
over a whole solution when M*(r) is extrapolated to » = r, at the base of a
cell (Harding et al., 2015b). The alternative analysis is the ‘hinge-point’
method. SEDFIT-MSTAR also gives a plot of My,app(7) versus c(r), which
means a point average molar masses as a function of local concentration.
At the hinge point, namely, when ¢(r) = the initial concentration ¢®, My,app(7)
is estimated to be My,app (Harding et al., 2015a). Myapp 1s the apparent
weight average molar mass (over the whole solution), and consequently,
this value has not been adjusted for nonideality. In some cases, My, app ~ Mw
is a reasonable approximation when a low concentration (~0.3 mg/mL) is

loaded (Harding et al., 2017). For some polysaccharides, such as xanthan

and alginate, 1/Myapp needs to be extrapolated to ¢ = 0 so that My is
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estimated (Harding et al., 2015b):

1

T— (M—lw) (1 + 2BM,,¢) (2-18)
where B is the second virial coefficient. However, Equation (2-18) is not a
universal application for all cases, especially if samples are strongly
charged polysaccharides. SEC-MALS can be complementary to SE-AUC
in terms of this drawback, because SEC-columns dilute samples so that
nonideality becomes sufficiently small (Harding et al., 2015b).

Finally, the ‘average’ molar mass is defined for three ways; the number-

(Mn), weight- (My), or z-average (M,):

L NiM;

Mo =N @-19)
I NiM?

M = Sxems (2-20)
T NyM}

Mz = W (2-21)

where n; is the number of molecules of each group i whose molar mass is
M; (Harding et al., 2017). M, = M,, = M,, for perfectly monodisperse
samples, though M, > M,, > M,, for most of glycans. The ratios of [, =
Z—; and [, = Z—: indicate polydispersity (Harding et al., 2017).

2.2. Dynamic light scattering (DLS)

DLS is a complementary method for the characterisation of macromolecules,
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working together with other hydrodynamic techniques, such as AUC. When light
transits a solution in which glycans are dissolved, some of the light is scattered.
The intensity of that scattered light rapidly fluctuates because of the Brownian
motion of the molecules (Harding, 1994b). In general, small and compact
molecules move faster and thus, greater fluctuation occurs (Harding et al., 2015a).
An autocorrelator detects and correlates such fluctuations of intensities, I(¢), at time
t and following time t + t where 7 is the delay time (Harding, 1994b). The

correlation function G(7) is then calculated (see, e.g., Nobbmann et al., 2007):

G(D) = %dt (2-22)
where the angular bracket represents an average of the product calculated over the
long period of a measurement compared with 7 (Harding, 1994b).

For dilute Brownian solutions, Equation (2-22) is associated with the translational
diffusion coefficient D:
G(r)=1+p e Pa’t (2-23)

where f is the fitting parameter and g is the Bragg wave vector whose intensity

is determined by:

q=2nn- Sinfg) (2-24)

where n is the refractive index of the buffer, 1 is the wavelength of the light, and

0 is the scattering angle. Consequently, from Equation (2-23), a plot of InG(7)
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versus T provides the translational diffusion coefficient D. Then the Stoke-

Einstein relation converts from D to a hydrodynamic radius, 7u:

— (2-25)

~ 6mnoD

where 7, is the viscosity of the buffer and £ is the Boltzmann constant, 1.3806452
x 102 J/K (Harding et al., 2015a). The CONTIN (Provencher, 1992) programme,
combined with the ‘Zetasizer software’ of Malvern Instrument Ltd., gives a size
distribution plot of f(rn) versus r, the z-average particle radius.

The translational diffusion coefficient, D, is a function of buffer conditions (1, and
T), and therefore, it can be normalised to the standard conditions — water at 20.0 °C,
providing Dzo,w (Harding, 1994b). This standardization is usually automated by the
software. A value of Dy, is an apparent one, though, since nonideality effects are
much smaller for this value than the sedimentation coefficient, extrapolation to zero
concentration is not necessary; Dyg,, = D3, (Harding et al., 2015a). Therefore,
in most cases, measurements at a single, dilute concentration should be sufficient
to give D3, (Harding, 1994b). A value of D3, is used in the Svedberg
equation % = %_Tﬁp) to determine an absolute value of a molar mass, together
with s9,,, obtained from AUC experiments.

Finally, although DLS is very rapid method taking just minutes to measure, this

method has relatively low resolution (Nobbmann et al., 2007), and any separation
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is not physical but mathematical. Consequently, it is complementary to more
resolving methods including AUC. As well as AUC, DLS does not require a
separation matrix, though this can be coupled to a SEC-MALS (Harding et al.,

2015a).

2.3. Size exclusion chromatography coupled to muti-angle light scattering (SEC-

MALS)
SEC-MALS, as well as SE-AUC, can determine the weight-average molar mass of
glycans. Initially, single, fixed low angle light scattering (LALS) photometer was
coupled on-line to a size exclusion column (a SEC column), though later a multi-
angle light scattering (MALS) photometer replaced it (Wyatt, 2013). The first paper
on the determination of My of a polysaccharide was published on sodium alginate
using this novel technology (Horton et al., 1991). The values of My, obtained by
SEC-MALS were consistent with that of SE-AUC, which was the encouraging
result (Harding et al., 2015a). This method has also been applied for mucin
glycoproteins (Jumel et al., 1996). Although SEC is not an absolute method, and
thus, needs calibration standards of known molar mass (Jumel et al., 1996), in
combination with the MALS, SEC-MALS can provide absolute molar mass

distributions without calibration by standards of known My, (Harding et al., 2017).
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In general, the SEC separates molar mass distributions of molecules into ‘volume
slices’ and the MALS simultaneously conducts angular extrapolation in the ‘Zimm’
plot (a linear fit to the Zimm model) to provide the molar mass of each infinitesimal
‘slice’ which moves through a cell (Harding et al., 2017).

In the SEC, molecules of a sample are firstly separated where large molecules are
excluded from the pores in the column material and smaller molecules are included
in the column and subsequently the MALS collects the light scattering signals from
that column at ~15 angles (Wyatt, 1993). Then concentrations are calculated from
a refractive index detector and values of M, for each slice is obtained from the

equation (Zimm, 1948):

2p2
161 Rg .2 g
312 2

Kc _
Rg

(Miw +2Bc) [1+ ] (2-26)

where K is the polymer constant depending on the wavelength of the light and the
refractive index increment dn/dc, Ry is the Rayleigh ratio, B is the second virial
coefficient given by the units of mL mol g2, and R, is the radius of gyration given
by the unit of cm (Harding et al., 2017). When the concentration is very small (<0.2
mg/mL) after separation and dilution of samples on the SEC column, 2Bc = 0 is
a valid assumption (Jumel et al., 1996). Nonideality effects are also negligible due

. K .
to low concentrations. Consequently, a plot of R—C versus sin? g provides the value
6

of My, at the intercept. Rg is recorded as the ratio of the intensity of the light

64



24.

scattered from a molecule at an angle 0 to that of the incident light (Harding et al.,

2017).

SEC-MALS, although innovative technology, has some limitations. Compared to

AUC, which is ‘matrix-free’, SEC-MALS requires a separation matrix, and as a

result, some experiments are restricted by the separation range of columns,

depending on shape and hydrodynamic radii, because the columns cannot

adequately separate very large polymers (Harding et al., 2015a).

Capillary viscometry

Intrinsic viscosity measurement is simpler and less expensive than other

hydrodynamic measurements, but it provides valuable complementary information.

Three types of capillary viscometer can be used to measure the intrinsic viscosity.

The simplest is the Ostwald instrument. This instrument involves comparison of

flow times between solutions and solvent across a capillary under gravity (Harding

et al., 2015a). A newer one is the Rolling Ball viscometer. This device uses a steel

ball rolling through a capillary at a rate dependent on the viscosity of the solution

or solvent (Harding et al., 2015a). Compared with the two viscometer instruments,

the differential pressure viscometer is based on a different principle; detecting the

pressure difference between the solution and solvent flowing along a capillary
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(Harding et al., 2015a). This viscometer can be coupled to a SEC-MALS device.
The ‘viscosity’ is defined as a fluid’s measure of its resistance to flow (Harding,
1997). The (shear) viscosity coefficient, ), of a fluid is described as:

T

n=3 (2-27)
where 7 isthe shearing stress and g is the rate of shear. The viscosity of a solvent
is notated as 7, and, since adding macromolecules increase the viscosity, that of
a solution becomes a new value, 1 (Zaccai et al., 2017). In practice, both values are
compared in this equation:

Mret =5 = Nsp + 1 (2-28)

where 7, is the relative viscosity and 75, is the specific viscosity (Harding,

1997). The experimental values of the relative viscosity are measured by:
—_tr -

Mret = toPo (2 29)
where ¢ and #p are flow times for a macromolecular solution (at a concentration)
and solvent. The relative viscosity can be determined without the density correction
(p: solution density and p,: the solvent density) for concentrations < 1 mg/mL:

;o t

Nret = a ~MNrel (2-30)

where 7,.,; is the ‘kinematic’ relative viscosity (Harding, 1997). The alternative

correction can be also applied (Tanford, 1955):

1-Vpg
Po

Nrelt = n;‘el + (2'31)

66



where U is the partial specific volume of a macromolecule. The reduced viscosity,
Nred» 1S then determined in the equation:

Mrea = 22— (2-32)
at a single concentration. The intrinsic viscosity, [n], is obtained from a plot of
Nreqa Versus c and calculated as the intercept of this plot (Harding et al., 2017). The

concentration extrapolation is conducted as the two equations, namely, the Huggins

equation (Huggins, 1942) and the Kraemer equation (Kraemer, 1938):

Nrea = [N1(1 + Ky[nlc) (2-33)

20l = i = [](1 = Ki[n]e) (2-34)
where Kj isthe Huggins constant and Ky is the Kraemer constant. Alternatively,
these two equations, Equation (2-33) and Equation (2-34), are combined to produce
the new approximation (Solomon and Ciuta, 1962):

1
(] = <+ [2np — 2InCpre) | (2-35)

at a single concentration (although this should be quite low).
Once determined, the intrinsic viscosity is used in conformation analysis of glycans,
together with other hydrodynamic parameters, such as the sedimentation
coefficient. The simplest property for conformation is the Wales-van Holde ratio

(Wales and Holde, 1954). This parameter is the ratio of the Gralen coefficient ks

from Equation (2-12) to the intrinsic viscosity [n]. The values of %~1.6
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represent a compact sphere or a random coil (Creeth and Knight, 1967, 1965),
while those of [I;—S] ~0.2 — 0.5 represent a stiff rod (Harding et al., 2017). Another
property for conformational assessment is the ‘Mark-Houwink-Kuhn-Sakurada

(MHKS)’ coefficient (a, b, c, or €) calculated from these relations (Harding et al.,

2017):
[n] = K'M* (2-36)
s=K"MP (2-37)
R, =K'""M¢ (2-38)
D=K"MZ¢ (2-39)

These MHKS coefficients can be obtained from simple double-logarithmic plots
(Harding, 1997). For Equation (2-36), the SEC-MALS-DPV (differential pressure
viscometer) system can record [n](Ve) and My (Ve) as a function of elution volume
Ve (Harding et al., 2015a). This relation provides the limits a = 0 for a compact
sphere, a = 0.5 — 0.8 for a random coil, and a = 1.8 for a rigid rod (Harding,
1997).

The ‘ELLIPS’ programme (Harding et al., 1997) is the software for simple shape
modelling of glycans in terms of ellipsoid axial ratios for quasi-rigid particles. The
intrinsic viscosity is affected by two factors — shape and volume (size and

hydration), represented by the equation (Harding, 1997):
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] =v-vs (2-40)

where v is called as the viscosity increment, a universal shape function or the

Einstein-Simha shape factor, and vy is the swollen specific volume, compared

with the partial specific volume (V). A value of v can be obtained from the Simha-

Saito formula (see Harding, 1997) and a simple approximation specifies axial ratio

(a/b) for prolate and oblate ellipsoids (Figure 2-1). The designated value of a/b

leads to the representation of macromolecules in the routine ELLIPS1 (Figure 2-

2).
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Figure 2-1: The plot of v versus a/b (Harding, 1997)
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Figure 2-2: The diagram of a general triaxial ellipsoid of axe, a > b = c. A

prolate ellipsoid corresponds to b/c=1, oblate ellipsoid for a/b=1 and a sphere a =

b =c (Harding, 1997).
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2.5. Scanning electron microscopy (SEM)

Electron microscopy provides information complementary to interaction studies
conducted by SV-AUC. This method describes macromolecules at a scale of
nanometre. In principle, electron microscopy can visualise biological molecules
down to a lower limit of ~60 kDa (Zaccai et al., 2017). An illumination source of
light microscopy is visible light with its wavelength A = 400-700 nm while electron
microscopy uses an electron beam with its much shorter wavelength (Flegler et al.,
1993). The wavelength of an electron Ac is defined as:

Ao =" (2-41)
where h is Planck’s constant and p is the momentum of an electron (Zaccai et

al.,2017). The momentum is the product of the mass and the velocity of an electron,

and consequently, Equation (2-41) is transformed to:

h

Mev

Ae =

(2-42)

An electron has its own charge (¢ = |—e|), and as a result, experiences a force qE

(E = g is an electrical potential difference of @ in volts) in an electrical field:
q® = =m,v? (2-43)

Therefore, Equation (2-42) and Equation (2-43) are combined:

h _ 12

e = J2mged @

(2-44)

where m, = 9.1 X 10728 g (Zaccai et al., 2017). Hence, an electron microscope
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of an accelerating voltage of 15 kV generates electrons of 1.44 A (0.144 nm).

Electron microscopy is subclassified as either the transmission or scanning electron
microscopy (TEM and SEM). TEM forms a phase contrast image of samples by
using transmitted electrons, which have passed through and interacted with the
samples, while in SEM an electron beam scans the samples and thus, secondary

electrons are released, leading to signals creating an image (Zaccai et al., 2017).

2.5.1. Environmental scanning electron microscopy (ESEM)
Environmental scanning electron microscopy (ESEM) is further invented
based on conventional SEM (CSEM). One of the drawbacks of CSEM is
that samples should be stable and conductive in favour of high vacuum and
electron beam and thus, complicated and multi-step preparation is required
(Stabentheiner et al., 2010). ESEM enables the use of nonconductive and
hydrated samples, being closer to their native environmental states, without
such complex steps (Danilatos, 1993). The difference between ESEM and
CSEM is that ESEM uses a gas, more frequently water vapour, instead of
high vacuum, in a microscopic chamber (Donald, 2003). ESEM and CSEM
has a similar process in which primary electrons interact with samples. In

contrast, secondary electrons collide with gas atoms and generate further
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electrons, amplifying signals in a cascade manner (Stabentheiner et al.,

2010). In additional to daughter electrons from gas atoms, positive ions are

produced and compensate for negatively charged surfaces of nonconductive

samples (Stokes, 2003). This is the reason why ESEM does not require

insulators to be coated with a metallic layer prior to imaging (Donald, 2003).

Thus, ESEM provides useful information for naturally hydrated samples

rather than CSEM, i.e., in food science (James, 2009) and microbiology

(Fedel et al., 2007).

ESEM has been used for investigations of an antibiotic interaction with

glycans. For example, Dinu (2020) published the report on mucin-antibiotic

complexation using ESEM as a complementary tool to hydrodynamic tools

(SV-AUC and DLS). This paper was the first publication for the novel

combination of hydrodynamic and microscopic methods to evaluate the

interactions of mucins with antibiotics. As well as this study, the current

thesis will use ESEM for visualization of mucin-antibiotic aggregates.
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Chapter 3: Hydrodynamic compatibility of hyaluronic acid and tamarind seed

polysaccharide as ocular mucin supplements.

3.1. Introduction

As people age, their production of ocular mucin containing lachrymal fluid—with

its natural protective and lubricating properties for the surface of the eye—

diminishes, a term known medically as Keratoconjunctivitis sicca or “dry eye”

(Forrester et al, 2016). Solutions of polysaccharides in artificial tear drop

formulations are popularly used to consolidate the mucin (of primarily type

MUCSAC, also MUC2) which alleviates these symptoms. A problem with such

formulations is how to prolong their residence time on the eye surface. The main

reason for this problem is that ocular protective mechanisms (involving blinking,

both basal and reflex lachrymation, and drainage through nasolacrimal ducts)

quickly eliminate these eye drops from the precorneal region, where such drugs are

absorbed and work (Uccello-Barretta et al., 2010). As a result, and depending on

the severity, this can lead to the need for repeated administration (Lee et al., 2017).

Therefore, various studies have investigated novel preparations to overcome such

disadvantages of currently available formulations. For example, based on the

viscosity-enhancing effects of gelatin, the grafting of thermoresponsive polymer

segments onto proteinaceous networks has led to promising results (Luo and Lai,
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2017) and, more recently, the lectin Helix pomatia agglutinin has been considered

as an ocular mucoadhesive component (Luo et al., 2020). The properties of a

promising new glutathione-dependent polymeric hydrogel with good eye drop

mucoadhesive properties has also been explored (Lai et al., 2020).

Another highly significant development has been the combination of hyaluronic

acid (HA) and tamarind seed gum polysaccharide (TSP), whose medical benefits

were first reported by Barabino et al. (2013). Of the two components, both natural

polysaccharides, HA is a linear polyanionic molecule chemically grouped in a

glycosaminoglycan and has the repeating dimer {—4)-B-D-glucopyranosyluronic

acid-(1—3)-N-acetyl-2-amino-2-deoxy-p-D-glucopyranosyl-(1—} (Hokputsa et

al., 2003a, 2003b). When it comes to the current market situation, it has been

reported (Lee et al.,, 2017) that 0.1-0.5% (w/v) HA solutions are available

commercially as either active or inactive ingredients to supplement ocular fluid

(see also refs (Johnson et al., 2006; Rah, 2011)). Hammer and Burch (1984) have

suggested that 0.17% HA showed more protective effects as a coating on the eye

compared to the highly viscous, more concentrated applications (1%, equivalent to

10 mg/mL) which transmit excessive shear force to endothelial cells. An alternative

approach that can also help with product stability issues is using HA in a binary

mixture with another polysaccharide. The second polysaccharide, TSP (Figure 3-
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1) is a non-ionic, neutral and branched xyloglycan, which is comprised of a

cellulose-like backbone, partially replaced at the O-6 position of its glucopyranosyl

units with a-D-xylopyranose (Barabino et al., 2013; Semenzato et al., 2014).

A comparative study by Rolando and Valente (2007) indicated that both 0.5% and

1% solutions of TSP are comparable to 0.2% HA in removing dry eye syndrome

symptoms. Later, Barabino et al. (2013) published their results with mixtures of

HA and TSP, showing that this combination is effective in fixing the tear film on

the cornea and repairing endothelial damage in dry eye patients. One principal

reason for these outcomes is that the structural similarity of TSP to transmembrane

mucins (MUC1) on the eye surface could lead to its longer retention time (Rolando

and Valente, 2007).

81



Figure 3-1: Chemical structure of tamarind seed xyloglucan (motif XXXG) or (-

D-galactopyranose (motif XXLG). Adapted from Patel et al. (2008).
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In addition, recent evidence using nuclear magnetic resonance spectroscopy
(NMR)—a powerful method for investigating macromolecular-ligand interactions
(Lian, 2001)—has suggested that there is an interaction between these two
polysaccharides (Uccello-Barretta et al., 2013). We now seek to reinforce those
observations by exploring the hydrodynamic compatibility and stability of these
mixtures. Specifically, we examine key hydrodynamic parameters such as the
molar mass and intrinsic viscosity by size exclusion chromatography coupled to
multi-angle (laser) light scattering SEC-MALS and capillary / differential pressure
viscometers, together with sedimentation velocity in the analytical ultracentrifuge,
SV-AUC to assess the heterogeneity and interaction strength. The matrix-free
method of analytical ultracentrifugation—with its huge dynamic range (molar
masses from 102— 10% g/mol) is a key or “gold standard” method used to assess the
molecular integrity of other biotherapeutic systems such as monoclonal antibodies
(in terms of disassembly, denaturation of aggregation effects) and this is the first
time that this method has been used to assess a dry-eye formulation. It has both a
high separation and analysis ability without the need for columns or membranes
(Harding, 2018; Harding et al., 2015). We assess the change in the intrinsic
viscosity with molar mass in order to estimate conformations of HA and TSP by

SEC-MALS and viscometry, assess the state of self-association/aggregation of the
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3.2

individual components and for interaction/aggregation phenomena of the mixtures

using SV-AUC, and finally investigate the stability of HA, TSP, and their mixtures.

Although polysaccharides such as cellulose acetate (Yang et al., 2020), proteins

(Wang et al., 2019) and other natural polymers (Wang et al., 2018) are commonly

used singly in biomedical applications, examples of the combined use of natural

polymers for medicinal purposes are not so frequent but are increasing in

importance. The HA-TSP system has provided a further good example (Barabino

et al., 2013; Uccello-Barretta et al., 2013, 2010; Yoon and Lee, 2019), now

reinforced by the present analytical ultracentrifuge-based study.

Materials and methods

3.2.1. Materials

Hyaluronic acid and tamarind seed polysaccharide were supplied by

Farmigea S.p.A., Pisa, Italy. HA or TSP samples were dissolved in a

phosphate-chloride buffered saline solution (PBS, or “Paley buffer”) at pH

~6.8 adjusted to an ionic strength of I = 0.1 mol/L by the addition of NaCl

(Green, 1933).

Stock solutions of HA and TSP were prepared by stirring gently for 30 min

followed by overnight dialysis at room temperature against a two-litre
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volume of PBS. The concentration, ¢ (g/mL) of the stock solution (either

HA or TSP) was then measured using a differential refractometer (Atago

DD7, Tokyo, Japan) set to zero with PBS, and using a refractive increment

dn/dc of 0.167 mL/g for HA (Hokputsa et al., 2003a), and 0.152 mL/g for

TSP (Wang et al., 1997). HA/TSP was prepared by adding equal volumes

with various concentrations, resulting in a range of ratios (HA:TSP = 1:3,

1:1 and 3:1) and final concentrations (4.0 mg/mL, 2.0 mg/mL and 1.0

mg/mL commensurate with concentrations used in formulations, and with

materials remaining in solution (on the premise there are no significant

irreversible aggregation/ complex formation interactions).

3.2.2. Sedimentation velocity in the analytical ultracentrifuge

Sedimentation coefficients and sedimentation coefficient distributions were

determined using the optimal XL-I analytical ultracentrifuge (Beckman

Instruments, Palo Alto, CA, USA) with Rayleigh interference optics.

Reference solvent or dialysate (420 pL) and HA, TSP or HA/TSP samples

(400 pL) with different concentrations were injected into channels of 12

mm, double-sectored cells with sapphire windows. Then these cells were

loaded into an eight-hole rotor and centrifuged at a rotor speed of 45,000
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rpm at a temperature of 20.0 °C for a run time of ~24 h. The data was
analysed using the SEDFIT algorithm (Dam and Schuck, 2004), which
gives the sedimentation coefficient distribution, g*(s) versus sr,, where
s is the sedimentation coefficient. The s value was then corrected to
standard solvent conditions (density and viscosity of water at 20.0 °C) to
produce sq,, using the equation (Schachman, 1950):

Saow = {(1 - 17.Uzo,w)/(l - ﬁpT,b)}{nT,b/nzo,w} “STb (2-11)

where ¥ was the partial volume of each sample. To eliminate the effect of

nonideality, the equation was used for the extrapolation (Gralén, 1994):

01 (1 + kyC) (2-12)

S20w  Saow

where k; is the Gralén coefficient (mL/g).

3.2.3. Size exclusion chromatography coupled to multi-angle laser light scattering
(SEC-MALS)
Weight average molar masses (Mw) of HA, TSP and HA/TSP were estimated
by SEC-MALS (Hokputsa et al., 2003a; Patel et al., 2008; Picout et al., 2003;
Wyatt, 1992). The solvent/ buffer was pumped at a steady flow rate of 0.5
mL/min through a column (Shodex LB-805), which was protected by a guard

column (Shodex LB-G6B), coupled on-line to MALS (Dawn Heleos-II), a
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differential pressure viscometer (ViscoStar-1I) and refractive index (Optilab
rEX) detectors (Wyatt Technology, Santa Barbara, CA, USA). After being
filtered through a 0.2 pm syringe filter (Whatman, Maidstone, England), the
solutions of the HA, TSP, and HA/TSP sample prepared at HA:TSP = 1:1
respectively, were injected into the size exclusion system using the Spark-
Holland Marathon Basic autosampler. ASTRA™ (Version 6.2) software
(Wyatt Technology, Santa Barbara, CA, USA) was used to analyse the data.
As concentrations are low, there is no need to extrapolated to infinite dilution.
Therefore, apparent weight average molar mass (Mw,pp) Was calculated by
using a linear fit to the Zimm model (Zimm, 1948):

16m*RZ 6

YE sin? E] (2-26)

Kc (1
Ry

M_w + ZBC) [1+
where K is an experimental constant dependent on the wavelength of the
light and the refractive increment of the polysaccharide, Rg is the
Rayleigh ratio used to determine the ratio of the integrity of light scattered
by a macromolecule at an angle 0 to that of the incident radiation, B is the
second virial coefficient (mL-mol-g?), R, is the radius of gyration (cm)
(Harding et al., 2017).

My app 1s obtained from the intercept (Picout et al., 2003). We make the

reasonable assumption that correction for thermodynamic nonideality was
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assumed to be unnecessary due to the high dilutions on the SEC columns
(see, for example, Almutairi et al. (2015)) and hence My, the “ideal” molar

mass ~ Mw,app.

3.2.4. Capillary viscometry
HA solutions ranging either from 0.03 to 1 mg/mL, TSP solutions (from
0.03 to 1.91 mg/mL), and HA/TSP solutions (1 to 4 mg/mL as total
concentrations) were analysed using a semiautomated viscosity measuring
system (AVS 400, Schott Gerite, Hotheim, Germany) at a temperature of
20.00 °C in a 2 mL Ostwald viscometer (Table 3-1). Considering that a
density correction is redundant due to low concentration (<2 mg/mL) (Patel
et al., 2008), the relative viscosity, 7,., was estimated to be the ratio of the
flow time of the solution t (sec) to that of solvent t,:
t
o = 5 = T + 1 (3-1)

where 7, is the specific viscosity (Harding, 1997). Then the reduced

specific viscosity, 7n..q, (ML/g) and the inherent viscosity, n;,,, (mL/g)

were obtained from:

Nred = (nrel - 1)/C (2'32)
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Ninh = (11’1 7’]re:l)/c (3'2)

where ¢ (g/mL) is the solute concentration (Harding, 1997).

These n,.q and n;,, can be extrapolated to zero concentration in order to

eliminate nonideality effect, leading to the intrinsic viscosity [n]:

Nred = [77] (1 + KH ) [U] ) C) (3'3)

Mion = [M] (1 — Kk - [n] - ©) (3-4)
where Kj; is the Huggins constant (Huggins, 1942) and K is the Kraemer
constant (Kraemer, 1938). Additionally, a combination of equations (3-7)

and (3-8) was used (Solomon and Ciuta, 1962):

Q|

[TI] = [Zr]sp - Zln(nrel)]l/z (3-5)

3.3. Results and discussion
3.3.1. Comparison of hydrodynamic properties of HA and TSP of the preparations
Table 3-1 summarizes the hydrodynamic properties of the hyaluronic acid
and tamarind seed gum preparations (supplied by Farmigea AG) in the
phosphate-chloride buffer. Sedimentation velocity (Figure 3-2a,b) and the
elution profiles from SEC-MALS (Figure 3-3a,b) show unimodal
behaviour for both HA and TSP. Extrapolation of the sedimentation

coefficients to zero concentration (Figure 3-2c,d) yield s;q,,values of (4.7
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+ 0.2)S and (5.4 £ 0.2)S, with concentration dependence or Gralén “ks”
parameter values, respectively of (1171 + 20) ml/g and (240 + 30) ml/g. The
lower value for ks for TSP is commensurate with the presence of weak self-
associative effects previously reported (Patel et al., 2008), due to a gentle
slope compared to HA, which has an opposing effect on the concentration

dependence to hydrodynamic nonideality.

Table 3-1: Hydrodynamic properties of hyaluronic acid (HA) and

tamarind seed gum polysaccharide (TSP) in PBS “Paley” buffer.

Sample HA TSP
[n] (ml/g) 1475 4 30* 675 + 20*
50w (S) 4.7 +0.2* 5.4+ 0.2%
a 0.86 0.63
1073 X M,, (g/mol) 680 + 30* 830 + 30*
M,/M,, 1.1 1.1
M,,/M,, 1.1 1.2

*These figures are within 2 SDs (Standard Deviation).
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(@) 0.08 mg/ml ®) 0.04 mg/ml
0.15 mg/ml 0.08 mg/ml
0.23 mg/ml 0.15 mg/ml
n ——0.39 mg/ml ——0.30 mg/ml
o 47 ——0.46 mg/ml| ) o4 ——0.61 mg/ml (]
> ——0.62 mg/ml G ——1.23 mg/ml
—1.24 mg/ml ——2.46 mg/ml
0+ - - - - - 0+ = —— - . >
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
sedimentation coefficient s, (S) sedimentation coefficient s, (S)
(c) (d)
0.6 0.6-
< 0.44 = 0.4
2} 2}
3 3
3 a
- 0.24 - 0219
0.0 : . : - 0.0 - : - : :
0.0 0.3 0.6 0.9 1.2 0.0 0.5 1.0 1.5 2.0 25
concentration (mg/ml) concentration (mg/ml)

Figure 3-2. Sedimentation coefficient distributions. (a) Hyaluronic acid,
HA. (b) Tamarind seed polysaccharide, TSP. (c¢) Corresponding
concentration extrapolation to zero concentration to eliminate nonideality
effects for HA (d) Corresponding plot for TSP. Solution pH = 6.8, [ = 0.1,

temperature = 20.0 °C.
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Figure 3-3. Size exclusion chromatography—multiangle light scattering (SEC-MALS)
elution profiles for (a) hyaluronic acid, HA and (b) tamarind seed polysaccharide, TSP.
Solid black circles: light scattering signal at a scattering angle 6 = 90°. Open circles:
concentration (refractive index) signal; dashed line: differential pressure (viscosity)
signal; fe = elution time. (¢) Zimm fit of K¢/Ry (see text for definitions) vs sin?(0/2) for
HA, at a single elution time f.. (d) Corresponding plot for TSP. Solution pH = 6.8, 1 =

0.1, temperature = 20.0 °C.
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SEC-MALS elution profiles for HA and TSP respectively are given in

Figure 3-3a,b, and corresponding typical Zimm extrapolations for specific

elution volumes are given in Figure 3-3c¢,d. Weight average molar masses

My, of (680 + 30) kDa and (830 + 30) kDa for the HA and TSP preparations

are obtained, with low polydispersities commensurate for an optical

formulation.

Corresponding viscosity plots obtained with the Ostwald capillary

viscometer are shown in Figure 3-4 for HA (Figure 3-4a) and TSP (Figure

3-4b) respectively, yielding values of (1475 £ 30) ml/g and (675 +20) ml/g,

which were the mean values of the Huggins/Kraemer intercepts. There was

no difference between capillary and DPV viscometers.
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Figure 3-4. Evaluation of the intrinsic viscosity [n] from Ostwald viscometry: (a) HA
and (b) TSP. Squares: Huggins’ extrapolation; triangles: Solomon—Ciuta; circles:

Kraemer extrapolation. Solution pH = 6.8, = 0.1, temperature = (20.00 + 0.05) °C.
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Values for the molar mass and intrinsic viscosity for the Farmigea

hyaluronic acid preparations (Table 3-1) are somewhat lower than we

analysed previously from a different source (Hokputsa et al., 2003a, 2003b).

By contrast the tamarind seed gum preparations gave similar results to those

found previously in our research group (Patel et al., 2008; Picout et al.,

2003). The differential pressure Viscostar (Wyatt Technology, Santa

Barbara USA) viscometer attached on-line to SEC allows relative

viscosities Nrel(Z.) to be recorded as a function of elution volume (or elution

time f.), and the corresponding molar masses My(Z.).

Since the concentration is known also for each value of t. from the refractive

index detection, this enables an estimate for [n](z.) to be obtained from

equation (3-9). Mark—Houwink—Kuhn—Sakurada (MHKS) plots of log

[n](ze) vs log Myw(t.) for HA and TSP respectively are given in (Figure 3-

4a,b), enabling evaluation of the MHKS conformation parameter a:

[n](ze) = Muw(te)* (3-6)

From Figure 3-5a (HA) a value of a of 1.1 is obtained, corresponding to a

stiff extended conformation, although >M = 800 kDa a lower value is

obtained (a ~ 0.55) corresponding to a flexible random coil conformation.

However, the MHKS coefficient of HA is a = 0.86 without consideration of
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log (Inl(t))

(@)

this transition. Figure 3-5b we obtain a = 0.63 for TSP, also corresponding

to a flexible random coil.
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Figure 3-5. Mark—Houwink—Kuhn—Sakurada plots of log intrinsic viscosity

vs log molecular weight M(z.) at corresponding elution times z.: (a) HA and

(b) TSP. Solution pH = 6.8, I = 0.1, temperature = (20.0 £ 0.1) °C.
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3.3.2 Hydrodynamic behaviour of mixtures of HA and TSP
Figure 3-6a shows the SEC-MALS profile for a mixture of HA with TSP.
One can see a slight shift to lower elution times (higher molar masses)
relative to HA and TSP by themselves (Figure 3-3a,b with a shoulder at
lower elution time suggestive of some degree of complexation. Analysis
using ASTRA software shows a small decrease in the measured My, (= 720

+ 30) kg/mol compared with the predicted value of 755 kg/mol.
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Figure 3-6. (a) Elution profiles for a 1:1 mixture of HA to TSP in 0.1M, pH 6.8 PBS

buffer. Solid circles—light scattering 90° signal. Open circles—concentration

(refractive index) signal. Dashed line—relative viscosity signal. The concentration of

HA =1 mg/mL, and TSP=1 mg/mL. (b) Sedimentation coefficient distributions for HA

(black), TSP (red) and HA-TSP mixture (green). Concentrations of HA, TSP 1 mg/mL.

(c) As (b) but concentrations of HA, TSP = 2.0 mg/mL.
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These observations are reinforced by the results from intrinsic viscosity.
Table 3-2 shows the comparison of the theoretical intrinsic viscosity
calculated from the ratio of HA to TSP in each mixture with varying ratios
(the HA:TSP ratios = 3:1, 1:1 and 3:1), and the actual intrinsic viscosity
obtained experimentally from the capillary viscometry. It is clear that there

is no significant increase (HA:TSP = 1:1 and 1:3).
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Table 3-2: Measured intrinsic viscosities for HA: TSP mixtures compared
with the theoretically predicted (based on values from Table 3-1) if there
was no interaction. The experimental value of HA:TSP = 1:3 was lower
than the theoretical one because the portion of HA was smaller than TSP,

which was less viscous than HA.

HA:TSP ratio nl [n] (theoretical)

1:3 780 mL/g 940 mL/g
1:1 1100 mL/g 1075 mL/g
3:1 1180 mL/g 1200 mL/g
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3.4. Conclusions

The present findings of this interaction study using mixtures of hyaluronic acid and

tamarind seed polysaccharides implies there is no incompatibility in solutions of

the two, at concentrations used in popular formulations to help supplement reduced

lachrymal fluid/ ocular mucin in an aging population. Earlier observations with

similar concentrations using NMR spectroscopy (Uccello-Barretta et al., 2010)

have demonstrated a synergistic interaction between the two polysaccharides. The

present study complements those observations by showing that no large aggregate

or supramolecular formation was evident, reassuring for formulations involving the

two polymers.

In the following chapter, we consider the hydrodynamic properties of another

important glycan — teicoplanin — considered for use as an antibiotic in the treatment

of ocular and other diseases.
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Chapter 4: Self-association of the glycopeptide antibiotic teicoplanin A2 in

aqueous solution studied by molecular hydrodynamics.

4.1. Introduction

Teicoplanin is a member of the glycopeptide antibiotic family, such as vancomycin,

to treat severe bacterial infections. This glycopeptide antibiotic was first extracted

from Actinoplanes teichomyceticus, which was discovered in 1978 from an Indian

soil sample (Parenti et al., 2006). Its main chemical structure (Figure 4-1) is a

heptapeptide with three monosaccharide residues: a-D-mannose, N-acetyl-p-D-

glucosamine, and N-acyl-B-D-glucosamine (Barna et al., 1984; Hunt et al., 1984).

For teicoplanin, there are six major subtypes (A2-1 through A2-5, and A3-1) and

four minor subtypes (from RS-1 to RS-4) (Bernareggi et al., 1992). Of these

subtypes, teicoplanin is primarily formed by bacteria as a blend of A2-1 through

A2-5 lipoforms which have different fatty acid chains attached to the GlcNAc (N-

acetyl-B-D-glucosamine) residue (Zanol et al., 1988). The antibiotic mechanism

teicoplanin is similar to another glycopeptide vancomycin (structurally similar,

although not containing lipid), and both antibiotics inhibit the formation of the

peptidoglycan chains of bacterial cell walls, by attaching to the D-Ala-D-Ala C-

terminus of the pentapeptide substrate via hydrogen bonds (Reynolds, 1989).

Moreover, teicoplanin is known to interact with this pentapeptide substrate through
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its hydrophobic lipid chain, resulting in the positioning of the antibiotic being

adjacent to the peptidoglycan (Vimberg et al., 2019; Zeng et al., 2016).

Teicoplanin is used in the treatment of life-threatening infectious diseases caused

by multidrug-resistant Gram-positive bacteria, including methicillin-resistant

Staphylococcus aureus (MRSA) and Enterococci. Teicoplanin has a proven,

outstanding high efficacy in various tissue sites, such as the heart and respiratory

tracts (Vimberg, 2021). Its main routes of administration are intravenous and

intramuscular, although it is also given orally and is considered for topical

administration, especially for treating ocular infections.

The therapeutic plasma concentration of teicoplanin ranges from 10 to 30 mg/L,

depending on the severity of the disease or the range of infectious sites, for example,

bone infections (Pea, 2020; Pea et al., 2003; Wilson, 2000), and has been found to

bind to serum albumin in the blood (Wilson, 2000). On the other hand, oral and

topical (ocular infections) administrations are limited. The oral route is used for the

treatment of pseudomembranous colitis caused by Clostridium difficile (Wenisch

et al., 1996). In terms of ocular infections, Kaye suggested synergistic benefits of

teicoplanin with other antibiotics, such as meropenem, against S. aureus keratitis

(Kaye, 2017; Sueke et al., 2015), although Kaye’s research group concluded that

there was little penetration of teicoplanin into human aqueous humour below the
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cornea with the administration of 10 mg/mL eye drops (Kaye et al., 2009).

Antoniadou et al. also reported a similar result: no penetration into the aqueous

humour, with the subconjunctival injection (approximately 0.5 mL) of 25 mg

teicoplanin (Antoniadou et al., 1998).

Since the beginning of the Covid-19 pandemic in December 2019, teicoplanin has

been spotlighted as a potential drug candidate against severe acute respiratory

syndrome coronavirus 2 (SARS-CoV-2) due to its well-known antiviral ability.

Zhou and colleagues had earlier indicated that teicoplanin inhibited cell entry of

the SARS-CoV virus (Zhou et al., 2016). In order to cross the cell membrane and

enter a host cell, both SARS-CoV and SARS-CoV-2 viruses depend on cysteine

proteinase cathepsin L (CTSL), which splits viral spike (S) glycoproteins attached

to a host receptor so that viruses are released from an endosome within the host

cell (Yuetal., 2022; Zhou et al., 2016). The fatty acid chain of teicoplanin interacts

with CTSL, while vancomycin, without such a hydrophobic group, cannot express

antiviral activity against CTSL-dependent viruses (Zhou et al., 2016).

Consequently, some clinical studies were focused on the novel medical use of

teicoplanin as a Covid-19 drug (Ceccarelli et al., 2021, 2020). Regardless of

whether teicoplanin is used in the treatment of Covid-19 or co-infections of Gram-

positive bacteria in Covid-19 patients, its use is still in demand.
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However, there has been a growing concern about the resistance to teicoplanin in

pathogens since its approval in Europe in 1988. In the same year, it was already

shown that vancomycin- and teicoplanin-resistant Enterococci strains had been

isolated from patients in France (Leclercq et al., 1989). Gram-positive bacteria,

especially Enterococci, acquire resistance by modifying their D-Ala-D-Ala moiety

of peptidoglycan precursors, Lipid II. This moiety is transformed to either D-Ala-

D-Lac (vanA, vanB, vanD) or D-Ala-D-Ser (vanC, vanE, vanG) in resistant strains,

and as a result, glycopeptides have a low affinity to these phenotypes of precursors

(Blaskovich et al., 2018; Butler et al., 2014).

Although it is important to explore how teicoplanin binds to the Lipid II moiety

regardless of its phenotypes, the knowledge of the biological form of teicoplanin

in an aqueous solution is of importance. It is known that the minimum volume of

solvent required to dissolve 400 mg of teicoplanin is 3 ml because, below that value,

a gel might be formed in the solution (Wilson, 2000). This gelation/coalescence of

teicoplanin was thought to be caused by micellization due to its hydrophobic tail

(Armstrong and Nair, 1997; Wan and Blomberg, 1997), although a teicoplanin

derivative without that tail can still aggregate in solution (Bardsley et al., 2002).

This concentration-dependent aggregation might lead to poor permeability of

teicoplanin across the epithelial lining by the oral and topical (ocular) routes, and
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additionally, the aggregated form may be responsible for excessive exposure of
teicoplanin, resulting in more bacteria acquiring resistance. Due to its importance,
in this study, we perform an analysis of this associative/aggregation effect using
the powerful hydrodynamic techniques of sedimentation velocity and
sedimentation equilibrium in the analytical ultracentrifuge (SV-AUC, SE-AUC)
taking advantage of the inherent separation and analysis facilities of the analytical
ultracentrifuge (AUC). Analytical ultracentrifugation is a matrix-free method with
a broad range of molar masses, 10>-10® g/mol, and the key technique used to
explore the molecular behaviours of proteins, polysaccharides, or other
macromolecules in solution (Harding, 2018). AUC has recently been used to
characterize the self-associative properties of vancomycin (Phillips-Jones et al.,
2017b) and its interactions with VanS (Phillips-Jones et al., 2017a) and mucins
(Dinu et al., 2020).

Then I also assess the solution conformation of the association/aggregation
products using molecular viscometric analysis of the intrinsic viscosity [n], in
combination with the sedimentation coefficient from sedimentation velocity. We
believe this present study is the first report demonstrating the self-association of

teicoplanin with hydrodynamic methods.
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4.2. Materials and methods

4.2.1 Teicoplanin

Teicoplanin A2 (monomer molar mass: M1 = 1877.6 g/mol for teicoplanin

A2-1, M; = 1879.7 g/mol for teicoplanin A2-2 and A2-3, and M = 1893.7

g/mol for teicoplanin A2-4 and A2-5) was purchased in powder form from

Sigma-Aldrich, United Kingdom. Its structure is shown in Figure 4-1:
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Figure 4-1: Structure of teicoplanin (adapted from the National Institute for Health/

National Center of Biotechnology Information based on an original structure given by

F. Parenti(1986)). Teicoplanin lipoform A2-2 (M; = 1879.7 g/mol) shown: the other

major lipoforms of A2 with different acyl chains are shown in the inset.
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Teicoplanin samples were prepared in a phosphate-chloride buffered saline
solution (PBS, or “Paley buffer”) at pH~6.8 and, by adding NaCl, adjusted
to an ionic strength of I = 0.1 mol/L (Green, 1933).
The concentration, ¢ (g/mL) of the stock solution was then measured using a
differential refractometer (Atago DD7, Tokyo, Japan) set to zero with the
reference solvent (PBS) and using a refractive increment dn/dc of 0.188 mL/g
for teicoplanin (Tesarova et al., 2001). The measured concentration was
multiplied by 0.96 for moisture content correction, being calculated from the
difference in the weights of teicoplanin powder before and after the vacuum
oven (Vacuum Oven 31 litres, Fistreem, Cambridge, UK) drying overnight
(Taber, 1980).
The partial specific volume v from solution/ solvent densities was
determined using an Anton-Paar (Graz, Austria) digital density meter (Kratky
et al., 1973), and application of:

5= (1-22) (4-1)
at a concentration, ¢, of 10.2 mg/mL, and where p and p, are the densities
of the solution and solvent, respectively. A value of (0.64 £0.01) mL/g, was

obtained, similar to that for vancomycin (Phillips-Jones et al., 2017b).
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4.2.2. Sedimentation velocity in the analytical ultracentrifuge

Experiments to determine sedimentation coefficients and sedimentation
coefficient distributions were performed at a temperature of 20.0 °C using an
Optimal XL-I analytical ultracentrifuge (Beckman Instruments, Palo Alto,
CA, USA) with Rayleigh interference optics. Teicoplanin samples (400 uL)
and reference solvent (PBS, 420 ulL) were injected into channels of the 12
mm double sector epoxy cells with sapphire windows. These cells were then
centrifuged at 47500 rpm for a run time of ~24 h and the data obtained were
analysed in SEDFIT using the least squares, Is-g*(s) processing method
(Dam and Schuck, 2004). This generates the sedimentation coefficient
distribution, g(s) versus stp, where stp is the sedimentation coefficient, at
temperature 7 in buffer b. The s value in Svedberg units, S= 10713 seconds,
was then normalised to standard conditions (density pq, and viscosity
N20w Of water at 20.0 °C) to give spq,, from the equation (Schachman,
1950):

S20w =

1—-0poow MNTb
— * STD (4-2)
1-vprp MN20w

where prp, and 77, are the density and the viscosity of buffer b at

temperature 7, respectively.
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4.2.3. Sedimentation equilibrium in the analytical ultracentrifuge

Due to the longer time required compared to sedimentation velocity,
sedimentation equilibrium experiments were performed at a temperature of
7.0 °C (to stabilise teicoplanin samples) also using the Optimal XL-I
analytical ultracentrifuge to obtain equilibrium concentration distribution
profiles. To characterise the self-association/aggregation of teicoplanin, 12
mm double sector epoxy cells were loaded with the same volumes (100 puL)
of both solution and solvent and run at 45000 rpm for a run time of ~48 h.
Lower experiment temperature stabilised samples. Records of concentration
distributions of teicoplanin at equilibrium were subsequently analysed using
the model-independent SEDFIT-MSTAR algorithm (Schuck et al., 2014).
Since the non-ideality of teicoplanin is negligible due to a low concentration,
we estimated that apparent weight average molar masses M, ., Wwere

approximately equal to the true weight average molar masses M,, (Creeth

and Harding, 1982).

4.2.3. Hydrodynamic radius determination by dynamic light scattering (DLS)

Dynamic or quasi-elastic light scattering (DLS or QLS) measurements were

made on the fixed scattering angle Zetasizer Nano-S system (Malvern
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instruments Ltd., Malvern UK) equipped with a 4mW He-Ne laser at a

wavelength of 632.8nm (Harding et al., 1992; Nobbmann et al., 2007).

Samples in solution were measured in a quartz cuvette at 20.0°C. A

scattering angle of 173° was used, and collected in manual mode, requiring a

measurement duration of 90 seconds. The resulting data were analysed

using the “Zetasizer Software (Version 7.1)” (Malvern Instruments Ltd.,

Malvern, UK), providing a volume distribution of translational diffusion

coefficients based on a form of the CONTIN program (Provencher, 1992).

The viscosity of the buffer used was calculated using a solvent builder

interface and takes the effects of buffer salts into account. The z-average

hydrodynamic radii »- (nm), were evaluated from the z-average translational

diffusion coefficients D, by the Stokes-Einstein equation (Harding et al.,

1992):

r2= ks T/ {6mnD,} (4-3)

where kg is the Boltzmann constant, 7 is the absolute temperature and 7 is

the viscosity of the medium. The following assumptions were made (i) the

solutions were sufficiently dilute and sample sizes sufficiently small that

non-ideality effects were not significant — i.e. an extrapolation to zero

concentration was not necessary. This is reasonable as the non-ideality is due
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to the low concentration and small size of teicoplanin, and for translational
diffusion, the two main contributory factors to non-ideality — the
hydrodynamic and thermodynamic terms - compensate for each other and
can even cancel each other out (Harding and Johnson, 1985a, 1985b). (ii) the
teicoplanin in its monomeric and multi-metric form were quasi-spheroidal
and not asymmetric so there was no angular dependence of the measured D,,
values on anisotropic rotational diffusion effects — i.e. an extrapolation to

Z€10 angles was not necessary.

4.2.4. Intrinsic viscosity measurement
Teicoplanin solutions were analysed using the capillary viscometer AMVn
(Anton-Paar, Graz, Austria). This measurement was conducted at a
temperature of 25.0 °C based on the rolling ball viscosity method. With a
1.4mm steel ball moving in a 1.6 mm diameter glass capillary, the flow time
of the solvent and solution was then determined. The relative viscosity was
calculated from the equation:
Mret = ﬁ =Nsp + 1 (4-4)

where 1, is the specific viscosity (Harding, 1997). Then the intrinsic

viscosity [n] was estimated from the Solomon-Ciuta relation(Solomon and
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Ciuta, 1962) at a concentration of 10.2 mg/ml:

1
2

[77] ~ % [277510 - Zln(nrel)] (5)

4.3. Results and discussion
4.3.1. Hydrodynamic properties of teicoplanin

Figure 4-2 shows the sedimentation coefficient distribution function g(s)
plotted versus s20,w, Where g(s) is the proportion of sedimentation coefficient
values lying within the range of s and s+ds. Sedimentation velocity plots
obtained using the algorithm SEDFIT for teicoplanin (Figure 4-2) reveal
unimodal behaviour at much higher s-values than expected for monomeric
teicoplanin, for concentrations >0.5 mg/ml. Below this concentration
separation occurred with bimodality. Figure 4-3 shows a plot of s vs ¢ for
those concentrations where unimodality is still clear. The extrapolated value
of ~ 4.65 S is in good agreement with a spherical 18-19-mer of the molar
mass of 35400, while the lower extrapolated value of ~ 0.7 S is the predicted
value for a spheroidal unimer.

In order to effectively assess the 19-merisation, we sought the application of
a chaotropic agent (6M GuHCI) to reduce the solvent effects of water and

make teicoplanin more soluble. 6M GuHCI disrupts hydrogen bonds between
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water molecules so that teicoplanin A2 is prevented from aggregating in

solution. The s-value of teicoplanin dissolved in 6M GuHCI was ~0.7 S and

520w Was (1.17 £ 0.01) S. For the weight-average molar mass, My = (1.75 £

0.35) kDa (see Figure 4-4), corresponding the unimer, was obtained. Since

teicoplanin was dissolved in the chaotropic agent, the teicoplanin samples

did not become 18-19mer over 0-10 mg/mL.
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Figure 4-2: Sedimentation coefficient distribution of teicoplanin A2 at different

concentrations from 0-5 mg/mL. The Y-axis ranges are different for each sample

because that is clearer to see unimodality for higher concentrations (>0.5 mg/mL) and

separation occurring for lower concentrations (<0.5 mg/mL). There were no

aggregations between 10-50 S.
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Figure 4-3: Change of apparent sedimentation coefficient (s20,w) of teicoplanin A2 with
sedimenting concentration, ¢. Concentrations were corrected for radial dilution. The
extrapolated value of ~ 4.65 S is consistent with a spherical 18-19-mer of the molar
mass of 35400. The lower extrapolated value of ~ 0.7 S is the predicted value for a
spheroidal unimer, which is consistent with the s-value of teicoplanin dissolved in 6M

GuHCl, s20w = (1.17 £ 0.01) S. Solid line is a standard French curve fit to the data.
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4.3.2. Teicoplanin self-association

To determine the weight-average molar masses M,, of teicoplanin, the M*

extrapolation method (Creeth and Harding, 1982) and hinge point analysis

(Schuck et al., 2014) incorporated in the sedimentation equilibrium-based

SEDFIT-MSTAR software (Schuck et al., 2014) were used. A similar

approach was previously used in the analysis of vancomycin (Phillips-Jones

et al., 2017b). Rayleigh interference optics provides an accurate record of a

sedimentation equilibrium concentration profile ¢(7) vs r, which means that

the local concentration ¢ at the radial position 7 (cm) is from the rotation

centre. M*(r) is a useful operational point average molar mass parameter.

M*(r—r,) = My is the weight average molar mass over the whole

macromolecular distribution, where 7 is the radial position at the cell base.

This method is particularly advantageous for polydisperse/ or self-

associating systems (Creeth and Harding, 1982). As an additional check, the

“hinge point method” (the value of the point weight average molar mass,

My(r) at the “hinge point” in the sedimentation equilibrium distribution, i.e.

the radial position in the cell where the local concentration c(r) = the original

loading concentration) provides another estimate for the whole distribution

molar mass My (Schuck et al., 2014).
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When the value of apparent weight average molar masses My was

extrapolated to zero concentration (1.9 + 0.1) kDa was obtained, comparable

to (M1 = 1879.7 g/mol) of teicoplanin A2-2. This function also gives an

approximation of the point weight average molar mass at the hinge point #inge.

At this radial position g the corresponding concentration ¢(r) is equal to

the initial loading concentration ¢, My(Fhinge) = M. The value of (2.7 £ 0.1)

kDa was obtained which is greater than the monomer molar mass of

teicoplanin A2-2 because of self-association.

Regardless of whether using the hinge point method or the M* method, the

change of the apparent weight average molar masses M., 4 plateaus from ¢

= 1 mg/mL (Figure 4-4), giving a value of (35400 + 1000) g/mol. This

corresponds to ~ 19mers in the hinge point method while (33000 + 1000)

g/mol corresponds to ~ 18mers for the M* method.
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Figure 4-4: Change of weight average molar mass M, of teicoplanin with loading
concentration derived from sedimentation equilibrium analysed by SEDFIT-MSTAR.
Solid square symbols are molar masses M,;qpp obtained from the M* method. Solid
round symbols are molar masses M4 obtained from the hinge point method. Solid
line is a standard French curve fit to the data. Open triangle symbols are molar masses

My,qpp of teicoplanin dissolved in 6M GuHCI from the M* method.
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4.3.3. Dynamic light scattering analysis

The self-associative process was confirmed by DLS measurements. Three

concentrations were analysed (0.125, 1.25 and 12.5 mg/mL). At 12.5 mg/mL

(which corresponds from Figures 4-3 and 4-4 to the 18-19 mer species) a

particle size distribution of r, ~ 3.2nm is observed, and as the concentration

is lower the size distribution becomes clearly smaller, indicating dis-

assembly towards a smaller molecule (Figure 4-5).
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Figure 4-5: Distribution of z-average hydrodynamic radii obtained from dynamic light

scattering measurements at 20.0°C for teicoplanin in solution at concentrations 12.5,

1.25 and 0.125 mg/mL.
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4.3.4. Conformational analysis of teicoplanin 18-19mer assembly

The sensitive hydrodynamic conformation probe of intrinsic viscosity [n]

was used to assess the conformation of the teicoplanin ~ 19mer assembly,

reinforced by the sedimentation coefficient, molar mass and (z-averaged)

hydrodynamic radius 7, from dynamic light scattering. To avoid possible

dissociation effects and to ensure a sufficient flow-time increment, we

estimate [n] using the Solomon-Ciuta equation (4-5) at a concentration of

10.2 mg/mL. A value for [n] of (3.2+0.1) mL/g.

In order to interpret this in terms of a molecular shape it is necessary to

consider the contribution of the swollen specific volume of the assembly in

solution vg (which will be swollen due to a time-averaged association with

the surrounding solvent through dynamic hydrogen bonding and other

associative processes) (Harding et al., 1992):

] =v.vs (4-6)

Equation (4-6) v is the Einstein-Simha shape factor. vs is likely to be higher

than for proteins due to the relatively large proportion of carbohydrates which

tends to have a greater affinity for solvent. In 7able 4-1 values of the shape

factor v, and their corresponding ellipsoid of revolution axial ratios a/b were
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calculated based on either a prolate or oblate model, using the routine

ELLIPS1 (Harding et al. 1997) for 3 cases of v¢/ U , including the (unlikely)

case of no swelling v¢/ U = 1. The maximum value for vy¢/v =2, which

corresponds to the minimum value of a/b = 1 (i.e. a sphere, Figure 6), and

this seems the most likely scenario.
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Table 4-1: Values of the viscosity shape function v and axial ratio a/b for

different values of v¢/v

vs/ U Vs v (a/b) prolate | (a/b) oblate
(mL/g)

1* 0.64 5.0 4.3 5.4

1.5 0.96 33 2.5 2.8

2 1.28 ** 1 2.5 1 1

*no swelling through dynamic hydration effects. vs: swollen specific volume;

**when vs = 1.28, a/b is the smallest value (= 1).

U: partial specific volume (0.64 mL/g)
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Figure 4-6: ELLIPS1 (Harding et al., 1997) representation of the

conformation of teicoplanin showing an axial ratio (a/b) = 1: i.e. a sphere.
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To check this, we use a global fitting approach known as SingleHYDFIT

(Ortega and Torre, 2007) which combines intrinsic viscosity data with

sedimentation coefficient and dynamic light scattering (hydrodynamic

radius) data together, along with the molecular weight and partial specific

volume. It involves the minimization of a global fitting function (Figure 4-

7). The E2 protocol (ratio of ellipsoid) was chosen and run twice: once with

an assumed molar mass equivalent of an 18-mer (33835Da) and once again

with an assumed molar mass of 19-mer (35714Da). Delta (A) was plotted

against the axial ratio, where values <1 mean oblate and >1 mean prolate

(Figure 4-7).

In Figure 4-7, the plot shows the optimisation of axial ratios and provides an

indication of the most likely value to occur. SingleHYDFIT yielded an axial

ratio of (1.04+0.0) for both molar masses of 18- and 19-mers and suggested

that the supramolecular structure was that of a sphere regardless of whether

it would be an 18- or 19-mer, confirming the swelling factor of 2 through

hydration.
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Figure 4-7. Minimisation function performed by SingleHYDFIT on

teicoplanin, using the above hydrodynamic parameters and molar mass

consistent with either 18-mer (black square) or 19-mer (red circle). Both plots

minimise to 1.0 axial ratio.
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4.4. Conclusions

In conclusion, based on the matrix-free methods of analytical ultracentrifugation

and macromolecular viscometry, teicoplanin appears in phosphate-chloride

buffered solution at pH6.8 and I=0.10 mol/L as a spheroidal 18-19mer assembly

with a swelling ratio in a solution of ~ 2 which dissociates at concentrations < 0.5

mg/mL. This spherical conformation would be consistent with a micellar-like

association with the acyl chains on the inside.

There are some similarities with another “last line of defence” glycopeptide

antibiotic vancomycin (Hughes et al., 2017; Phillips-Jones et al., 2017b) On the

one hand, vancomycin also shows reversible self-associative behaviour above a

similar concentration, but this appears to largely truncate to a monomer-dimer only.

On the other hand, teicoplanin with its higher degree of glycosylation (two residues

in vancomycin versus three residues in teicoplanin) and the lipid chains attached to

one of the GIcNAc residue self-associates to give a much larger 18-19mer structure

in solution, a structure which is broken by the hydrogen and ionic bond disruptive

agent 6M GuHCI. As to the nature of this large spherical n-mer association, it could

either be due to micellization inspired by its fatty acid chain (Armstrong and Nair,

1997; Wan and Blomberg, 1997) or it could be due to the non-specific association

of its other hydrophobic regions (Bardsley et al., 2002). Interestingly, teicoplanin
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aglycon without a lipid chain had previously been found to dimerise weakly in

solution (Bardsley et al., 2002). Each or both structural differences may affect the

number of building blocks during polymerisation, requiring further research by

sedimentation equilibrium experiments using teicoplanin derivatives without either

a long acyl chain or sugar units.

In the clinical setting, serum concentrations of teicoplanin are >10 pg/mL or 10

mg/L for intravenous injection (Wilson, 2000), resulting in a unimer form of

teicoplanin in blood, pH7.4 and 1=0.15 mol/L (Covington and Robinson, 1975). On

the other hand, 10 mg/mL of eye drops (Kaye et al., 2009) would lead to the 18-19

mers on the conjunctiva due to the difficulty of diluting quickly, which makes it

harder for teicoplanin to permeate beyond the cornea. This means that any

concentration >0.5 mg/mL has the potential to reduce topical penetration, while at

lower concentrations (<10 mg/L or 10 pg/mL) the dose is below the therapeutic

concentration and thus ineffective (Wilson, 2000).  Furthermore, if the

hydrophobic acyl groups are involved with the binding to the bacterial

peptidoglycan, then micellization would appear to reduce the efficacy as an

antibiotic at these higher doses.

Additionally, the methods we used can be applied to other members of glycan

antibiotics, such as dalbavancin, a lipoglycopeptide with both a fatty acid chain and
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two sugar residues. Dalbavancin is a second-generation drug developed based on

both vancomycin and teicoplanin (Scheinfeld, 2006). Our combined understanding

of the different hydrodynamic behaviour of vancomycin and teicoplanin will help

in the development of dalbavancin and other important future-generation antibiotic

drugs would result in a better understanding of the structural effects on the

aggregational behaviour of some antibiotics. The presence of the third

carbohydrate residue and its reinforcement of the interaction potential through

hydrophobic interactions of teicoplanin also bears comparison with a new study

using molecular dynamics simulations of the semisynthetic disaccharide antibiotic

oritavancin which opens the door for a new generation of antibiotics in the fight

against bacterial disease (Khamesipour et al., 2015) — and the increasing threat of

antimicrobial resistance (Olademehin et al., 2022; Phillips-Jones and Harding,

2018).

In the next chapter, we consider the behaviour of mixtures of teicoplanin with

mucins.
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Chapter 5: A comparative hydrodynamic and imaging study on teicoplanin A2 and

bovine submaxillary mucin as a model ocular mucin.

5.1. Introduction

Teicoplanin is the ‘last resort of defence’ drug to treat severe infections of Gram-

positive bacteria including methicillin-resistant Staphylococcus aureus (MRSA)

and enterococci (Binda et al., 2014). Its chemical structure was first determined in

1984 (Barna et al., 1984; Malabarbra et al., 1984). Figure 1-4 shows that the core

aglycone structure of teicoplanin is a linear heptapeptide, combined with three

monosaccharide residues: a-D-mannose, N-acetyl-B-D-glucosamine, and one of

five subtypes of N-acyl-fB-D-glucosamines depending on teicoplanin A2-1 through

A2-5 (Wilson, 2000). The mixture of five subtypes of teicoplanin is produced by

Actinoplanes teicomyceticus (Borghi et al., 1991) and is generally administered as

a single product in clinical practice (van Groesen et al., 2022). The prominent

difference with vancomycin is the presence of a long fatty acid chain attached to

the (N-acyl-) B-D-glucosamine residue, compared with vancomycin bearing a non-

acylated disaccharide residue as shown in Figure 1-4 (Nicolaou et al., 1999). Both

glycan antibiotics show antibacterial activity in the same manner. Namely, they

bind to the membranous protein (Lipid II) and prevent this peptidoglycan precursor

from insertion into the bacterial cell wall (Blaskovich et al., 2018). However, to
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increase their affinity for the peptidyl D-Ala-D-Ala motif of Lipid II, vancomycin
cooperatively dimerises in a back-to-back manner, while teicoplanin does not show
dimerization and uses its hydrophobic tail to anchor itself at the bacterial membrane
(Beauregard et al., 1995). Figure 5-1 shows the suggested binding mechanisms of

vancomycin, compared with teicoplanin.
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Figure 5-1: The suggested binding mechanisms of vancomycin (A) and teicoplanin (B)

cited from Trevifio et al. (2014). In this diagram, vancomycin molecules (transparent

black squares) conduct back-to-back dimerization (A), while a teicoplanin monomer

(black square) uses its long acyl chain attached to a phospholipid bilayer cell membrane

(B) so that teicoplanin can be located next to a peptidoglycan precursor.
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Glycan antibiotics are used in ophthalmology. Bacterial infections of the eyes range

from relatively easily treated ones, such as conjunctivitis and blepharitis, to more

serious ones including keratitis, and notoriously endophthalmitis (Forrester et al.,

2016). The significance of MRSA strains for ocular infections is on the increase.

For example, Harford et al. (2022) reported that in the U.K. the percentage of

MRSA-positive cases from eye swabs was 2% on average in 2013-2019. Those

cases are rising in the U.S. (Asbell et al., 2008) and South India (Lalitha et al.,

2017). Therefore, the eradication of MRSA strains on ocular surfaces is routinely

performed for proven positive patients in pre-operative screening. Those patients

receive chloramphenicol drops before eye surgery and intracameral vancomycin

intraoperatively (Harford et al., 2022). Vancomycin eye drops (50 mg/mL) are also

used for the treatment of MRSA-positive keratitis (Tabbara, 2014). On the other

hand, teicoplanin drops are reported to have no or little corneal penetration in

rabbits (Carney et al., 1988) and in patients at 10 mg/mL (Kaye et al., 2009). For

orbital cellulitis, intravenous teicoplanin can be applied to patients with penicillin

allergy, along with oral ciprofloxacin and metronidazole (NHS, 2022).

However, the emergence of further resistant species against these glycan antibiotics

becomes a burning issue for antibiotic selection for ocular infections. Vancomycin-

and teicoplanin-resistant enterococcal species were reported in the U.S. (Sahm et
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al., 1989) and Europe (Leclercq et al., 1989; Uttley et al., 1988) before the 1990s.

Resistance gene clusters are transferred between bacterial cells through plasmids

(van Groesen et al., 2022). Glycan antibiotics attach to the D-Ala-D-Ala motif of

Lipid II through five hydrogen bonds, though these resistance operons modify that

targeted motif into D-Ala-D-Lac for vanA, vanB, vanD, vanF, and vanM, and D-

Ala-D-Ser for vanC, vanE, vanG, vanL, and vanN (Ahmed and Baptiste, 2018).

This modification reduces the number of hydrogen bonds and the Lipid II affinity.

Overuse and misuse of antibiotics are considered major causes of antimicrobial

resistance (Byrne et al., 2019). This is due to excessive exposure of bacterial

populations to antibiotics. These human activities lead to selection pressure,

increasing resistance genes in microbes (Peterson and Kaur, 2018).

Ocular mucins may also contribute to antimicrobial resistance (AMR). There is no

doubt that the mucin layer of tear films protects against bacterial adherence

(Forrester et al., 2016). For example, it is reported that ocular mucus, as well as

bovine submaxillary mucin (BSM), inhibited the adherence of Pseudomonas

aeruginosa on the rabbit corneal epithelium (Fleiszig et al., 1994). However, it is

also reported that antibiotics bind to mucins of intestinal (Niibuchi et al., 1986) and

respiratory (Ramphal et al., 1988) tracts, showing a substantial reduction of their

microbial activity (Huang et al., 2015). Samad et al. (2019) suggested that mucin
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glycoproteins (MUCSAC, MUC2, and MUCS5B) interacted with two antibiotics

against P. aeruginosa (polymyxin and fluoroquinolone), increasing its growth after

exposure to antibiotics. Dinu et al. (2020) reported that gastrointestinal mucins and

BSM induced aggregation with vancomycin. Therefore, mucin components of tear

films might also exacerbate AMR through their interactions with antibiotics.

In this study, commercially available BSM was used as model ocular mucin to

explore interactions with teicoplanin. BSM has been widely used as a tear film

model for the evaluation of contact lenses (Rabiah et al., 2020, 2019; Sterner et al.,

2017) and for the interactions with proteins as a tear fluid mucin model (Setila et

al., 2010). Setdld et al. (2010) especially mentioned the validity of BSM as an

ocular mucin model for in vitro interaction experiments, pointing out that both

ocular mucins and BSM interacted with phospholipid transfer protein. In contrast,

it should be noted that BSM may not necessarily behave like ocular mucins, such

as MUCSAC, the most abundant and gel-forming mucin since commercially

available BSM is not a gel-forming mucin (Zhong, 2016). Furthermore, Rivera and

Tessarollo (2008) warned against dependence on a single animal model to

extrapolate its findings to human pathophysiology, such as human carcinogenesis

(Mak et al., 2014) and inflammatory diseases (Seok et al., 2013; Shay et al., 2013).

However, it is worth conducting preliminary in vitro interaction experiments with
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BSM as a substitute for whole mucin components of tear films just before

sufficiently collecting human ocular mucins.

This interaction study is based on a relatively novel combination of hydrodynamic

and microscopic methods. Sedimentation velocity in the analytical ultracentrifuge

(SV-AUC) is the golden standard method used to evaluate the molecular integrity

of various systems, such as glycoproteins. SV-AUC gives sedimentation coefficient

distributions and sedimentation coefficients relating to molecular sizes (Zaccai et

al., 2017). Dynamic light scattering (DLS) also provides macromolecular sizes

complementary to SV-AUC (Harding et al., 2015). These hydrodynamic results can

be confirmed by environmental scanning electron microscopy (ESEM) and Low-

vacuum SEM visualising macromolecular aggregates from samples. The

combination of these methods was first used by Dinu et al. (2020) to assess the

aggregation of vancomycin with mucins, such as BSM. Many studies are designed

to focus on how glycan antibiotics bind to Lipid II (Phillips-Jones et al., 2017) and

the genomic profiles of resistant microbes (Samad et al., 2019), though the study

on environmental factors including mucin-antibiotic binding, is important as well.

Additionally, the hydrodynamic and microscopic methods will evaluate teicoplanin

regarding the degree of interactions with BSM as an outer mucus model.
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5.2. Materials and methods

5.2.1. Teicoplanin

Teicoplanin A2 powder (the mixture of teicoplanin A2-1 with monomer molar

mass M1 = 1877.6 g/mol, teicoplanin A2-2 and A2-3 with M; = 1879.7 g/mol, and

teicoplanin A2-4 and A2-5 with M = 1893.7 g/mol) was obtained from Sigma-

Aldrich, the United Kingdom. A refractive increment dn/dc of 0.188 mL/g was

used (Tesarova et al., 2001). The stock solution concentration was then measured

with a differential refractometer (Atago DD7, Tokyo, Japan). The final

concentrations (0.125 mg/mL, 1.25 mg/mL, and 12.5 mg/mL) of teicoplanin A2

were prepared in a phosphate-chloride buffered saline solution (PBS or “Paley

buffer”) at pH~6.8, ionic strength of I = 0.1 mol/L (Green, 1933).

5.2.2. Bovine submaxillary mucin, BSM

BSM (Sigma-Aldrich, U.K., catalogue no. M3895, type I-S) was purchased and

then dissolved in the PBS buffer described previously. A refractive increment

dn/dc of 0.181 mL/g for BSM (Dinu et al., 2019) was used. The stock solution

concentration was then determined with the differential refractometer (Atago

DD7, Tokyo, Japan).
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5.2.3. Sedimentation velocity in the analytical ultracentrifuge (SV-AUC)

SV-AUC experiments were conducted at 20.0°C with the Optimal XL-I analytical
ultracentrifuge (Beckman, Palo Alto, U.S.A.) coupled to Rayleigh interference
optics. Reference solvent (PBS) of 420 uL and sample solutions (teicoplanin A2,
BSM, and mixtures of teicoplanin A2 and BSM) of 400 pL were injected into the
channels of 12 mm double-sectored cells with sapphire windows and rotated at
47500 rpm for a run time of ~24 h until the specimen completely sedimented. The
data was then obtained by the interference system to monitor changes in the
concentration of samples in fringe units over radial displacement and the obtained
data were analysed in the SEDFIT algorithm (Dam and Schuck, 2004).
This algorithm produces by the least squares Is-g*(s) method the sedimentation
coefficient distribution, g(s) versus st,p, where s is the sedimentation coefficient
at temperature 7" and in buffer b. The value of stp, given by the unit of Svedberg
(S) = 10713 seconds, was normalised to standard conditions with viscosity and
density of water solvent at 20°C, s, ,,, using the equation (Schachman, 1950):

S20w =

1—-0poow MNTb
——— © STb (5-1)
1-vprp MN20w

where pr, and 77, are the density and the viscosity of buffer b at temperature
T, respectively. The following sets of samples were used: 1 mg/mL BSM control

due to the total concentration of ocular mucins (Ablamowicz and Nichols, 2018),
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teicoplanin A2 control (0.125 mg/mL, 1.25 mg/mL, and 12.5 mg/mL), and the

mixtures (1 mg/mL BSM + 0.125 mg/mL teicoplanin A2, 1 mg/mL BSM + 1.25

mg/mL teicoplanin A2, and 1 mg/mL BSM + 12.5 mg/mL teicoplanin A2).

5.2.4. Dynamic light scattering (DLS)

DLS experiments were performed on the fixed scattering angle Zetasizer Nano-S

system (Malvern Instruments Ltd., Malvern, U.K.) coupled to a4mV He-Ne laser

at 632.8 nm (Harding et al., 1992; Nobbmann et al., 2007). Sample measurements

were made in a quartz cuvette at 20.0°C using a scattering angle of 173°. The data

were obtained and analysed with the “Zetasizer Software (Version 7.1)” (Malvern

Instruments Ltd, Malvern, U.K.). The CONTIN programme (Provencher, 1992)

gives volume distributions of translational diffusion coefficients, D,. The z-

average hydrodynamic radii, ., (nm) were then determined from D, using the

Stokes-Einstein equation (Harding et al., 1992):

_ kgT
6mnD,

Z (5-2)
where kg is the Boltzmann constant given by the units of J/K.
In these experiments, the non-ideality effects were assumed to be insignificant

because the sample solutions are sufficiently dilute and sample sizes are small.

Therefore, an extrapolation to zero concentration is unnecessary. Additionally, for
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translational diffusion, non-ideality is related to the two major factors in the

hydrodynamic and thermodynamic terms, though these factors can compensate

for and thus cancel each other (Harding and Johnson, 1985a, 1985b). Moreover,

the teicoplanin samples — whether monomeric or multimeric forms in solution —

were assumed not to be asymmetric. Therefore, the measured values of D, were

independent of the angle and extrapolation to zero angles was unnecessary.

5.2.5. Environmental Scanning Electron Microscopy (ESEM) analysis

Microscopic experiments of teicoplanin and BSM samples were performed using

a Thermofisher Scientific (Waltham, U.S.A) FEI Quanta 650 ESEM. The samples

were cooled to 2.0°C using a Peltier cooling stage. The relative humidity in the

chamber was then maintained at 80-90% by the pressure of water vapour. The

accelerating voltage of 15 kV was applied for all samples.

5.3. Results and discussion

5.3.1. Analytical Ultracentrifugation (AUC) of teicoplanin-BSM solutions

Figure 5-2 shows the sedimentation coefficient distributions for the interactions

of teicoplanin with BSM 1 mg/mL as an ocular mucin model. The values of

S50 OF BSM control of 1mg/mL, and teicoplanin control of 0.125 mg/mL
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(Figure 5-2a), 1.25 mg/mL (Figure 5-2b), and 12.5 mg/mL (Figure 5-2c) are
4.58S (BSM), 0.95S (0.125 mg/mL teicoplanin), 4.52S (1.25 mg/mL teicoplanin),
and 3.83S (12.5 mg/mL teicoplanin). For the mixture of BSM and 0.125 mg/mL
teicoplanin (Figure 5-2a), there was no clear interaction between each component
(Szo,w of the mixture was 5.42S). On one hand, for Figure 5-2b, there was a little
shift for BSM and 1.25 mg/mL teicoplanin (Szo,w of the mixture was 5.89S), and
there were some aggregates in ~25S and ~35S. For Figure 5-2c, there was a clear
shift for BSM and 12.5 mg/mL teicoplanin (Szo,WOf the mixture was 6.29S).
Furthermore, there were some aggregates in ~30S and ~40S. For both Figure 5-
2b and Figure 5-2c, there was a partial loss of teicoplanin peak at ~0.9S
(teicoplanin unimer) in the mixture of BSM and 1.25 mg/mL teicoplanin (Figure
5-2b).

Generally, the larger the value of s,4,, is, the bigger the molecule is (Zaccai et
al., 2017). For the mixtures of BSM with 1.25 mg/mL (Figure 5-2a) and 12.5
mg/mL (Figure 5-2b) teicoplanin samples, the values of s,(,, changed from
4.528 for 1.25 mg/mL teicoplanin control into 5.89S for the mixture and from
3.83S for 12.5 mg/mL teicoplanin control into 6.29S for the mixture (Also see
Figure 5-4). However, in SV-AUC, the shape of molecules also affects values of

Sp0w- Thus, DLS experiments needed to be performed to give further evidence.
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Figure 5-2: The sedimentation coefficient distributions of the interactions of BSM with

0.125 mg/mL teicoplanin (Figure 5-2a), 1.25 mg/mL teicoplanin (Figure 5-2b), and

12.5 mg/mL teicoplanin (Figure 5-2c¢).
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5.3.2. Dynamic light scattering (DLS)

Further evidence of BSM-teicoplanin aggregation is shown in Figure 5-3

providing the distributions of the apparent translational diffusion coefficient

changed in the apparent radii through the Stokes-Einstein equation, Equation (5-

2). There was a partial loss of mucin components (at 30 nm and 3000 nm) in the

mixture of BSM and 1.25 mg/mL teicoplanin, shown by the two yellow

downward arrows in Figure 5-4. There was also a complete loss of these two

components in the mixture of BSM and 12.5 mg/mL teicoplanin, and the new

aggregates emerge at 300 nm shown by the single yellow upward arrow. These

results from DLS experiments appear to confirm SV-AUC results in terms of the

interactions of the mixtures.
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Figure 5-3: The distributions of z-average apparent hydrodynamic radii, », from DLS

measurements on BSM with teicoplanin 0.125 mg/mL, 1.25 mg/mL, and 12.5 mg/mL.

The different colours denote each sample: teicoplanin controls (0.125 mg/mL for the

black line, 1.25 mg/mL for the red line, and 12.5 mg/mL for the green line), BSM

control (blue line), the mixture of BSM and 0.125 mg/mL (sky blue line), the mixture

of BSM and 1.25 mg/mL (purple line), and the mixture of BSM and 12.5 mg/mL (dark

yellow line).
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5.3.3. Imaging of teicoplanin-BSM aggregates

Figure 5-4 shows the two images of teicoplanin-BSM aggregates in the mixtures of

BSM with 1.25 mg/mL (Figure 5-4b) and 12.5 mg/mL (Figure 5-4c and 5-4d), together

with BSM control (Figure 5-4a). The technique of environmental scanning electron

microscopy (ESEM) was used with the samples under the same conditions as previous

AUC and DLS measurements (PBS at pH ~6.8 and ionic strength of [ = 0.1 M) before

drying. These samples were then observed under controlled dehydration and operating

pressure of ~5 Torr in the ESEM chamber. The ESEM analysis showed very large

aggregates in both mixtures, reinforcing the hydrodynamic results of the interactions of

teicoplanin with BSM. To observe aggregation at the nanoscale, atomic force microscopy

was utilised to visualise all samples.

157



Figure 5-4: Showing example ESEM images for 1 mg/mL BSM control (a) and the

mixture of BSM with 1.25 mg/mL teicoplanin (b) and 12.5 mg/mL (c, d).
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5.4. Conclusions

In conclusion, teicoplanin A2 has partial interactions with BSM at > 1.25 mg/mL,

based on hydrodynamic and microscopic assessments. Additionally, there are some

teicoplanin-BSM aggregates at > 1.25 mg/mL, preventing teicoplanin unimer from

having its antibiotic activity in the mucin-rich environment. The partial interactions

and aggregation of teicoplanin with BSM have three consequences, as follows —

(1) since teicoplanin A2 uses its hydrophobic tail to allocate itself near the Lipid II

precursor as a monomer (Beauregard et al., 1995), the multimeric formation with

mucins inevitably reduce its antimicrobial activity. (2) In addition, since aggregates

are more likely to be removed and transferred into nasolacrimal ducts by blinking

(Gipson and Argiieso, 2003), total concentrations of teicoplanin decrease on ocular

surfaces. (3) Most importantly, there is a good possibility that aggregations of

teicoplanin with mucins result in longer exposure to antibiotics, leading to more

selection pressure towards antimicrobial resistance between bacterial populations.

Therefore, teicoplanin eye drops may be preferred to be at least < 1.25 mg/mL or

more preferably, around 0.125 mg/mL, where there were no interactions and

aggregates with BSM.

However, the validity of BSM as the ocular mucin model — although a good first

step — remains questionable for the study of antibiotics in ophthalmology. Many
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studies have used commercially available BSM as the ocular mucin model (Rabiah

et al., 2020, 2019; Setéli et al., 2010; Sterner et al., 2017), though there are some

differences with ocular mucins, especially gel-forming mucins including

MUCSAC. For instance, commercially available BSM is not a gel-forming mucin

as MUCSAC (Zhong, 2016). On the other hand, it is also reported that the mucus

layer on the ocular surface is not the same as the truly gel-forming layer presented

in respiratory and intestinal tracts, due to its relatively thin (1pm) mucus layer

(Hodges and Dartt, 2013). Whatever the ocular mucus layer would be, it should be

noted that differences with human ocular mucins also need to be explored in terms

of the interaction study with teicoplanin. This current study, nonetheless, provides

a firm groundwork for further comparative studies using BSM and, when evaluated

in sufficiently quantity, ocular mucins.
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Chapter 6: General Conclusion
6.1. Hydrodynamic analysis of hyaluronic acid and tamarind seed polysaccharides
6.1.1. Hydrodynamic properties of both polysaccharides

This current thesis has presented the hydrodynamic data on hyaluronic acid
(HA) and tamarind seed polysaccharides (TSP) before focusing on their ability
to interact with each other. These hydrodynamic properties were examined
based on sedimentation velocity in the analytical ultracentrifuge (SV-AUC),
size exclusion chromatography coupled to multi-angle laser light scattering
(SEC-MALS), and capillary viscometry.
Both HA and TSP showed unimodal behaviour in the sedimentation coefficient
distributions from SV-AUC and the elution profiles from SEC-MALS. The
Gralén equation, or Equation (3-2), provides values of sgo,w and kg, when
values of s,¢,, are extrapolated to zero concentration. HA and TSP showed
SYow = (4710.2) S and (5.4 +0.2) S, as wellas ks = (1170 + 20) mL/
g and (240 £ 30) mL/g, respectively. SEC-MALS analysis of HA and TSP
yields the weight-average molar masses My = (680 £ 30) kDa and (830 + 30)
kDa, respectively. SEC-MALS generated the Mark-Houwink-Kuhn-Sakurada

(MHKS) coefficient (@) from the double-logarithmic plot of [n] versus My,
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showing a ~ 1.1 for My, < 800 kDa and ~0.55 for My > 800 kDa of HA, and a

= (.63 for TSP. This means that HA was a stiff rod for My < 800 kDa while a

flexible random coil for My > 800 kDa. The conformation of TSP was shown

to be a flexible random coil. Furthermore, the different approach based on the

Ostwald capillary viscometer gave [n] = (1475 + 30) mL/g for HA and

(675 £ 20) mL/g for TSP, respectively.

HA has been hailed as one of the most recommended eye drops due to its

characteristics, such as longer retention time on ocular surfaces (Forrester et

al., 2016). This thesis showed that HA was highly viscous according to the

intrinsic viscosity measurement. TSP is also highly viscous, but its intrinsic

viscosity is half'as small as HA. On one hand, TSP is found to be mucoadhesive

(Uccello-Barretta et al., 2013) and to have the ability to bind with HA (Uccello-

Barretta et al., 2010) based on the NMR studies. Thus, there is a reasonable

assumption that the mixture of HA and TSP makes their retention time longer

than each component since TSP works as a bridge between HA and ocular

mucins.

6.1.2. Interactions between both polysaccharides

The three complementary approaches (SEC-MALS, SV-AUC, and capillary
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viscometry) have been applied to the interaction study of the two components
of HydraMed®. SEC-MALS profiles showed that for the mixture of HA and
TSP (HA/TSP), elution time was slightly shifted to a lower time compared to
that of HA and TSP, respectively. This shift in elution profiles would mean that
there were some aggregation or weak interactions in the HA/TSP solution. The
molar mass determination by SEC-MALS also showed My = (720 + 30) kDa
for HA/TSP, which was slightly smaller than the predicted values (755 kDa)
obtained from each component, (680 + 30) kDa for HA and (830 = 30) kDa for
TSP. However, this SEC-MALS result should be confirmed by another method.
In contrast, SV-AUC provided the sedimentation coefficient distributions from
HA, TSP, and HA/TSP, showing there was no shift to a larger value in s3;,,
values from each component to the mixture. These results were confirmed by
the intrinsic viscosity measurement, presenting the data that the [n] value of
HA/TSP are almost the same as the calculated one obtained from that of HA
and TSP, respectively. These observations mean that there were no
aggregations or supramolecular complexes in the HA/TSP solution at
commercially available concentrations.

This feature — no aggregation or complexation in the mixture — of HydraMed®

is more favourable to the application of eye drops regarding quality control. In
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addition, the SEC-MALS results implied potential weak or partial interactions

between the two polysaccharides, and therefore, reinforced the previous study

by NMR spectroscopy (Uccello-Barretta et al., 2010). On one hand, the other

favourable feature — the mucoadhesivity of each component — remains

unexplored by the hydrodynamic methods. Thus, the next step in the eye-drop

study is to further examine the ability to interact with bovine submaxillary

mucin (BSM) as the model mucin, regardless of the validity of the ocular

mucin model.

6.2. Hydrodynamic analysis of glycan antibiotic teicoplanin A2

6.2.1. Self-association of teicoplanin

This current thesis has also pursued the other main theme: the antibiotic study,

as well as the eye-drop study. The mucus layers (including secretary mucins

and membrane-associated mucins) of tear films protect humans from not only

dry eye syndrome but also ocular infections (Forrester et al., 2016). One of the

glycopeptide antibiotics, teicoplanin, is not as favourable a choice for topical

eye injection compared to another glycan antibiotic vancomycin, based on the

results of corneal absorption (Antoniadou et al., 1998; Kaye et al., 2009). The

thesis hypothesized that the aggregational behaviour of teicoplanin may hinder
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its entry into corneal cells which are the sites of ocular infections. The
teicoplanin study has used other hydrodynamic methods in addition to SV-
AUC: sedimentation equilibrium in the analytical ultracentrifuge (SE-AUC)
and dynamic light scattering (DLS).

SV-AUC provided the distributions of sedimentation coefficients over 0.125-
8 mg/mL, showing that the two extrapolated values of s3;,, (S) in the plot of
Spow Versus ¢ (mg/mL) corresponded to the teicoplanin unimer at ~0.7S and
18-19mer at ~4.65S, respectively. These SV results were further reinforced by
SE-AUC experiments, indicating that the molar masses of teicoplanin samples
were plateaued to ~33-35 kDa, namely 18-19mers. The DLS measurements
provided the hydrodynamic radius ~ 3.2 nm at 12.5 mg/mL corresponding to
the 18-19mer teicoplanin. It was also confirmed that these hydrodynamic radii
became smaller according to smaller concentrations, meaning that aggregated
forms were disassembled to smaller sizes. Finally, the conformation analysis
revealed that the overall shape of the teicoplanin assembly was a good
approximation to a sphere of an axial ratio (a/b) = 1, which was in good
agreement with previous reports of micellization of teicoplanin (Armstrong
and Nair, 1997; Wan and Blomberg, 1997).

This study concluded that teicoplanin was more suitable for topical routes at <
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0.5 mg/mL because the unimer form was prevalent at that range based on the

SV results. The 18-19mer assembly leads to two following consequences — (1)

teicoplanin particles may not have access to the sites of infections beyond the

ocular epithelia unless they dilute so quickly. (2) In addition, teicoplanin works

its antimicrobial activity as a monomer (Beauregard et al., 1995), and as a

result, the assembly prevents teicoplanin from working properly. The current

thesis on teicoplanin implies that its lower concentrations may be more

effective against ocular infections caused by methicillin-resistant

Staphylococcus aureus (MRS A), rather than 10 mg/mL (Kaye et al., 2009) and

25 mg/~0.5 mL (Antoniadou et al., 1998). On the other hand, there remains a

question about whether lower concentrations, i.e., 0.5 mg/mL, could reach the

therapeutic concentrations, i.e., 10-30 ug/mL (Wilson, 2000) at the sites of

infection.

6.2.2. Interactions of teicoplanin with BSM as an ocular mucin model

The topical route of teicoplanin faces the other challenge for the treatment of

ocular infections: the mucus barrier on ocular surfaces. Tear films can prevent

bacterial adhesion on ocular epithelia (Forrester et al., 2016), though mucins

induce complexation with one of the glycan antibiotics, vancomycin (Dinu et
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al., 2020). This thesis has explored the interactions of teicoplanin with mucins

because such interactive behaviours in tear films might deplete the clinical

action of teicoplanin, in addition to the aggregational behaviours in solution.

In order to examine to what degree teicoplanin binds to mucins, the interaction

study used SV-AUC and DLS. Additionally, this study visualised aggregates

with mucins by means of an appropriate microscopic method (see Dinu et al.,

2020), namely environmental scanning electron microscopy (ESEM). BSM

was used as the ocular mucin model.

SV-AUC gives distributions of sedimentation coefficients, showing a single

peak. Generally, the larger the s,0, values are, the larger the sizes of

particles are (Zaccai et al., 2017), whilst the shapes affect the sedimentation

coefficient as well. At 0.125 mg/mL of teicoplanin, SV showed no interaction

with 1 mg/mL of BSM. In contrast, at both 1.25 mg/mL and 12.5 mg/mL,

teicoplanin was shown to have weak interactions with BSM as the s,q,,

values in each component were shifted to the larger values in the mixtures.

Additionally, there were much higher values between ~30S and ~40S in the

distributions at these concentrations, indicating the presence of the aggregates

in the mixtures.

These results were reinforced by DLS, and furthermore, ESEM. DLS provides
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distributions of hydrodynamic radii transformed from diffusion coefficients

through the Stokes-Einstein equation. The results of DLS showed that there

was a partial loss of macromolecular mucin components upon the addition of

1.25 mg/mL teicoplanin and then a complete loss upon the addition of 12.5

mg/mL teicoplanin. There were also new aggregates at the radius of 300 nm

in the mixture of BSM (1 mg/mL) and teicoplanin (12.5 mg/mL). The

microscopic method confirmed these hydrodynamic results, visualizing the

presence of the aggregates at 1.25 mg/mL and 12.5 mg/mL of teicoplanin with

BSM.

Based on the hydrodynamic and microscopic results, this study revealed that

teicoplanin, as well as vancomycin, could induce aggregation with BSM. This

behaviour should be an important point in antimicrobial activity, considering

that total concentrations and the presence of an active form (a monomer for

teicoplanin) of glycan antibiotics decrease at the sites of infection. In addition,

the aggregational forms with mucins might trigger a further increase of multi-

drug resistant species in the bacterial population due to long exposure to

antibiotics. Our interaction study of teicoplanin — combining hydrodynamics

with imaging — has provided extra evidence to support its binding of mucins

in solution.
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6.3. Suggestions for future work

This thesis has explored two main themes: the eye-drop and glycopeptide antibiotic
studies based on hydrodynamic and microscopic techniques. These studies have
provided the data on hydrodynamic properties of eye-drop components, teicoplanin
self-association, and the interactions of teicoplanin with BSM. More importantly,
the HydraMed® study of the thesis has shown that there were weak interactions but
no aggregations in the commercial eye-drop formulation. The teicoplanin study has
pointed out that effective concentrations were < 0.5 mg/mL to avoid aggregational
behaviours and <12.5 mg/mL to avoid interactive behaviours with mucins in an
aqueous solution. This information would contribute to the development of new
topical routes for ocular infections.

On the other hand, the thesis has some limitations, especially with regard to the
validity of the model ocular mucin. One of the biggest issues of this thesis is the
use of genuine ocular mucins due to lack of availability, following the practice of
previously published papers have also utilised commercially available BSM as
model for ocular mucin (Rabiah et al., 2020, 2019; Setidla et al., 2010; Sterner et
al., 2017). Both mucins are somewhat different (i.e., commercial BSM is not a gel-

forming mucin as MUCS5AC, one of the secretory ocular mucins). Hence, a
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following step must be sufficient collection and characterisation of human ocular

mucins for reinforcement of the eye-drop and glycan antibiotic projects described

in this study.
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Appendix: Supplementary environmental scanning electron microscopy images.

spot | det WD mag EH | pressure temp humidity — 100 pm ———

15.00kV | 5.0 | GSED | 6.5mm | 400x | 5.03 Torr | 2.0°C | 94.5%

Figure Al: Environmental scanning electron micrographs of BSM control (1 mg/mL)
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spot | det WD mag EH | pressure temp | humidity — 100 pym ———

15.00kV | 5.0 | GSED | 7.2 mm | 500x | 4.49 Torr | 2.0°C | 84.5%

Figure A2: Environmental scanning electron micrographs of BSM control (1 mg/mL)
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WD mag B | pressure v temp humidity
15.00kvV | 5.0 | GSED | 7.2 mm | 2000x | 4.49 Torr | 2.0°C | 84.5%

Figure A3: Environmental scanning electron micrographs of BSM control (1 mg/mL)
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spot det mag B | pressure temp humidity

15.00kV | 5.0 | GSED | 7.2 mm | 8000x | 4.49 Torr | 2.0°C | 84.5%

Figure A4: Environmental scanning electron micrographs of BSM control (1 mg/mL)
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spot det WD mag FH | pressure temp humidity +——— 100 pm
15.00kV | 5.0 | GSED | 7.5 mm | 500 x | 4.27 Torr | 2.0°C | 80.2 %

Figure A5: Environmental scanning electron micrographs of BSM control (1 mg/mL)
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spot det mag EH pressure temp humidity ——30 pm
15.00kV | 5.0 | GSED | 7.4 mm | 2000x | 4.27 Torr | 2.0°C | 80.2 %

Figure A6: Environmental scanning electron micrographs of BSM control (1 mg/mL)
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WD mag B | pressure temp vhumidity
10.00kV | 5.0 | GSED | 7.7 mm | 500x | 2.99 Torr | 4.0°C | 49.1%

Figure A7: Environmental scanning electron micrographs of BSM control (1 mg/mL)
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HV spot det WD mag pressure temp humidity — 10 pm ——

15.00kV | 5.0 | GSED | 7.2 mm | 4000x | 4.49 Torr | 2.0°C | 84.5%

Figure A8: Environmental scanning electron micrographs of BSM control (1 mg/mL)
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HV spot det mag B | pressure temp humidity
15.00kV | 5.0 | GSED | 7.2 mm | 4000x | 4.49 Torr | 2.0°C | 84.5%

Figure A9: Environmental scanning electron micrographs of BSM control (1 mg/mL)
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HV spot det WD mag FH | pressure temp humidity

15.00kV | 5.0 | GSED | 7.2 mm | 8000x | 4.49 Torr | 2.0°C | 84.4 %

Figure A10: Environmental scanning electron micrographs of BSM control (1 mg/mL)
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spot [ det WD mag EH | pressure temp | humidity — 100 pym ———
15.00kV | 5.0 | GSED | 6.5mm | 500x | 4.94 Torr | 2.0°C | 92.8 %

Figure Al1l: Environmental scanning electron micrographs of the mixture of BSM

(Img/mL) and teicoplanin (1.25 mg/mL)
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mag EE‘ pressure . temp humidity v
15.00kV | 5.0 | GSED | 6.4 mm | 2000x | 4.93 Torr | 2.0°C | 92.7 %

Figure A12: Environmental scanning electron micrographs of the mixture of BSM

(Img/mL) and teicoplanin (1.25 mg/mL)
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mag B | pressure v 7temp humidity v
15.00kV | 5.0 | GSED | 6.5mm | 4000 x | 4.94 Torr | 2.0°C | 92.8 %

Figure A13: Environmental scanning electron micrographs of the mixture of BSM

(Img/mL) and teicoplanin (1.25 mg/mL)
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WD mag EH | pressure temp V humidity —200 pm ————

15.00kV | 5.0 | GSED | 7.3 mm | 250x | 4.81 Torr | 2.0 °C | 90.5 %

Figure Al4: Environmental scanning electron micrographs of the mixture of BSM

(Img/mL) and teicoplanin (1.25 mg/mL)
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HV spot det ‘ WD mag EH pressure temp humidity ——30 pm

15.00kvV | 5.0 | GSED | 7.4 mm | 2000x | 4.69 Torr | 2.0°C | 88.2 %

Figure A15: Environmental scanning electron micrographs of the mixture of BSM

(Img/mL) and teicoplanin (1.25 mg/mL)
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HV spot det ‘ WD mag pressure temp humidity — 10 pm ———

15.00kvV | 5.0 | GSED | 7.4 mm | 4000x | 4.71 Torr | 2.0°C | 88.5%

Figure A16: Environmental scanning electron micrographs of the mixture of BSM

(Img/mL) and teicoplanin (1.25 mg/mL)
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WD mag B | pressure v temp humidity
15.00kvV | 5.0 | GSED | 7.4 mm | 4000x | 4.71 Torr | 2.0°C | 88.6 %

Figure A17: Environmental scanning electron micrographs of the mixture of BSM

(Img/mL) and teicoplanin (1.25 mg/mL)
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HV ‘ spot det ‘ WD mag B9 | pressure temp ‘ humidity —20 um
15.00kV | 5.0 |GSED | 79 mm | 3000x | 531 Torr | 2.0°C | 99.9 %

Figure A18: Environmental scanning electron micrographs of the mixture of BSM

(Img/mL) and teicoplanin (12.5 mg/mL)
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spot det mag 3 | pressure temp humidity — 100 ym ——

15.00kV | 5.0 | GSED | 8.0 mm | 5000x | 4.87 Torr | 2.0°C | 91.5%

Figure A19: Environmental scanning electron micrographs of the mixture of BSM

(Img/mL) and teicoplanin (12.5 mg/mL)
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mag 3 | pressure v temp humidity
15.00kV | 5.0 | GSED | 5.7 mm | 2500 x | 4.40 Torr | 2.0°C | 82.7 %

Figure A20: Environmental scanning electron micrographs of the mixture of BSM

(Img/mL) and teicoplanin (12.5 mg/mL)
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spot det mag EH [ pressure temp humidity [
15.00kV | 5.0 | GSED | 6.1 mm | 5000x | 4.31 Torr | 2.0°C | 81.0%

Figure A21: Environmental scanning electron micrographs of the mixture of BSM

(Img/mL) and teicoplanin (12.5 mg/mL)
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HV spot det ‘ WD mag EH pressure temp humidity ——30 pm

15.00kvV | 5.0 | GSED | 7.2 mm | 2000x | 4.70 Torr | 2.0°C | 88.4 %

Figure A22: Environmental scanning electron micrographs of the mixture of BSM

(Img/mL) and teicoplanin (12.5 mg/mL)
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HV spot det ‘ WD mag FH | pressure temp humidity +——— 100 pm

15.00kvV | 5.0 | GSED | 7.2 mm | 500x | 4.71 Torr | 2.0°C | 88.6 %

Figure A23: Environmental scanning electron micrographs of the mixture of BSM

(Img/mL) and teicoplanin (12.5 mg/mL)
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HV spot det WD mag pressure temp humidity — 10 pm ———

15.00kv | 5.0 | GSED | 7.2 mm | 4000x | 4.48 Torr | 2.0°C | 84.3 %

Figure A24: Environmental scanning electron micrographs of the mixture of BSM

(Img/mL) and teicoplanin (12.5 mg/mL)
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spot- det WD mag EEi‘ pressure ' temp humidity v
15.00kV | 5.0 | GSED | 7.3 mm | 8000x | 3.96 Torr | 2.0°C | 74.5%

Figure A25: Environmental scanning electron micrographs of the mixture of BSM

(Img/mL) and teicoplanin (12.5 mg/mL)
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spot det mag B | pressure temp humidity

15.00kV | 5.0 | GSED | 7.3 mm | 1000x | 3.96 Torr | 2.0°C | 74.5%

Figure A26: Environmental scanning electron micrographs of the mixture of BSM

(Img/mL) and teicoplanin (12.5 mg/mL)
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HV spot det ‘ WD mag B3 | pressure temp humidity o 10 pm

15.00 kv | 5.0 | GSED

7.4mm | 4000x | 3.21 Torr | 2.0°C | 60.4 %

Figure A27: Environmental scanning electron micrographs of the mixture of BSM

(Img/mL) and teicoplanin (12.5 mg/mL)
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