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ABSTRACT OF THE THESIS
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Professor Gerard Chee Lai Wong, Chair

Antimicrobial activity and smoking-induced inflammation are two seemingly disparate im-

munological phenomena in which the inherent heterogeneity of the system obfuscates the

underlying fundamental mechanisms. Synthetic polymers represent a promising approach to

simulating these systems. Here, a set of polyoxazoline-based synthetic antimicrobals exhib-

ited a reversal in selectivity for Gram positive or Gram negative bacteria simply by tuning

the ratio of hydrophilic to hydrophilic monomers. Small angle X-ray scattering (SAXS) re-

veals a link between bacterial selectivity and phase behavior. Additionally, a set of synthetic

polymers recapitulating chemical motifs from tobacco alkaloids were shown to organize DNA.

SAXS suggests that pH-dependent organization of DNA by these tobacco mimics is consis-

tent with known mechanisms of immune hyperactivation and hyperinflammation. Overall,

these results demonstrate the efficacy of synthetic polymers in emulating complex immuno-

logical phenomena and their potential for developing tunable, well-characterized systems

that will allow for a better understanding of these phenomena in the future.
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Section 1

Tunable Antibacterial Selectivity of Poly-oxazolines

1.1 Introduction

1.1.1 Antibiotics and Antimicrobial Peptides

Bacteria pose an enormous threat to public health, being the second-leading cause of death

worldwide, superseded only by cardiovascular disease [1]. For the past 50 years, conventional

antibiotics have filled the role of combating bacterial infections. Their targets include cell

wall biosynthesis, protein synthesis, and DNA replication and repair [2]. Unfortunately, a

subset of target bacteria will possess resistance genes, and those without them can acquire

these genes through various gene transfer mechanisms, such as conjugation, transformation,

and transduction [3]. Over the last 50 years, the overuse of conventional antibiotics has

provided a selection pressure that facilitated the evolution of antibiotic-resistant bacteria.

The infamous Methicillin-resistant Staphylococcus aureus (MRSA) was discovered in 1960 [4],

the same year that Methicillin was released [5]. Antibiotic-resistant bacteria pose a significant

threat to public health, causing approximately 2.9 million infections and 36,000 deaths in

the United States in 2019 [5].

Antimicrobial peptides (AMPs) comprise a class of molecules with broad-spectrum activ-

ity against bacteria and other microbes. As naturally-occurring components of the innate

immune system, AMPs typically serve as host defense peptides [6], though some may be

pleiotropic [7]. The structures of AMPs range from the linear, α-helical LL37 to the rigid
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β-sheet bactenicin and the cyclic, disulfide bond-stabilized RTD-1 [6]. Despite this diversity

of structure, most AMPs possess a combination of hydrophilic, hydrophobic, and cationic

amino acids and the ability to form amphipathic secondary structures, features that are crit-

ical for interactions with bacterial membranes [8]. In contrast to conventional antibiotics,

the bacterial membrane serves as the major target of AMPs [8]. Due to the impracticality

of reorganizing the bacterial membrane or altering membrane lipid compositions, genetic re-

sistance towards AMPs is improbable [6], though other mechanisms for counteracting AMPs

do exist [9]. These features of AMPs make them ideal model systems in the effort to develop

more effective antibacterial agents.

1.1.2 Gram Positive and Gram Negative Bacterial Membranes

The structure of Gram Positive (Gr+) and Gram Negative (Gr−) bacterial outer mem-

branes has significant implications for the design and mechanism of action of antibacterial

compounds. Gr+ bacteria and Gr− bacteria both possess an inner membrane composed

primarily of phospholipids, but their cell wall structures are markedly different.

For Gr+ bacteria, above the inner membrane is a thick layer of peptidoglycan (PG). PG con-

sists of polymers of acetylated sugars, N -acetylglucosamine (NAG) and N -acetyl muramic

acid (NAM). Each NAM molecule is attached to a short tetrapeptide, and crosslinks between

tetrapeptides of adjacent polymers allow for the formation of a strong, rigid mesh-like net-

work [10]. Though the thickness of the PG layer can reach 40-80 nm, it contains pores 4-5

nm in diameter [10] and is generally not considered to pose an obstacle to AMPs or objects

of similar size. Another defining feature of Gr+ bacteria is teichoic acids (TAs), anionic

polymers that extend outwards from the inner membrane or PG layer [11]. Wall teichoic

acids (WTAs) are anchored to the PG layer and can extend beyond it, while lipoteichoic

acids (LTAs) originate in the inner membrane and typically terminate in the PG layer [11].

Purportedly, TAs can either hinder or promote AMPs. For example, the strong electrostatic
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interactions can facilitate the adsorption and subsequent immobilization of AMPs onto TAs,

trapping them and preventing them from reaching the bacterial surface [12]. Alternatively,

the TAs may present an “poly-anionic ladder” that only permits sufficiently (positively)

charged molecules to reach the surface [12].

Gr− bacteria possess only a thin (3-10 nm) layer of PG above their inner membrane [13].

As with Gr+ bacteria, the PG layer is not believed to pose a significant obstacle to AMPs

and their analogues. However, in contrast to Gr+ bacteria, Gr− bacteria contain an outer

membrane, an additional lipid bilayer separated from the inner membrane by approximately

15 nm [13]. The anionic polymer in Gr− bacteria is represented by lipopolysaccharide

(LPS). Each LPS molecule consists of three covalently bonded parts: lipid A, the core, and

O antigen [14]. Lipid A consists of anionic sugars modified with long hydrocarbon chains,

allowing for integration with the phospholipids in the outer membrane. The core is an

oligosaccharide containing a mixture of anionic and uncharged modified sugars. The O-

antigen is an uncharged glycan polymer forming the outermost portion of the LPS molecule,

varying in length from one species to another. In contrast to the charges of TAs, which

are distributed along the length of the molecule, the negative charges of LPS molecules are

localized to the outer membrane surface, as they are contained within the Lipid A and inner

core. Modifications to the charge and acyl chains of lipid A are known to alter membrane

properties, thereby increasing evasion and decreasing the probability of an immune response

[15]. In fact, the main permeability barrier to AMPs and similar molecules is due to LPS,

namely the tight hydrocarbon packing of the lipid A moiety [16].

1.1.3 Mathematical Description of Membrane Disruption

Proposed mechanisms for AMP activity include the barrel-stave, toroidal pore, and carpet

models [9, 17]. Each of these mechanisms specifies a method of membrane disruption via a

particular spatial arrangement of membrane phospholipids.
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Mathematically, membrane disruption can be described with the concept of Gaussian cur-

vature from differential geometry [18]. On a differentiable 3D surface S, a point P can

be chosen. There exists a unit normal vector n̂ at point P, and by convention, it points

“outwards”. Next, a direction specified by the unit vector v̂ can be specified, where v̂ is per-

pendicular to n̂. Point P and the points infinitesimally close to it (along direction v̂) form

a circular arc, which can be extrapolated to an entire [osculating] circle that has a radius

R. Then, the curvature at point P in the direction v̂ is simply given by C = 1/R. The

sign of the curvature is positive if n̂ points away from the center of the osculating circle, and

negative otherwise. In general, the curvature at P takes on different values depending on the

direction specified by v̂. The minimum and maximum curvatures across all directions can

be denoted C1 and C2, respectively. Then, the mean curvature H and Gaussian curvature

K can be defined: H = C1 + C2 and K = C1C2. Gaussian curvature, in particular, has im-

plications for membrane deformation: negative Gaussian curvature (NGC) is necessary for

membrane destabilizing processes [19] such as pore formation, blebbing, and budding(Figure

1.1B,C).

One method for detecting NGC in nanoscopic liquid-crystalline structures is small-angle

X-ray scattering (SAXS). In SAXS, the objective is to solve the structure of a currently

unknown sample. The sample is exposed to X-ray photons, which are scattered by atoms in

the sample and collected by a detector. The resulting diffraction image is a cumulative count

of scattered photons and their positions. If the sample is crystalline, the diffraction image

will contain distinctive patterns of high intensity. Azimuthal integration of the scattered

intensity transforms areas of high intensity into correlation peaks of varying width, height,

and shape. It is through analyzing the characteristics of these peaks that the presence of

various phases can be deduced, including the commonly-occuring lamellar, hexagonal, and

cubic phases. In particular, the cubic phases that are often seen in biological liquid crystalline

samples (Figure 1.1A) are rich in NGC, as they take the form of minimal surfaces [20]. The

ability to form cubic phases (and thus generate NGC) when complexed with model bacterial
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membranes is shared by many AMPs [19].

A

B

C

Figure 1.1: Negative Gaussian Curvature
Negative Gaussian curvature (NGC) is a prerequisite for various membrane deformation
processes. (A) is an illustration of the Pn3m cubic phase, a minimal surface rich in NGC

that commonly occurs in lipid-based liquid crystalline structures. The diagram in (B)
represents the mathematical description of NGC, the product of two opposing curvatures
(positive and negative). The panels in (C) depict membrane deformation processes that
involve NGC, which is present at the interior of a pore (1) and at the base of blebs (2),

buds (3), and rod-like projections (4).

Adapted with permission from N. W. Schmidt, A. Mishra, G. H. Lai, M. Davis, L. K. Sanders, D. Tran, A.

Garcia, K. P. Tai, P. B. McCray, A. J. Ouellette, M. E. Selsted, and G. C. Wong, “Criterion for amino acid

composition of defensins and antimicrobial peptides based on geometry of membrane destabilization,”

Journal of the American Chemical Society, vol. 133, pp. 6720–6727, may 2011. Copyright c© 2011

American Chemical Society

1.1.4 Probing Anti-Bacterial Selectivity with Synthetic Poly-oxazolines

Synthetic polymer antimicrobials often attempt to recapitulate some of the defining features

of AMPs: cationicity, and a mixture of hydrophobicity and hydrophilicity. These polymers

vary widely in structure, from the identities of their hydrophilic and hydrophobic residues

to their higher-order organization, which includes their classification as block, alternating,

or random copolymers. Antimicrobial β-amino acid oligomers synthesized by Porter et. al.

incorporate specific sequences that facilitate the formation secondary structures similar to
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AMP amphiphilic α-helices [21]. A loss of secondary structure induced by scrambling the

monomer sequence resulted in a loss of antibacterial activity [21]. Peptoids developed by

Chongsiriwatana et. al. demonstrate antimicrobial activity whether the sequence facilitates

amphipathic helix formation or is scrambled, suggesting that a well-defined secondary struc-

ture is not a necessary condition for antibacterial activity [22]. Other random copolymers,

such as those synthesized by Kuroda et. al. and Mowery et. al. can also demonstrate

antibacterial activity [23,24].

Understandably, the goal of these synthetic antimicrobial systems is to design compounds

with broad-spectrum antimicrobial activity that retain the functionality of AMPs but at a

reduced cost. While some synthetic antimicrobials show preferential activity against either

Gr+ or Gr− bacteria, a system with control over Gr+ and Gr− selectivity has not yet been

investigated. Here, it is shown that a set of polyoxazoline-derived random copolymers consti-

tute such a system. Each polymer is defined by the identity of its hydrophilic (3-aminopropyl)

and hydrophobic (n-butyl, i -butyl, or c-butyl) group, as well as the overall ratio of hydro-

philic to hydrophobic residues. The structure of these polymers is illustrated in Figure

1.2 and further detailed in Table 1.1. Polyoxazolines of varying hydrophilic/hydrophobic

residue ratios are mixed with lipid vesicles mimicking bacterial membranes at different

stoichiometries. Using bacterial killing assays, it is demonstrated that tuning the hydro-

philic/hydrophobic residue ratio modulates the activity of the polymer against Gr+ and

Gr− bacteria. Additionally, SAXS reveals that Gr+ selective polymers and Gr− selective

polymers each have a distinct phase profile that yields mechanistic insights into their inter-

actions with membranes. As a whole, this polymer system provides a platform for analyzing

the role of hydrophobicity and charge in Gr+/Gr− bacterial selectivity.
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Figure 1.2: Antimicrobial Polymer Chemical Structure
(A) 3-aminopropyl serves as the sole hydrophilic and cationic side chain. For simplicity, the
carbonyl is omitted in side chain nomenclature. (B) The hydrophobic side chain takes the
form of one of these three butyl isomers: n-butyl, i -butyl, and c-butyl. In a given polymer

structure, only one isomeric form is present. (C) This example polymer consists of x
hydrophilic residues and y [n-butyl] hydrophobic residues, arranged randomly along an
oxazoline-derived backbone. Any of the hydrophobic side chains in (B) can be used in

place of the depicted n-butyl. A polymer structure is defined by the identity of its
hydrophobic group and the average ratio of hydrophilic to hydrophobic residues x/y. A full

list of polymer structures is given in Table 1.1.

Table 1.1: Antimicrobial Polymer Structure Variants

A summary of the various polymer structures. The polymers can broadly be classified into
three groups according to the hydrophobic residue type. Within each of these groups, the
ratio of hydrophilic to hydrophobic groups is adjusted while maintaining a constant degree

of polymerization of N = 20.

Polymer Hydrophobic Hydrophilic Hydrophobic Ratio
Name Residue Type Residue Count, x Residue Count, y x/y

ZM 2001-1 n-butyl 8 12 40/60
ZM 2018-5 n-butyl 12 8 60/40
ZM 2018-3 n-butyl 16 4 80/20

ZM 2054-2 i -butyl 8 12 40/60
ZM 2054-6 i -butyl 16 4 80/20

ZM 3116 c-butyl 8 12 40/60
ZM 2030-4 c-butyl 12 8 60/40
ZM 2030-6 c-butyl 16 4 80/20

7



1.2 Results and Discussion

1.2.1 Selective Antibacterial Activity by Tuning Monomer Ratio

The minimum inhibitory concentration (MIC) of each polyoxazoline was tested for various

Gr+ bacteria (Staphylococcus aureus and Staphylococcus epidermidis) and Gr− bacteria

(Escherichia coli, Pseudomonas aeruginosa, and Acinetobacter baumannii). A full list of

MIC values is given in Table 1.2. Against a particular bacterium, any polymers with a MIC

of 200 µg/mL or greater are considered ineffective.

Table 1.2: Polyoxazoline MIC against Gr+ and Gr− Bacteria

Gr+ bacteria tested were S. aureus (S.a.) and S. epidermidis (S.e.). Gr− bacteria tested
were E. coli (E.c.), P. aeruginosa (P.a.), and A. baumannii (A.b.). x/y gives the

hydrophilic/hydrophobic residue ratio, as in Table 1.1. Polymers are grouped according to
the identity of their hydrophobic residues and ordered from lowest to highest hydrophilicity.

Data collected by Min Zhou, East China University of Science and Technology.

Polymer Ratio MIC, µg/mL
Name x/y S.a. S.e. E.c. P.a. A.b.

ZM 2001-1 40/60 100 200 6.25 6.25 6.25
ZM 2018-5 60/40 50 50 50 25 25
ZM 2018-3 80/20 25 25 50 100 100

ZM 2054-2 40/60 200 200 25 25 25
ZM 2054-6 80/20 50 50 100 200 >200

ZM 3116 40/60 >200 >200 12.5 25 12.5
ZM 2030-4 60/40 100 100 50 200 50
ZM 2030-6 80/20 25 25 >200 200 200

A surprising pattern emerges when examining the effectiveness of each polymer against Gr+

and Gr− bacteria. The most hydrophobic polymers (x/y = 40/60) are effective against

Gr− bacteria, but not Gr+ bacteria. For these hydrophobic polymers, MIC values against

the Gr+ bacteria S. aureus and S. epidermidis were 200 µg/mL or greater (except for ZM

2001-1 against S. aureus, with MIC = 100 µg/mL). In contrast, MIC values against the Gr−
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bacteria E. coli, P. aeruginosa, and A. baumannii were all 25 µg/mL or less. An opposite

effect was observed with the most hydrophilic polymers (x/y = 80/20): they were effective

against Gr+ bacteria, but not Gr− bacteria. For these hydrophilic polymers, MIC values

against Gr+ bacteria were 50 µg/mL or lower, but 100 µg/mL or higher for Gr− bacteria

(except for ZM 2018-3 against E. coli, with MIC = 50 µg/mL). Polymers with intermediate

hydrophobicity (x/y = 60/40) have an effectiveness which does not suggest preferential

activity towards either Gr+ or Gr− bacteria. MIC values for these intermediate polymers

are largely in the range of 25-100 µg/mL.

While many AMPs (and their synthetic analogues) are effective against both Gr+ and Gr−

bacteria, it is not uncommon for an AMP to have stronger activity against either class

of bacteria. The reversal in bacterial selectivity that occurs with these polyoxazolines is

unique because it occurs for both hydrophilic and hydrophobic polymers, and against both

Gr+ and Gr− bacteria. In other words, varying the hydrophobicity and charge of the

polymer confers effectiveness against one type of bacteria, but at the expense of effectiveness

against the other. It may be argued that the ultimate goal of synthetic antimicrobial design

is to engineer a compound that is effective against all bacteria. The selectivity reversal

in these polyoxazolines, however, provides a platform that allows for the examination of

hydrophobicity and charge in isolation.

1.2.2 Gram Positive Selective Polymers Generate NGC

To further explore the membrane deformation mechanisms that contribute to the bacterial

selectivity, SAXS was performed on samples of polyoxazolines combined with small unilamel-

lar vesicles (SUVs) mimicking bacterial membranes. SAXS data suggests that the polymers

alone do not form ordered structures. When mixed with SUVs however, polymers form a

mixture of lamellar and cubic phases. A full phase diagram is given in Table 1.3.
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Table 1.3: Phase Diagram of Polyoxazoline/Lipid Vesicle Mixtures

Phase information is given for mixtures of polyoxazoline antimicrobials with vesicles of
varying lipid composition. Lipid compositions and polymer to lipid (P/L) ratios are molar

ratios. “L” indicates the lamellar phase and “Q(P)” and “Q(I)” indicate the Pn3m and
Im3m cubic phases, respectively. Each group of polymers is arranged in order of increasing

hydrophilicity. A complete description of each polymer is given in 1.1.

DOPG/DOPE DOPG/DOPE/DOPC DOPS/DOPE
Polymer P/L 20/80 20/60/20 20/80

ZM 2001-1
1/40 L L L
1/80 L L L
1/160 L L L

ZM 2018-5
1/40 L L L
1/80 L L Q(P)
1/160 L L L

ZM 2018-3
1/40 L L L
1/80 L Q(P) L L Q(P)
1/160 L L L

ZM 2054-2
1/40 L L L
1/80 L L L
1/160 L L L

ZM 2054-6
1/40 L L L
1/80 L Q(P) L L Q(P)
1/160 L Q(I) L L Q(I)

ZM 3116
1/40 L L L Q(I)
1/80 L L L Q(I)
1/160 L L L

ZM 2030-4
1/40 L L L Q(I)
1/80 L Q(P) L L Q(P)
1/160 L L L

ZM 2030-6
1/40 L Q(I) L L Q(I)
1/80 L Q(P) L L Q(P) Q(I)
1/160 L L L
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The presence of cubic phases is correlated with total polymer hydrophilicity: cubic phases are

more prevalent in polymer compositions that incorporate more hydrophilic residues. When

samples are measured prior to incubation at 37◦C, the difference is striking: no cubic phases

occur in the most hydrophobic polymers (x/y = 40/60). Incubation allows cubic phases to

form in some of the most hydrophobic variants, through the preference for cubic phases in

hydrophilic variants remains apparent (note that all references to phase information hereafter

will refer to post-incubation results). Even for hydrophilic variants, however, the presence of

cubic phases is not universal. Rather, it depends on the stoichiometry between polymer and

lipid: using more or less polymer can weaken the signal from cubic phases or cause cubic

phases to disappear entirely.

For polymers containing n-butyl residues, cubic phases are not present for the most hy-

drophobic variant (ZM 2001-1, x/y = 40/60). One composition yields a cubic phase for

the intermediate variant (ZM 2018-3, x/y = 60/40) and two compositions for the most

hydrophilic variant (ZM 2018-3, x/y = 80/20). A similar trend emerges for polymers

with i -butyl residues. No cubic phases are present in the most hydrophobic variant (ZM

2054-2, x/y = 40/60), while the most hydrophilic variant features four compositions with

cubic phases (ZM 2054-6, x/y = 80/20). Polymers containing c-butyl residues have the

greatest ability to generate cubic phases, which are present for all levels of hydrophobicity

(x/y = 40/60, 60/40, 80/20).

The ability of hydrophilic variants to generate NGC is a trait shared with many AMPs [19].

In AMPs, the capability to generate NGC requires a balance of charge and hydrophobicity:

lysine, arginine, and the hydrophobic amino acids must be present at the proper amounts

for cubic phases to form [19]. Although the polyoxazolines may be seen as synthetic ana-

logues of AMPs, the differences in polymer backbone structure, as well as differences be-

tween amino acids and oxazoline-derived monomers, make a direct translation of the hydro-

philic/hydrophobic residue ratio difficult. Nevertheless, the general principle may still hold.
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Hydrophilic variants possess the correct balance of hydrophobicity and charge to generate

NGC, while intermediate and hydrophobic variants have a sub-optimal residue composition,

which limits their ability to generate NGC. Additionally, the phase behavior of polymers

with c-butyl residues appears distinct from those with n-butyl residues and i -butyl residues.

In contrast to the n-butyl and i -butyl groups, the c-butyl group is more condensed by virtue

of its ring, which results in an overall decrease in molar volume [25]. If hydrophobicity

is viewed as a factor that stifles NGC generation, the decreased hydrophobic volume of

c-butyl-containing polymers can explain the increased prevalence of cubic phases.

1.2.3 Gram Negative Selective Polymers do not Generate NGC, but can Ab-

rogate NGC

SAXS reveals that polymer-lipid complexes form lamellar phases in virtually all combina-

tions, regardless of stoichiometry or lipid composition (see Table 1.3). The lamellar distance

is a lattice parameter obtained from analyzing SAXS data and represents the distance be-

tween the centers of two successive lipid bilayers. Typical phospholipid bilayers are 4 nm

thick, but lamellar distances typically exceed 4 nm, as the space between two lipid bilay-

ers is occupied by a water channel (whose thickness will be denoted the intermembrane

distance). While 4 nm approximates the thickness of the model membranes used in this

study, bacterial membranes are notably thicker, reaching 5-7 nm [26] or more due to the

presence of membrane proteins and non-phospholipid components that promote membrane

thickening.
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Table 1.4: Intermembrane Spacings

Intermembrane distances are given as averages over polar to lipid molar ratios of 1/40,
1/80, and 1/160. The intermembrane distance is defined as the lamellar repeat distance,

decreased by the thickness of a phospholipid bilayer (4.0 nm). Values are specified as
mean ± S.D. in nm

Polymer Ratio DOPG/DOPE DOPG/DOPE/DOPC DOPS/DOPE
Name x/y 20/80 20/60/20 20/80

ZM 2001-1 40/60 1.6± 0.6 1.7± 0.5 1.5± 0.3
ZM 2018-5 60/40 1.9± 0.1 1.7± 0.3
ZM 2018-3 80/20 1.8± 0.1 1.9± 0.1 1.9± 0.1

ZM 2054-2 40/60 1.7± 0.8 1.9± 0.7 1.6± 0.6
ZM 2054-6 80/20 1.8± 0.0 1.9± 0.1 2.0± 0.1

ZM 3116 40/60 2.3± 1.3 2.3± 0.5 1.9± 0.6
ZM 2030-4 60/40 1.9± 0.2 2.1± 0.0 2.1± 0.2
ZM 2030-6 80/20 1.9± 0.1 2.0± 0.0 2.1± 0.1
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1

2

3
ZM 2001-1

1/160 1/80 1/40
1

2

3
ZM 2018-5

1/160 1/80 1/40
1
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1/160 1/80 1/40
1

2

3
ZM 2054-2

1/160 1/80 1/40
1

2

3
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1/160 1/80 1/40
1

2

3
ZM 2054-6

1/160 1/80 1/40
1

2

3
ZM 3116

1/160 1/80 1/40
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Figure 1.3: Variations in Intermembrane Spacing
The intermembrane distance varies with polymer type, lipid composition, and the polymer
to lipid (P/L) molar ratio. Each row of plots represents a group of polyoxazolines with a
shared butyl isomer. Within each row, polymers are listed from left to right in order of

increasing hydrophilicty / decreasing hydrophilicity.
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A full list of intermembrane distances is given in Table 1.4 and Figure 1.3. The most

hydrophilic variants (x/y = 80/20: ZM 2018-3, ZM 2054-6, ZM 2030-6) exhibit only small

fluctuations in intermembrane distance across different polymer/lipid stoichiometries. For

this subset of polymers, the standard deviation does not exceed 0.3 nm. In fact, variations in

intermembrane distances are not detectable for some mixtures (e.g. ZM 2054-6 with PG/PE

20/80, ZM 2030-6 with PG/PE/PC 20/60/20). In contrast, the most hydrophobic variants

(x/y = 40/60: ZM 2001-1, ZM 2054-2, ZM 3116) exhibit relatively large fluctuations in

intermembrane distance. The standard deviation of intermembrane distances over different

stoichiometries varies from 0.3 nm (ZM 2001-1 with PS/PE 20/80) to 1.3 nm (ZM 3116 with

PG/PE 20/80). The largest variations are observed in hydrophobic polymers containing c-

butyl residues. Intermediate variants (x/y = 60/40: ZM 2018-5, ZM 2030-4) resemble their

hydrophilic counterparts in terms of both mean intermembrane distances and the variation

over polymer/lipid stoichiometries.

Lipid vesicles can also be mixed with multiple polymers, resulting in surprising behavior.

Previously, it was noted that Gr+ selective polymers generate NGC over a wide range

of stoichiometries and lipid compositions. This is the case for hydrophilic variants ZM

2018-3 and ZM 2030-6 when complexed with DOPG/DOPE 20/80 vesicles, which generate

prominent cubic phases. Addition of the hydrophobic variants with matching hydrophobic

residues (ZM 2001-1 and ZM 3116, respectively) into the system while holding the amount

of hydrophilic variants constant has a marked effect on phase behavior. In particular, NGC

is abrogated upon adding sufficient hydrophobic polymer. For ZM 2018-3, the transition is

sudden: addition of ZM 2001-1 at P/L = 1/80 prevents the formation of a cubic phase. For

ZM 2030-6, the cubic phase is at first weakened by the addition of ZM 3116 at P/L = 1/80

before vanishing when the amount of ZM 3116 is increased to P/L = 1/40.

Since NGC is a prerequisite for numerous membrane deformation processes, the presence

of cubic phases has implications for the mechanisms by which polyoxazolines disrupt mem-
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branes. However, the inability to generate cubic phases does not necessarily indicate the

inability to kill bacteria. Hydrophobic variants (x/y = 40/60) can kill Gr− bacteria, despite

their inability to generate NGC in model membranes (Tables 1.2,1.3). In contrast to the

hydrophilic variants and many AMPs, hydrophobic variants disrupt membranes through a

NGC-independent mechanism, perhaps one that cannot be detected using SAXS. Elucidat-

ing this mechanism would allow for the design of better synthetic antimicrobials that are

able to overcome the unique challenges posed by both Gr+ and Gr− outer membranes.

In addition, these results suggest that the hydrophobic variants, when used in concert with

hydrophilic variants, can have antagonistic effects. Antagonistic effects have been observed

in conventional antibiotics since the discovery of penicillin, and antagonism is common in

antibiotics with different mechanisms of action [27, 28]. Antagonism remains an important

consideration as cocktail treatments for a variety of disorders become increasingly com-

mon [29–31]. The polyoxazoline variants, despite differing only in the ratio of hydrophilic to

hydrophobic residues, also appear to operate via distinct mechanisms. Though the confirma-

tion of antagonism between hydrophilic and hydrophobic variants would require additional

bacterial killing assays, it is possible that a mixture of the two variants, rather than gaining

the ability to kill both Gr+ and Gr− bacteria, would instead lose its activity against both

classes of bacteria.
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ZM 2018-3 (P/L 1/80) 

+ DOPG/DOPE 20/80

ZM 2030-6 (P/L 1/80) 

+ DOPG/DOPE 20/80

P/L  0

P/L  1/80

P/L  1/20

P/L  1/40

ZM 2001-1 added

P/L  0

P/L  1/80

P/L  1/20

P/L  1/40

ZM 3116 added

Figure 1.4: NGC Abrogation by Gram Negative Selective Polymers
SAXS data for mixtures of Gr+ selective polymer, Gr− selective polymer, and lipid

vesicles of composition DOPG/DOPE 20/80. Gr+ selective polymer (as listed above each
plot) is present at a constant protein to lipid (P/L) molar ratio of 1/80 for all plots. Gr−

selective polymer (as specified in the legend) is added at the P/L ratio indicated.
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1.3 Conclusion

In summary, this system of polyoxazoline-based random copolymers mimics the action of nat-

ural antimicrobial peptides and yields insight into mechanisms for targeting Gram-positive

and Gram-negative bacteria. Bacterial killing assays reveal that a complete reversal in bac-

terial selectivity can be induced by tuning the ratio of hydrophilic and hydrophobic residues

in the polymer. SAXS results suggest that polymer variants operate through two mecha-

nisms: hydrophilic variants through a NGC-generating mechanism and hydrophobic variants

through a NGC-independent mechanism. Additionally, the affinity between polymers and

bacterial membranes can be more finely tuned by adjusting the volume occupied by the

particular hydrophobic residue. The relationship between hydrophobicity and bacterial se-

lectivity found in this study need not be universal for antimicrobial peptides or synthetic

antimicrobials. Rather, this set of synthetic polymers provides a platform in which the effects

of hydrophobicity and charge are isolated from potential interference by other physiochem-

ical parameters. Their effects can then be investigated independently in order to elucidate

the interactions between tunable polymer properties and the fundamental components of

Gram positive and Gram negative bacteria.

1.4 Methods

1.4.1 Polyoxazoline Synthesis and MIC Assay

Polyoxazoline synthesis and MIC assays are performed as described in [32]. Briefly, monomers

of each type (3-aminopropyl, n-butyl, i -butyl, c-butyl) are synthesized as derivatives of

2-oxazoline. Hydrophilic and hydrophobic monomers are mixed at the desired ratio and

undergo a ring-opening polymerization to form the full poly(2-oxazoline) polymer. Bacteria

are cultured for 9 hr in Luria-Bertani (LB) medium prior to resuspension in Mueller-Hinton

(MH) broth at 2× 105 CFU/mL in a 96-well plate. Poly(2-oxazoline) is then added to each
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sample well at concentrations from 3.13 µg/mL to 400 µg/mL and the plate is incubated

for a further 9 hr. Dose-dependent response curves are plotted based on the percentage of

surviving bacterial cells in order to determine the MIC.

1.4.2 SAXS Lipid Sample Preparation

Small unilamellar vesicles (SUVs) were prepared by the following method. Lyophilized

DOPS, DOPG, and DOPE (Avanti Polar Lipids) were dissolved in chloroform in 20 mg/mL

stock solutions. Lipid compositions were formed by mixing stock solutions at the following

molar ratios: DOPG/DOPE 20/80, DOPG/DOPE/DOPC 20/60/20, DOPS/DOPE 20/80.

Chloroform was evaporated via N2 gas followed by overnight desiccation under vacuum.

Dried lipids were resuspended in physiological buffer (aqueous solution with 140 mM NaCl,

10 mM HEPES at pH 7.4) at a concentration of 20 mg/mL. Following overnight incuba-

tion at 37◦C, lipid solutions were sonicated for 20 min (or until the solution became clear)

to generate SUVs. Solutions were extruded through a 0.2 µm filter (Anotop) to ensure

monodispersity in size. Solutions were stored at 4◦C until use.

Synthetic polymers were dissolved in physiological buffer, then mixed with SUVs at the

appropriate peptide/lipid molar ratios. Mixtures were shaken at low speed for 1 hr and

allowed to equilibrate overnight. Precipitates from polymer-lipid mixtures were transferred

to 1.5 mm quartz capillaries (Hilgenberg GmbH) and hermetically sealed with an oxygen

torch.

1.4.3 SAXS Data Collection and Analysis

Prior to measurement, samples were centrifuged at 6000 rpm for 30 minutes. Samples were

then measured at the Stanford Synchrotron Radiation Lightsource (SSRL) Beamline, 4–2.

X-rays with energy 9 keV were fired at the sample, and scattered radiation was measured

by a Pilatus 3X1M detector (pixel size 172 µm). The sample-to-detector distance was set
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to 1.7 m. 2D Powder diffraction images were azimuthally integrated using the Nika package

(version 1.82) for Igor Pro (version 7.04) and FIT2D [33, 34]. MATLAB (Mathworks) was

used to plot scattering intensity I(q) versus the momentum transfer q.

Structures of polymer/lipid complexes were solved by comparing measured q-positions of all

peaks with permitted reflections for various phases. For lamellar phases, q-positions occur

in a ratio 1 : 2 : 3 : 4 : 5 : ... and the lamellar spacing d is specified by the relation q = dh.

For cubic phases, q-positions occur in the ratio
√

2 :
√

3 :
√

4 :
√

6 :
√

8 : ... for Pn3m

phases and
√

2 :
√

4 :
√

6 :
√

8 :
√

10 : ... for Im3m phases. The lattice parameter a for both

cubic phases is specified by q = (2π/a)
√
h2 + k2. Both lattice parameters are extracted by

assigning each observed peak a set of Miller indices (h, k) and performing a linear regression

of momentum transfer q versus a function of Miller indices.
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Section 2

Smoking and Immunomodulatory Complex Formation

2.1 Introduction

2.1.1 Autoimmune Diseases and TLR9 Hyperactivation

Autoimmune diseases are a class of disorders that involve the hyperactivation of the adap-

tive immune system in the absence of a detectable underlying pathology [35]. Despite the

diversity of autoimmune disease etiologies, many arise from the disregulation of one or more

soluble factors that typically facilitate the immune response. These include vasculitis, which

results from the overexpression of tumor necrosis factor α (TNF–α), and systemic wasting

syndrome, which results from the underexpression of transforming growth factor β (TGF–

β) [35]. Treating autoimmune diseases often proves to be a complex affair. Cytokine-based

treatments must be done with caution, as cytokines are often pleiotropic, having multiple

or overlapping functions [36]. Additionally, a single cytokine can different effects depending

on the stage of disease progression [35]. Immunosuppressants are also incorporated into au-

toimmune disease treatments, and have been effective in treating psoriasis and rheumatoid

arthritis, among others [37]. Long term immunosuppresive treatment, however, can have

adverse effects. For example, cyclosporin A (CsA), a widely used immunosuppresant, is

associated with nephrotoxicity, renal vascular damage, and hypertension [38]. Thus investi-

gation of the underlying physical phenomena behind autoimmune disease may be the key to

developing more effective treatments.
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Toll-like receptors (TLRs) are implicated in the pathogenesis of autoimmune diseases [39].

TLRs are a class of transmembrane proteins that recognize pathogen-associated molecu-

lar patterns (PAMPs), molecules or chemical motifs of foreign origin, as well as damage-

associated molecular patterns (DAMPs), signals released from dead or dying cells [39, 40].

Each TLR recognizes a specific ligand (or set of ligands), and a successful ligand-receptor

binding interaction initiates a signaling cascade that causes altered gene expression, ulti-

mately resulting in the production of proinflammatory cytokines and interferons [39]. TLR9

is an endosomal TLR of particular interest in the context of autoimmune disease, as it is capa-

ble of recognizing double-stranded DNA (dsDNA) [40]. Under normal circumstances, TLR9

recognizes only bacterial dsDNA, which is distinguished from self-dsDNA by its abundance

of cytosine-guanine repeats [41]. A chronic disease state, however, can produce conditions in

which self-dsDNA associates with proteins or anti-DNA antibodies [42], forming a complex

that is recognizable by TLR9. For example, in Systemic Lupus Erythematosus patients,

neutrophils more frequently undergo a form of apoptosis in which the cell releases a neu-

trophil extracellular trap (NET): a network of antimicrobial peptides (AMPs) and extruded

dsDNA [43].

Polycationic molecules and dsDNA can form complexes [44] that can participate in mul-

tivalent binding. The stability conferred by a multivalent binding interaction is orders of

magnitude greater than that of an equivalent number of monovalent binding interactions [45].

Thus a single complex containing multiple dsDNA strands is able to recruit and form stable

connections with several TLR9 molecules. However, the number of connections with TLR9

receptors (and thus the level of TLR9 activation), is strongly dependent on the organization

of DNA within the complex. Small angle X-ray scattering (SAXS) reveals that certain poly-

cations are able to organize DNA into structures with liquid-crystalline order, particularly

those in which dsDNA strands are arranged in parallel columns [46]. If this arrangement

is highly symmetric (e.g. forming a square or hexagonal lattice), each strand of dsDNA

is located a distance dDNA from adjacent strands, where dDNA is known as the inter-DNA
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spacing [46,47]. Ostensibly, the maximal number of TLR9 molecules can be recruited when

dDNA matches the steric size of TLR9 (≈ 3.5 nm). A dDNA below 3.5 nm would make

TLR9 clustering unfavorable due to steric repulsion, while a dDNA above 3.5 nm would re-

sult in less efficient TLR9 clustering, as there would be “empty” space between receptors.

In fact, this is confirmed by measuring type-I interferon production of murine macrophages

exposed to DNA-AMP complexes of varying inter-DNA spacings: interferon production is

maximal when dDNA is approximately equal to the steric size of TLR9, and is lower oth-

erwise [47]. Through various animal studies and cell stimulation assays, the link between

liquid-crystalline ordering of DNA by the chemokine CXCL4 and TLR9 hyperactivation has

been confirmed for systemic sclerosis [48]. Additional studies report analogous phenomena

for the bacterial amyloid Curli [49] and Histone H4 in atherosclerosis [50].

2.1.2 Immunological Effects of Cigarette Smoke

Cigarette smoke has been linked to a number of health problems, including chronic ob-

structive pulmonary disease (COPD), atheroscleroris, and cancers of the lung, mouth, and

larynx [51]. Surprisingly, a link also exists between smoking and autoimmune disease. Smok-

ing has been shown to play a role in the pathogenesis of a number of autoimmune diseases,

including systemic lupus erythematosus (SLE), rheumatoid arthritis (RA), and multiple

sclerosis (MS) [52]. Additionally, the effects of autoimmune disease are sometimes exac-

erbated in smokers relative to nonsmokers [53]. Many proposed explanations for this have

been offered. For example, smoking upregulates the expression of peptidylarginine deiminase

(PAD) enzymes, which are responsible for protein citrillination [54]. Citrullinated proteins,

in turn, serve as a marker for inflammation and are more abundant in patients with RA [55].

Additionally, due to the diversity of compounds released into the body during smoking, com-

pounds can have competing effects. In MS patients, nicotine may reduce the severity of the

disease, while other compounds increase promote demyelinisation, which is characteristic of

the disorder [56].
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Figure 2.1: Inter-DNA Spacing and TLR9 Hyperactivation
(A) An illustration of the dsDNA-TLR9 complex from two perspectives. (B) Inter-DNA
(dDNA) spacing affects TLR9 clustering. When dDNA is close to the steric size of TLR9

(≈3.5 nm), receptor clustering is optimal. Otherwise, the clustering is less efficient, either
due to steric repulsion between receptors for relatively low dDNA (bottom) or extra space

between receptors for relatively high dDNA (not shown). (C) Various compounds and
antimicrobial peptides organize DNA into nanocrystalline structures with different dDNA.
Inter-DNA spacing affects production of the pro-inflammatory cytokine IFN-α. Cytokine

production is maximal when the dDNA is close to the steric size of TLR9, corresponding to
a first peak position between 1.8 and 2.0 nm−1 (inset).

Adapted by permission from Springer Nature Customer Service Centre GmbH: Springer Nature, Nature

Materials, “Liquid-crystalline ordering of antimicrobial peptide-DNA complexes controls TLR9 activation,”

N. W. Schmidt, F. Jin, R. Lande, T. Curk, W. Xian, C. Lee, L. Frasca, D. Frenkel, J. Dobnikar, M. Gilliet,

G. C. L. Wong, Copyright c© 2015

Is it possible that cigarette smoke contains compounds that promote DNA organization and

subsequent TLR9 hyperactivation, culminating in the pathogenesis or exacerbation of au-

toimmune disease? Tobacco smoke contains over 1200 compounds, which include hydrocar-

bons, sterols, terpenes, carbohydrates, and alkaloids [57]. Out of these, cationic compounds

(preferably polycationic) have the highest probability of organizing dsDNA. One such class

of compounds found in tobacco smoke is alkaloids, nitrogen-containing organic compounds

that constitute between 1.8-2.0% of cigarette filler component dry weight [58]. Nicotine is
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the most common alkaloid found in tobacco, but other nicotine-derivatives are also present

(Figure 2.2). At physiological pH (7.4), tobacco alkaloids present a combination of pro-

tonated (e.g. aliphatic, pyrrolidinyl, piperidinyl amines) and unprotonated (e.g. pyridinyl

amines) functional groups. Additional compounds in cigarette smoke include butadiene,

acrylamide, acrylonitrile, acrolein and acetaldehyde [57]. These compounds have the poten-

tial to polymerize upon burning or once in the body, incorporating or trapping alkaloids in

the process. Taken altogether, this suggests the possibility of polycationic molecules or ag-

gregates that, upon complexing with DNA, are capable of inducing inflammation via TLR9

hyperactivation.
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Figure 2.2: Structures of Tobacco Alkaloids
Nicotine is the dominant alkaloid in tobacco. Chemical structures of nicotine and

nicotine-derived alkaloids found in tobacco are shown.

2.1.3 Synthetic Polymers for Investigating Inflammation

The potential for polycationic cigarette smoke compounds to organize DNA into immu-

nomodulatory complexes makes synthetic tobacco mimics an excellent system for investi-

gating the mechanism behind smoking-induced hyperinflammation. Monomers that mimic

tobacco alkaloids (Figure 2.3) can be polymerized to form polycationic compounds. These in-

clude pyrrolidinyl propylmethacrylate (PyrMA), piperidinyl propylmethacrylate (PipMA), 4-

vinylpyridine (4VP), and 2-vinylpyridine (2VP). Through free-radical polymerization, these

monomers can be linked to form a variety of homopolymers and copolymers. Physiochemical
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characteristics of each polymer, such as charge and charge density, can be controlled by the

combination of monomers used as well as their stoichiometry. Molecular weight and poly-

dispersity can be controlled through the use of chain transfer agents (e.g. mercaptoethanol)

in conjunction with fractionation. The diversity of compounds in cigarette smoke, as well as

the heterogeneity within individual samples, makes the investigation of cigarette smoke diffi-

cult. In contrast, this synthetic polymer system allows for the investigation of inflammatory

processes modulated by smoking in a controllable and well-characterized system.

The use of synthetic polymers for mimicking pro-inflammatory compounds suggests another

potential application: the development of polymers that lessen inflammation. Ideally, these

polymers would not induce an inflammatory response on their own and would outcompete

tobacco compounds for binding with DNA. Furthermore, when complexed with DNA, the

inter-DNA spacing should fall outside the inflammatory range, namely far from the steric

size of TLR9. Glucosamine-based glycopolymers represent one class of molecules that may

fulfill these requirements. Bacterial sugars, such as mannose, can be detected by the immune

system via specialized receptors [59]. In contrast, glucosamine is not a foreign saccharide

and has been shown not to induce any serious or fatal side effects [60]. Glucosamines and

N -acetyl glucosamines also have the potential to be cationic, which increases the proba-

bility of binding DNA and forming ordered complexes. If SAXS reveals that a particular

glycopolymer produces an undesirable inflammatory inter-DNA spacing, parameters such as

molecular weight distribution, hydrophobicity, chain architecture, and charge density can be

tuned as desired until a desirable spacing is achieved.
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Figure 2.3: Structures of Monomeric Tobacco Alkaloid Mimics
Pyrrolidinyl propylmethacrylate (PyrMA), piperidinyl propylmethacrylate (PipMA),

4-vinylpyridine (4VP), and 2-vinylpyridine (2VP) are commercially available or
synthesizable monomers and can be linked via free radical polymerization to form tobacco

mimic polymers.

2.2 Results and Discussion

2.2.1 Heterogeneity of Tobacco Total Particulate Matter

One method of investigating the compounds introduced during smoking is by analyzing the

composition of filter pads containing tobacco total particulate matter (TPM). These fil-

ter pads trap TPM during the process of machine smoking, as described by ISO standard

4387:2000. Prior to mixing with DNA, solid TPM must first be dissolved in an appropriate

solvent. To investigate the possibility of possible TPM-induced DNA organization, TPM ex-

tracts in water, dimethyl sulfoxide (DMSO) and glacial acetic acid (AcOH) were combined

with DNA at various TPM/DNA mass ratios. For the vast majority of TMP-DNA compo-

sitions, no visible precipitate was formed upon mixing (a common sign of macromolecular

complex formation). Overall, it was found that TPM extracted from filter pads is unable to

organize DNA to a significant degree: SAXS data reveals an absence of correlation peaks,

indicators of periodicity within the sample.

This absence of detectable DNA organization may be attributed to the heterogeneity of
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TPM, as TPM is comprised of a mixture of cationic, neutral, and anionic compounds. In

order to accumulate sufficient cationic material, electrostatic complex formation would likely

occur in compositions that contain excess TPM. However, DNA concentration in the sample

decreases with increasing amounts of TPM, a condition that reduces the probability of

complex formation. Diffraction features from DNA samples are typically weaker than their

lipid counterparts (refer to Figure 1.4), thus any organization of DNA may be obfuscated by

the heterogeneity of the TPM.
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Figure 2.4: SAXS of Tobacco TPM - DNA Complexes
Tobacco total particulate matter (TPM) is extracted from a filter pad using various

solvents: water, dimethyl sulfoxide (DMSO), and glacial acetic acid (AcOH). “Neutralized”
indicates that the extract was neutralized to pH 7.0 prior to mixing with DNA. Plots show

integrated intensity of SAXS data for mixtures of TPM extract and DNA at various
TPM/DNA mass ratios. No correlation peaks were detected, despite the formation of

condensates upon mixing TPM and DNA in some samples.
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2.2.2 Complex Formation from Gas Washing

Gas washing represents another method of obtaining cigarette smoke compounds that more

closely emulates the physiological process that occur during smoking. Ambient air is drawn

through a cigarette and into a buffer solution to simulate inhalation and the deposition

of cigarette smoke compounds within the body (refer to Section 2.4.1 and Figure 2.8A for

details). Buffers at two different pH values were used: a pH 7.4 buffer (140 mM NaCl, 10

mM HEPES) to represent physiological conditions as well as a pH 5.0 buffer (140 mM NaCl,

10 mM Acetate) to represent the acidic conditions of the endosome, where TLR9 is found.

At both pH levels, solutions with and without DNA were tested.

Cigarettes smoked into DNA-containing solutions yielded low-density precipitates. Precip-

itate formation was observed at both pH levels in DNA-containing solutions (see Figure

2.5C), but in neither of the buffer-only control solutions. SAXS was then used to investi-

gate ordering within the precipitates. At pH 5.0, a DNA correlation peak was measured at

q1 = 0.144Å
−1

(Figure 2.5A,B). At pH 7.4, despite the presence of precipitates, no correla-

tion peaks were observed in the SAXS results. Likewise, no correlation peaks were observed

in samples without DNA.

It should be noted that a single correlation peak gives only an approximation of inter-DNA

spacing, as a more accurate value would require additional peaks that specify the complete

phase behavior. Without more correlation peaks, the geometry of the nanocrystalline struc-

ture cannot be fully specified. This is especially true of heterogeneous samples, such those

produced through solvent extraction and gas washing, in which the precise mixture of com-

pounds in the sample is unknown. For more well-characterized systems, such as the tobacco

mimic polymer and glycopolymer complexes, the identities of compounds in the sample and

their concentrations are known. The uncertainty due to the presence of a single peak, how-

ever, still remains. Ultimately, the notion inter-DNA spacing requires the presence of a

symmetric columnar lattice of DNA. The singular peak does not provide evidence for the
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existence of such a lattice, thus no inter-DNA spacing can be strictly defined for this system.

The inter-DNA spacing, however, can still be estimated by assuming a lattice structure: the

correlation peak at 0.144Å
−1

suggests an inter-DNA spacing of 4.4 nm for a square columnar

lattice and 5.0 nm for a hexagonal columnar lattice.

Overall, gas washing emulates the physiological process of smoking and suggests that or-

ganization of DNA by cigarette smoking compounds is feasible. The improved capability

to generate liquid crystalline order at pH 5.0 is expected, as the higher concentration of

protons would increase the polymer charge. Additionally, the higher linear charge density

at pH 5.0 would better approximate the charge density of DNA, which in turn would make

electrostatic complex formation more likely. Unorganized DNA complexes may be present

in the extracellular space, and it may require endocytosis followed by the subsequent acidifi-

cation of the endosome to produce order in the structure that would be necessary for TLR9

hyperactivation. As with TMP solvent extracts, samples produced through gas washing are

quite heterogeneous. The observed correlation peak may be the result of multiple polyca-

tions assembling DNA. Alternatively, within this group of polycations, it is possible that a

single species is primarily responsible for organizing DNA.
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Figure 2.5: SAXS of Gas Washing Extract - DNA Complexes
Samples shown contain cigarette smoking compounds and DNA at a mass ratio of

approximately 1/1. At pH 5.0, the correlation peak at q1 = 0.144Å
−1

demonstrates that
the precipitates formed during gas washing have the ability to weakly organize DNA.

Correlation peak (A, inset) and corresponding diffraction intensity maxima (B) are shown
with red arrows. Diffraction image is contrast adjusted. No correlation peaks are observed

at pH 7.4. Complexes appear as small, brown precipitates in solution (C).
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2.2.3 Complex Formation from Tobacco Mimic Polymers

The synthesis of tobacco mimic polymers allows us to investigate the possibility of polycation-

induced organization of DNA through the incorporation of chemical motifs similar to those

found on tobacco alkaloids. Based on the starting monomers (Figure 2.3), the following

tobacco mimics were synthesized and investigated: poly(4-vinylpyridine) (P4VP), Poly(2-

vinylpyridine) (P2VP), poly(pyrrolidinyl propylmethacrylate) (Poly(PyrMA)), and

poly(piperidinyl propylmethacrylate) (Poly(PipMA). Polymers were dissolved in DMSO and

combined with DNA at various polymer/DNA (P/DNA) charge ratios for both pH 7.4 and

pH 5.0. The implementation of charge ratios reflects the electrostatic interaction that drives

DNA condensation; mass ratios are used when samples are heterogeneous, namely those in

which the cationic charge density of the compound is unknown.

Precipitates were formed for the majority of polymer and DNA compositions. However,

precipitates were also generated in samples without DNA, indicating that precipitate for-

mation may be partly driven by the change in polymer solubility from pure DMSO to a

DMSO/H2O mixture. At pH 5.0, correlation peaks occurred for two compositions: P4VP +

DNA at P/DNA = 1/2 and Poly(PipMA) + DNA at P/DNA = 2/1. Both correlation peaks

were measured at q1 = 0.220Å
−1

. As with gas washing samples, the singular correlation peak

does not provide sufficient structural information to deduce the inter-DNA spacing, but one

can be estimated nonetheless. For instance, the correlation peak at 0.220Å
−1

suggests an

inter-DNA spacing of 2.9 nm for a square columnar lattice and 3.3 nm for a hexagonal

columnar lattice. At pH 7.4, no correlation peaks were observed.

As with gas washing samples, tobacco mimic polymers demonstrate the ability to organize

DNA. At pH 5.0, P4VP and P2VP contain more protonated amines relative to pH 7.4

(pyridinyl pKa ∼ 5.2). In contrast, Poly(PyrMA) and Poly(PipMA) contain similar amounts

of protonated amines at both pH levels (pyrrolidinyl and piperidinyl pKa ∼ 11). Overall, the

increased cationic charge of the polymers at pH 5.0 correlates with their ability to form or-
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dered complexes with DNA. Since this is a shared feature of tobacco mimic and gas washing

systems, the necessity of lower pH for DNA organization may potentially be applicable to

cigarette smoke compounds in general. However, future experiments would be necessary to

determine the nanocrystalline structure more precisely. If the resulting structure is a colum-

nar hexagonal lattice, the inter-DNA spacing of 3.30 nm would represent an “inflammatory

spacing”, as it falls within the range of values known to hyperactivate TLR9, 3.0 – 4.0 nm.

This would be consistent with the paradigm of smoking compounds exacerbating inflamma-

tion [47]. If, instead, the resulting structure is a columnar square lattice, the inter-DNA of

spacing of 2.8 nm would imply an anti-inflammatory or non-inflammatory spacing. Since

tobacco compounds can have competing effects [56], the tobacco mimic polymer may repre-

sent a subset of compounds or functional groups that prevent inflammation. The compound

or chemical motif that is responsible for increased inflammation may be among those that

have not been investigated through this system of synthetic tobacco alkaloid mimics.
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Figure 2.6: SAXS of Tobacco Mimic Polymer - DNA Complexes
DNA is mixed with various synthetic tobacco mimic polymers at the specified polymer to

DNA charge ratios at pH 5.0. Plots are shown for mixtures of DNA with
poly(4-vinylpyridine) (P4VP), Poly(2-vinylpyridine) (P2VP), poly(pyrrolidinyl
propylmethacrylate) (Poly(PyrMA)), and poly(piperidinyl propylmethacrylate)
(Poly(PipMA)). Red arrows indicate the location of correlation peaks (both at

q1 = 0.220Å
−1

). No correlation peaks were observed for samples at pH 7.0 (not shown).
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2.2.4 Glycopolymers Form Highly-Ordered Complexes with DNA

The primary glucosamine-based glycopolymer used in this study was poly(methyl 6-acryloyl-

β-D-glucosaminoside) (poly(M6AG)). The structure is shown in Figure 2.7A. To investigate

potential effects of molecular weight, various fractions are tested, namely those with number-

average molecular weights (MWn) of 44.2, 36.8, 20.0, 10.1, and 3.5 kDa. These represent

number average degrees of polymerization of 179, 149, 81, 41, and 14, respectively. The

20.0 kDa fraction is of particular interest, as it is able to form a variety of structures with

different lattice parameters.

Surprisingly, DNA organization was observed at both pH 7.4 and pH 5.0. At pH 7.4, broad

peaks are present in only a subset of samples. For the 20.0 kDa fraction, correlation peaks

were measured for polymer/DNA (P/DNA) charge ratios of 1/1 and 1/2, at q1 = 0.147Å
−1

and q1 = 0.158Å
−1

, respectively (Figure 2.7B). As before, these single peaks cannot provide

precise phase information. An inter-DNA spacing of 4.0–5.0 nm can be estimated, though

the presence of a columnar lattice is not guaranteed. At pH 5.0, the majority of samples

exhibit multiple sharp correlation peaks, indicative of a crystal domain size larger than that

present at pH 7.4. The most prominent peaks likely give information about 2 dimensional

ordering. For the 20.0 kDa fraction, the most prominent peaks suggest the presence of a

hexagonal lattice with a=4.0 nm at P/DNA = 2/1, a hexagonal lattice with a= 3.5 nm at

P/DNA = 1/1, and a tetragonal lattice with a=2.9 nm at P/DNA = 1/2 (Figure 2.7B–D).

The lattice parameter a specifies the in-plane ordering of DNA columns (i.e. the inter-DNA

spacing), while the lattice parameter c describes the periodicity of the lattice out of the plane

(along a DNA column). Ordinarily, it can be assumed that c→∞, as the length of a DNA

strand (c) is much larger than the spacing between DNA strands (a). However, the presence

of smaller peaks together with the prominent peaks suggests that c is on the order of a, and

thus cannot be neglected. Unfortunately, there is an insufficient amount of small peaks to

adequately deduce the out-of-plane ordering.
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Overall, this glycopolymer system demonstrates the ability to organize DNA effectively. Rel-

ative to the tobacco mimic polymers and gas washing extracts, poly(M6AG) can form orga-

nized complexes with DNA at both pH 7.4 and pH 5.0. This is consistent with the expected

presence of protonated amines at both pH levels (poly(M6AG) pKa ∼ 6.6). Additionally, the

more prominent and narrow peaks formed by poly(M6AG) suggest the presence of more crys-

tals containing a larger number of repeat units. Together, these suggest that poly(M6AG)

may be able to outcompete tobacco compounds for binding to DNA. For samples at lower

pH, the presence of multiple correlation peaks is indicative of more highly-symmetric struc-

tures, increasing the probability that the assumed lattice parameters correspond to actual

inter-DNA spacings. This, in turn, allows us to predict the level of inflammation that

will result from glycopolymer-DNA induced TLR9 hyperactivation. Since the inter-DNA

spacings fall within the inflammatory range of 3.0–4.0 nm, further tuning of glycopolymer

parameters is required. Alternatively, since stoichiometry has been shown to affect both the

crystal structure and lattice parameters, it must be a primary consideration. In practice, the

combination of glycopolymer with DNA may need to be performed prior to administration

in order to ensure that the desired stoichiometries are achieved without interference from

other compounds that may be present in a heterogeneous environment. Overall, the use of

glycopolymers serves as a promising method of reducing inflammation.
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Figure 2.7: SAXS of Glycopolymer - DNA Complexes
(A) Chemical structure of poly(methyl 6-acryloyl-β-D-glucosaminoside) (poly(M6AG)).

(B) SAXS of poly(M6AG) combined with DNA at the specified P/DNA charge ratios. For
pH 5.0, arrows indicate the positions of correlation peaks that provide information about

in-plane ordering of DNA. Miller indices (hk) are also indicated. For pH 7.4, arrows
indicate the position of single correlation peaks. (C) Illustration of a columnar hexagonal

phase with a = 4.0 nm, as in poly(M6AG) + DNA, pH 5.0, P/DNA = 2/1. (D)
Illustration of a columnar tetragonal lattice with a = 2.9 nm, as in poly(M6AG) + DNA,

pH 5.0, P/DNA = 1/2. For (C) and (D), columns represent strands of dsDNA with a
diameter of 2.0 nm.
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2.3 Conclusion

To summarize, a number of cognate systems can be used to investigate smoking-induced

inflammation: solvent extraction of tobacco TPM, collection of smoke compounds by gas

washing, and the synthesis of tobacco mimic polymers. Each approach illustrates the com-

promise between accurately simulating the biological and chemical aspects of smoking and

developing a system that is controllable and well-characterized. For the gas washing and

tobacco mimic polymer systems, SAXS reveals the formation of partially ordered complexes

upon mixing with DNA. For samples obtained through solvent extractions, the heterogeneity

of the tobacco TPM dominates, preventing the formation and/or detection of ordered macro-

molecular complexes. The ability of tobacco compounds to organize DNA also appears to

be pH-dependent: organization of DNA at pH 7.4 was not observed, but such organization

occurred for certain compositions at pH 5.0, simulating the acidified environment in the en-

dosome where TLR9 is located. The data suggest that TLR9 clustering and hyperactivation,

facilitated by the formation of properly-spaced molecules of DNA within a complex, may

contribute to the overall mechanism by which smoking exacerbates or causes autoimmune

disease. Furthermore, glycopolymers present a promising solution to reducing inflammation

brought about by this TLR9 hyperactivation mechanism. Their mimicry of host saccharides

and strong DNA binding and organization abilities highlight their potential utility in this

system. For both tobacco mimic polymers and glycopolymers, additional refinements to

the polymer synthesis methods will grant more control over relevant characteristics such as

molecular weight and charge, allowing for the simulation of a wider range of polymer-DNA

interactions.
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2.4 Methods

2.4.1 Polymer Synthesis and Tobacco Extraction Methods

Briefly, the monomeric starting materials pyrrolidinyl propylmethacrylate (PyrMA), piper-

idinyl propylmethacrylate (PipMA), 4-vinylpyridine (4VP), and 2-vinylpyridine (2VP) un-

dergo a free radical polymerization in toluene with 0.01 equivalents of radical initiator Azo-

bisisobutyronitrile (AIBN). Two main methods are used to extract cigarette smoking com-

pounds: gas washing and solvent extraction. In gas washing, a Dreschel bottle filled with 10

mL buffer (either 140 mM NaCl, 10 mM HEPES, pH 7.4 or 140 mM NaCl, 10 mM Acetate,

pH 5.0). A reference cigarette (University of Kentucky) is lit and placed at the inlet, while a

60 mL plastic syringe (BD) is placed at the outlet. The syringe plunger is extended, drawing

outside air through the cigarette, then into the buffer inside the Dreschel bottle, and finally

into the syringe. Once the syringe is full, the syringe is detached from the apparatus, its

contents are released, and the empty syringe is reinserted. This process is repeated until

the cigarette is depleted, and additional cigarettes are smoked through the system until the

desired mass of smoking compounds is deposited into the buffer (≈ 1 mg per cigarette). Gas

washing is illustrated in Figure 2.8A. In solvent extraction, Cambridge filter pads containing

tobacco total particulate matter (University of Kentucky) are placed in 2 mL of solvent,

either aqueous or organic. After 48-72 hr, the filter pad is removed from solution. The mass

of smoking compounds transferred to the solvent is determined by the change in filter pad

mass. For glacial acetic acid extractions, the solution is neutralized to pH 7.0 before being

combined with DNA. Solvent extraction is illustrated in Figure 2.8B–C. Glycopolymer pKa

was estimated from the pKa of the monomer using MarvinSketch (ChemAxon).
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A

B C

Figure 2.8: Tobacco Extraction Methods
Depictions of various methods used to extract tobacco smoke. (A) During gas washing, a
lit cigarette and plastic syringe are arranged as shown, on either side of a Dreschel bottle
filled with physiological buffer. Red arrows indicate the path of air flow when the syringe
plunger is extended. Upon becoming filled, the syringe is detached and its contents are

expelled, after which it is reattached. This process is repeated until the cigarette has been
depleted. Alternatively, a tobacco filter pad can be placed inside a solution of water (B) or

organic solvent (C).

Figure design by Brooke Jackson, University of California, Los Angeles.

2.4.2 SAXS DNA Sample Preparation

Calf thymus DNA is ethanol-precipitated and resuspended in aqueous buffer at either pH 7.4

(140 mM NaCl, 10 mM HEPES) or pH 5.0 (140 mM NaCl, 10 mM Acetate). Tobacco mimic

polymers were dissolved in pH 7.4 or pH 5.0 buffer (or DMSO if insoluble in aqueous solution),

then mixed with calf thymus DNA at the appropriate ratios. Charge ratios were used

for sufficiently cationic polymers, otherwise molar ratios were used. For samples involving

tobacco particulate matter, extracts were mixed with DNA at appropriate mass ratios.

Mixtures were shaken at low speed for 1 hr and allowed to equilibrate overnight. Precipi-

tates from polymer-DNA mixtures were transferred to 1.5 mm quartz capillaries (Hilgenberg

GmbH) and hermetically sealed with an oxygen torch.
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2.4.3 SAXS Data Collection and Analysis

SAXS data collection, reduction, and analysis was performed as described in section 1.4.3,

with the exception of the sample-to-detector distance being set to 1.7 m.

Inter-DNA spacing (equivalent to the lattice parameter a) can be deduced from the measured

correlation peaks (q) and their corresponding miller indices: q = 2π
a

√
h2 + k2 for a columnar

square lattice and q = 4π√
3a

√
h2 + hk + k2 for a columnar hexagonal lattice. When assuming

a phase based on a single correlation peak at q10, these simplify to a = 2π
q10

and a = 4π√
3·q10

,

respectively.
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R. Chevre, J. Marschner, A. Schumski, C. Winter, L. Perez-Olivares, C. Pan, N. Paulin,
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