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Abstract

Bioengineering drug delivery facilitates re-potentiation of existing drugs and drug candidates,
bypassing hurdles in novel drug development and accelerating the advance of medicine. Drug
delivery strategies aim to enhance therapeutic effect by enhancing delivery to the target cells
or tissues, while curtailing adverse off-target effects. Existing approaches include liposomes,
polymeric miscelle, protein-based nanoparticles, antibody-drug conjugates, dendrimers, and
polymer drug conjugates. These systems provide the framework for the addition of additional
functionalities, including modalities enabling targeting or controlled drug release. This thesis
describes two projects utilizing the same RAFT-based polymerization strategy to synthesize
polymer-drug conjugates, incorporating different modalities to enable glycan-based targeting
to the Pseudomonas a. biofilm and to extend drug release within polymer-drug conjugate

manufactured into nanofibers.

Keyword: Drug Delivery, Polymer, Drugamer, Tenofovir, Nano-fiber, Drug release,

Carbohydrate Targeting, Pseudomonas, Biofilm
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1 Introduction

1.1 Hurdles in modern medicine

Some of the greatest modern medical challenges lay in the development of solutions for
medication nonadherence and treating “undruggable” diseases, where effective doses of
current drugs cannot reach therapeutic targets. By re-engineering the delivery method of
pharmaceutical compounds, we create a multimodal opportunity to address these issues and

enhance therapeutic performance.

1.1.1  Combatting medication non-adherence

Nonadherence in treatment of chronic disease is an complex issue, influenced by, amongst
many other factors, socio-economic status, inadequate or fragmented care, complicated
treatment regimes, cognitive impairment, “pill-fatigue”, forgetfulness, and depression'. This
is of great concern in many diseases, including schizophrenia, diabetes, and infections. By
developing therapies which reduce patient burden in continuing treatment, we can greatly
improve not only health but more importantly, quality of life. Two promising options are to

engineer extended release drugs or to pursue alternative delivery methods.

1.1.1.1 Extended release drugs

Reducing dosing frequency and simplifying dosing schedules greatly improve medication

adherence and patient health. These Extended release anti-psychotics have similarly



improved patient health, functionality, stability, and quality of life1-3. Similarly, insulin
delivery pens and automated insulin delivery devices have greatly improved target time in
range of glucose levels and improved quality of life, demonstrating significant efficacy in
improving health and compliance6—8. Reducing the number of doses patients must take
obviates many of the contributors to nonadherence. This is of significant concern in the
treatment of infections, where poor medication adherence risks not only reinfection but
potentially transmitting the infection and contributing to the development of antibiotic

resistance.

1.1.1.2  Alternate delivery methods

In many medication settings, such as the treatment of schizophrenia and HIV, the only
extended release options are injectable medications. Administration through needles
precludes these extended release medications for many groups due to psychological
challenges. In addition to the ubiquitous needle-phobia, many may have aversions to
injectable extended release medications due to concerns about control—such as the
irreversibility after injection—and negative associations with drug usage, especially for
patients with prior history of drug use or who are in the process of recovery from drug
abuse’. Consequently, development of alternative administration methods is critical in the

reduction medication nonadherence.

1.1.2 Targeting “undruggable” diseases



Most medications are non-targeted and administered systemically. This lack of specificity
translates to needing higher dosages to reach the intended target organ or tissue, increasing
the risk of off-target effects and adverse reactions deleterious to the health and well-being of
patients®. If a drug cannot efficiently reach or treat the targeted organ, higher dosages and
more extensive and prolonged therapies may be required for complete rehabilitation. These
increased dosages translate to higher medical costs, decreasing the accessibility of the
therapy. More significantly, untargeted medications frequently show poor efficacy in the
treatment of “undruggable” diseases—such as solid tumor cancers, Alzheimer’s, multiple
sclerosis, cystic fibrosis, and pulmonary infections—where access to the targeted organ or
tissue is barred by physiological barriers including the extracellular matrix, blood-brain
barrier, mucosal barriers, and the cellular membrane®. By engineering targeting properties
into medications, treatment can overcome these limitations. In the advancement of cancer
treatment, targeted treatment has become pivotal in increasing patient survival, health, and

quality of life!®-12,



1.2 Pro-drug polymers

Pro-drugs have become an entrenched strategy to overcome barriers for otherwise promising
drug candidates, overcoming challenges such as chemical instability, toxicity, low aqueous

solubility, short half-lives, and physiological barriers to therapeutic targets '°.

Conventional pro-drug strategies alter administration, distribution, metabolism, and excretion

(ADME). With the polymer chemistry and synthetic methods used in pro-drug containing

polymer (drugamer) formulation allow for precise control and improvement of many drug

properties, such as targeting, solubility, retention, and biocompatibility.

1.2.1 Modularity

The use of drugamers represents a modular opportunity for versatile selection and
combination of varying monomers. Many synthetic methods pro-drug polymers now utilize

Reversible addition-fragmentation chain transfer (RAFT) polymerization. Since it was

first reported in 1988, RAFT has become one of the most popularly used methods of
controlled radical polymerization'. It permits exhaustive control of molecular weight, DP,
polydispersity, and structure, synthesizing complex polymer architectures far beyond the
basic linear block copolymer, such as star, dendrimer, brush, comb-like, and cross-linked
networks. More significantly, RAFT functions across a wide temperature range and is
tolerant of many monomer and solvent functionalities, including aqueous solutions'>. As a

result, different moieties, linkers, and monomers can be combined and recombined to



synthesize drugamers of varying polymer compositions, yielding a repertoire with a wide

range of attributes and functionality.

Figure 1: Ciprofloxacin drugamer composition

Ciprofloxacin pro-drug monomers with various linkers were polymerized with carbohydrate
monomers to form ciprofloxacin pro-drug monomers discussed later in this thesis.
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The Ratner and Stayton labs previously synthesized a series of ciprofloxacin drugamers,
comprising of a ciprofloxacin pro-drug monomer and a carbohydrate monomer illustrated in
Figure . Other monomers, such as fluorescent monomers for imaging purposes, were

occasionally integrated.'®!°,

The ability to interchangeably incorporate different monomers within the RAFT
polymerization allows for detailed analysis and comparisons. By altering the linkers between
the pro-moiety and the ciprofloxacin, different release profiles can be generated and
compared. Similarly, by altering the carbohydrate monomer, experiments can be performed

to understand method of action and specificity.



Similarly, other modalities can be incorporated with the addition of other monomers. As seen
in Figure 2, a fluorescent variant of the ciprofloxacin drugamer, synthesized through the
addition of a rhodamine monomer, enabled visualization of drugamer location and retention
within tissue and cells!”. With RAFT polymerizations, other modalities be easily added to

create new properties in drugamers.
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Figure 2: Schema of fluorescent ciprofloxacin drugamer polymerization

Rhodamine monomers were polymerized with varying carbohydrate monomers and
ciprofloxacin pro-drug monomers with different linkers to enable visualization of the
drugamers'’

1.2.2 Targeted drug delivery

Targeting modalities are one of the most prominent features of new drug. Most cancer
therapies are now targeted, utilizing ....to targeted at specific cancerous cells and tissues. As
discussed earlier in section 1.1.2 Targeting “undruggable” diseases, targeted therapies

improve patient health, quality of life, and outcome by reducing off target effects and



increasing efficacy at the therapeutic target, through increased concentrations delivered to the
target or by escorting the drug across otherwise limiting barriers. For the purpose of
illustrating targeted drug delivery with drugamers, we will focus on ciprofloxacin drugamers

in the cute pulmonary lung infection setting.

Acute pulmonary infections are the third leading cause of death in the world. While many
antibiotics have been developed, treatment of lung infections typically necessitate systemic
therapy because antibiotics delivered as aerosols are quickly cleared from the lung tissue into
the blood. Additionally, many of the most challenging pathogens evade antibiotic treatment
and immune detection through the construction of biofilms, as in the case of Pseudomonas,
or by sheltering inside alveolar macrophages, as with the causative agents of Melioidosis and
Tularemia, Burkholderia and Franciscella. We exploited the alveolar macrophages’
expression of the mannose receptor CD 206 to specifically target alveolar macrophages and

deliver antibiotics to the intracellular bacteria.?.

As illustrated in Figures 1-2 , multiple ciprofloxacin drugamer variants were synthesized. To
evaluate the efficacy of targeting with mannose, two drugamer variants were synthesized, one
expressing mannose and the other expressing the almost chemically identical carbohydrate
galactose. When cultured alveolar macrophages (MPI) were incubated with the either the
mannose drugamer (Man-drugamer) or the control polymers galactose drugamer (Gal-
drugamer) of CBM drugamer (CBM-drugamer), shown in Figure 3a, there is markedly
increased uptake of the Man-polymer than either of the control polymers. In a competition
assay, MPI and HeLa cells were both dosed with mannan and galactose (Fig 3b,3c). The

CD206 receptors on the MPI cells were blocked by treatment with mannan, but not with



galactose, indicating that the CD206 is very specific for mannose. (Figure 3b). As HeLa cells
do not express the CD206 mannose receptor, treatment with the mannan inhibitor resulted in
no significant difference in drugamer uptake (Figure 3c). To verify the specificity of the
polymer targeting, MPI cells incubated with the mannan inhibitor and then dosed with
drugamer resulted in inhibition of uptake only with Man-drugamer but not the Gal-polymer

or CBM-polymer (Figure 3d)'¢.

Figure 3. In vitro characterization of polymeric prodrug targeting and uptake.

A) Uptake by MPI cells treated with 1 pM of fluorescent drugamers Man-drugamer
[poly(Man-co-Cipro)], Gal-drugamer [poly(Gal-co-Cipro)], and CBM-drugamer
[poly(CBM-co-Cipro)]. Competition assay using CD206 and non-specific competitive
inhibitors, mannan (4mg/ml) and galactose in (B) MPI macrophage and (C) HeLa cells.
(D) MPI cells incubated with 4mg ml~! mannan and dosed with non-specific control
drugamers, Gal-drugamer and CBM-drugamer '
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To evaluate the targeting capability in vivo, 3 mice each were dosed with a variant of the
ciprofloxacin drugamers, incorporating a rhodamine labeled monomers (Figure 4). The
incorporation of the rhodamine monomer, another example of the flexible modular nature of
RAFT polymerization in drugamer synthesis discussed in section 1.2.1, confers fluorescence
to the drugamers and enables quantification of drugamer uptake through fluorescence
cytometry. Levels of rhodamine measured in alveolar macrophages treated with the
fluorescent Man-drugamer were significantly higher than levels in either control drugamers,
suggesting increased uptake of the Man-drugamer over either control drugamer (Figure 4b).
Furthermore, significantly more cells contained rhodamine in the Man-drugamer treated mice
than in the control treated mice (Figure 4b). This indicates that alveolar macrophages have a
significant preference for Man-drugamer over the control drugamers (Figure 4b). Of the cells
positive for fluorescence and containing drugamer, the cells from mice treated with Man-
polymer expressed more fluorescence and internalized significantly more drugamer (Figure
4c). These results reinforce the findings in the in vitro experiments and confirm the targeting

capability of the ciprofloxacin drugamer!®,



Figure 4. In vivo delivery of poly(Man-co-Cipro) to alveolar macrophages.

Rhodamine labeled Man-drugmaer (MP), Gal-drugamer (GP), and CBM-drugamer (CP) were
administered to C57bl/6 mice. (A) Uptake of fluorescent drugamer compared to non-specific
drugamer. (B) Comparison of the percentage of cells containing fluorescently labeled
drugamer between each polymer prodrug treatment group. (C) Level of drugamer uptake
(indicated by levels of fluorescence detection). The uptake of Man-drugamer was 2.4 times
greater than that of control Gal-drugamer uptake, and 4.1 times greater than uptake of control
CBM-polymer). 6
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To ensure release of the drug only after internalization by the alveolar macrophages, two
variants of the mannose targeted ciprofloxacin drugamers were synthesized with different
linkers, a protease cleavable dipeptide (Man-co-VC) or a hydrolytic ester (Man-co-CTM).
The VC linker, cleavable by the was theorized to allow cleavage and drug release only after
internalization into the cellular lysosome by the human lysosomal protease cathepsin B
(CatB). To verify linker accessibility and enzymatic cleavage, Man-co-VC was incubated
with CatB (Figure 5). In the presence of CatB, Man-co-VC showed a half life of ~30 minutes,
with no release observed from hydrolytic ester bearing Man-co-CTM during the experiment
(Figure 5a,5b). To ensure that ciprofloxacin was released from Man-co-VC only through
enzymatic cleavage after internalization within the lysosome, the drugamer was incubated
under various aqueous conditions, including human serum, a buffer mimicking lysosomal

pH, and CatB at neutral pH, stimulating CatB secreted outside the cell or expressed on the



cell membrane. Linker cleavage and ciprofloxacin release was only observed when incubated
with CatB at lysosomal pH, with some release at neutral pH modeling the extracellular space,
and no release from other conditions, indicating that drug release from the drugamer could
only happen after endocytosis (Fig 5¢). To examine if the ester bond in both linkers could be
cleaved through non-specific esterase cleavage, both drugamers were incubated with the
human esterase butrylcholinesterase, responsible for metabolizing ester-containing drugs and
detoxification (Fig 5d). Although some non-specific esterase cleavage occurred, in
comparison to the hydrolytic ester linked Man-co-CTM, Man-co-VC released significantly
less ciprofloxacin (2.7% compared to 15.1% after 14 days), suggesting minimal drug release
by non-specific esterase cleavage. In combination with the mannose targeting monomer, the
use of the VC linker ensured that the polymer would be preferentially uptake by the alveolar
macrophages and the drug released only after being internalized, achieving drug delivery to

the intracellular space where the targeted pathogens Burkholderia and Franciscella reside!’.



Figure 5. Lysosomal protease-mediated drug release from polymeric ciprofloxacin

prodrug.

(A) Release kinetics of ciprofloxacin from Man-co-VC or Man-co-CTM when incubated with
CatB. (B) Ciprofloxacin release from Man-co-VC over time when incubated with CatB. (C)
Release kinetics of ciprofloxacin during Man-co-VC with CatB (pH 5.0 or 7.4),, in human
serum or in acetate buffer (pH 5.0). (D) Ciprofloxacin release from Man-co-VC when
incubated a model esterase, human butyrylcholinesterase.!’
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Drug release can be controlled by modification of drugamer structure and composition. More

directly, the pro-drug monomer can be modified through selection of the linker between the

pro-drug moiety and the drug. Incorporation of the dipeptide linker in Man-co-VC was

theorized to prolong ciprofloxacin release. During incubation with macrophages, the Man-co-

VC showed time-dependent release, with significantly more ciprofloxacin released than the



Man-co-CTM by hour 4 (Figure 6a)!'’. In vivo, we showed that ciprofloxacin had significantly

higher and prolonged release with Man-co-VC than Man-co-CTM (Figure 7)!% .

Figure 6. In vitro release, efficacy, and toxicity of polymeric ciprofloxacin prodrugs.

Released ciprofloxacin inside macrophages incubated Man-co-VC or Man-co-CTM.
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Fig. 7. In vivo pharmacokinetics of drugamer-released ciprofloxacin in alveolar
macrophages.

Released ciprofloxacin 4 hours (day 0) to 7 days after dosing. Day 0 was defined as 4h after
the drugamer administration. The lines indicate the average of the 3—4 data points of each
time point. (n = 3-4)'8
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1.2.4 Efficacy

By combining monomers with varying components, multifunctional drugamers can be
synthesized. This new inhalable “drugamer” therapeutic, Man-co-VC, is designed to achieve
high and greatly extended dosing in the lung. This drugamer platform is shown to re-
potentiate ciprofloxacin and to achieve full prophylaxis where the parent drug is ineffective
against the antibiotic-resistant, Tier 1 select agent Burkholderia pseudomallei. This
pulmonary drug platform builds delivery properties such as targeting and PK extension into

121—23

the drug itself, rather than utilizing liposoma or other nanoparticle?**>formulations. This

new therapeutic platform is a fully synthetic and modular version of past polymer

therapeutics?6-28 .

This platform serves as a strikingly efficacious prophylactic in an aerosolized model of
antibiotic-resistant B. pseudomallei. B. pseudomallei causes an estimated 165,000 cases of
melioidosis per year, 89,000 annual deaths, and has a mortality rate of up to 50% in rural
Thailand and Vietnam 2°3°. A major reason for the high mortality rate is that B. pseudomallei
achieves protection from antibiotic exposure and adaptive immune responses through

sequestration within the alveolar macrophage?!.

Current standard of care treatments rely on exhaustive antibiotic dosing regimens unchanged
in decades®?. Recommended treatments include 10-14 days or longer of intravenous therapy,
followed by further 3-6 months of multi-daily oral antibiotic eradication therapy 2°*2. This
lengthy and intensive treatment course is unavailable to many poor rural farmers, is

associated with patient nonadherence, leads to well-documented patient side-effects, and



promotes the emergence of antibiotic-resistant bacteria®®*. While prophylactic use of
antibiotics can be problematic in the context of drug resistance, the select and targeted use of
prophylactic antibiotics has been advocated for in settings where health impacts are
severe**¥. Given the small pipeline of new antibiotics, repurposing and re-potentiating
existing antibiotics is therefore an important goal for pulmonary infections and B.
pseudomallei in particular. This may be especially true for this current work that
demonstrates repotentiation of the antibiotic ciprofloxacin to which B. pseudomallei is

resistant clinically>®.

This drugamer platform targets the lung macrophage compartment as a reservoir to increase
dosing against intracellular lung pathogens, as well as to extend drug PK out to seven days
from a single dose (Fig. 8).The inhaled ciprofloxacin drugamer achieved 100% survival for
the two-week study period, where the corresponding inhaled ciprofloxacin groups showed no
efficacy and uniformly reached euthanasia endpoints after just 3 days. The modular drugamer
platform is fully synthetic and thus manufacturing-ready with combination drug potential that

can be exploited for response to other existing or emergent pulmonary infections!7-37-3,



Figure 8. Macrophage-targeted drugamer enables a sustained delivery of ciprofloxacin
to alveolar macrophages.

Schematic showing the composition polymeric ciprofloxacin prodrug and its mechanism for
enhancing alveolar macrophage uptake and intracellular antibiotic release. (1) The drugamer
is composed of multivalent mannose ligands that act both as solubilizing agents and targeting
residues, thus enhancing drugamer internalization by alveolar macrophages. (2) Drugamer
binding to mannose receptors induces receptor-mediated endocytosis. The protease-cleavable
dipeptide motif (Valine-Citrulline) linking ciprofloxacin to the polymer backbone is
subsequently cleaved by intracellular proteases, such as cathepsins, allowing release of the
antibiotic in the alveolar macrophage and killing of intracellular bacteria.
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Table 1. Overall comparison of the three challenge studies reported. (MIC: Minimum
inhibitory concentration)

Figure 2 Figure 4 Figure 5

B. thailandensis B. thailandensis B. pseudomallei

Bacterial strain E264 E264 1026b
(Laboratory surrogate) (Clinical isolate)
MIC_/MIC,_,
50 90 2/4 2/2
(ng/mL)
Deposition dose’ 5 . 3
(CFU/Lung) 4.53 x 10 6.25 x 10 3.80 x10
Dosing regiment Day 0,1, 2 Day -2, -1, 0 Day -2, -1, 0
Suvival rate of 100% 100% 100%
drugamer treated mice (8/8) (8/8) (10/10)
Suvival rate of
. . 25% 12.5% 0%
free ciprofloxacin (2/8) (118) (0/10)

treated mice

*Bacterial deposition in the lungs was determined from quantitative culture of lung tissue
from mice sacrificed immediately after infection (n=4).
tBacterial infection was conducted at 2 h after the dosing on day 0.



The activity of the mannose-targeted, polymeric prodrug was initially evaluated in a murine
model of pulmonary melioidosis brought about by exposure to B. thailandensis (Table 1,
Fig. 9). This model is highly lethal in mice but not humans. Treatment with free
ciprofloxacin provided a modest improvement in survival rates, with 25% (n = 2/8) of the
mice remaining at the endpoint of 14 days. Administration of the polymeric ciprofloxacin
prodrug led to full protection, with all mice surviving to 14 days (n = 8/8) (Fig. 9A). Though
both free drug and drugamer-treated mice exhibited weight loss as soon as 24h post-infection,
the latter had regained their baseline weight 5 days after the infection, compared with 9 days
for the survivors of the former group. Of note, mice treated with free ciprofloxacin became
visibly ill (e.g. decreased body temperature and increased morbidity) approximately 24h after
infection, whereas these metrics remained stable for the drugamer-treated mice throughout
the experiment (Fig. 9B-D). 14 days after infection, drugamer-treated mice (and the 2
survivors from the free ciprofloxacin-treated group) showed no detectable levels of bacteria
in the lungs, spleen and liver (Fig. 9E), three organs that are commonly affected by

melioidosis*. This is a strong indication that these mice had resolved the infection.

A comparative PK study of the drugamer and free ciprofloxacin was performed in mice (Fig.
10). The animals received a single intratracheal dose of 20 mg/kg ciprofloxacin — either in
drugamer or free drug form — and were subsequently euthanized at pre-determined timepoints
(4 hours — 7 days). The lung macrophages of the euthanized mice were collected through
bronchoalveolar lavage, and liquid chromatography tandem mass spectrometry (LC-
MS/MS) was used to measure the levels of ciprofloxacin in those cells. Inhaled ciprofloxacin

was rapidly cleared as previously characterized!®!7#! and after 4h, 33% of mice had



quantifiable levels of the drug in the alveolar macrophages. This is in stark contrast with what

was observed for the drugamer. The concentration of ciprofloxacin observed in the alveolar

Fig. 9. Efficacy of the ciprofloxacin drugamer against aerosolized Burkholderia
thailandensis E264.

Free ciprofloxacin (free drug) or ciprofloxacin drugamer were intratracheally administered
(50 pL aerosolization, 20mg ciprofloxacin/kg) at day 0 (2h prior to the infection), 1, and

2 using a MicroSprayer® (n = 8 for each treatment group). PBS was used as a vehicle control.
All mice were challenged with aerosolized B. thailandensis 2h after dosing on day 0.
Survival rate and health condition of mice were monitored for 14 days. (A) Survival rate of
infected mice. Arrows indicate dosing day. (B & C) Body weight and surface temperature of
mice over the course of the experiment. (D) Clinical scores of mice. Mice were scored on
seven categories: activity, coat, eyes, breathing, posture, isolation, and resistance to handling,
with scores of 0, 0.5, and 1 specified for each category. E Bacterial burden in organs
retrieved from mice that survived to the experimental endpoint (14 days). CFU: Colony-
forming unit. Data are presented as mean + SD. ** denotes p < 0.01.

A Survival Rate E CFU/Organ
P
100 A 600 =
A
‘_; 80+ 500 = N
3 -+ Drugamer & 400+
S 60- *hkk 2
n -= Freedrug § 300 4
€ 404 =)
3 [
° O 200+
& 20 A
- 100 = . R
AA A
0 | L ) L L L L L L 0 . - L - - L)
-2 0 2 4 6 8 10 12 14 Lung Liver Spleen
Days after infection
m Freedrug 4 Drugamer
(1 survivor) (8 survivors)
B Body Weight C Surface Temp D Morbidity
25= 36 - 104
- A ’
1 5 32 g8
2 3. & 64
2 3 28 - £ )
> © - &
g 154 £ $
m 8 24 4 2
10 L Ll L) ] L) L) L] L | 20 L] Ll L] L] L] L] L) L] 0 L] L] L] L] L] L) L] L)
2 0 2 4 6 8 10 12 14 2 0 2 4 6 8 10 12 14 2 0 2 4 6 8 10 12 14

Days after infection

Days after infection

Days after infection



macrophage compartment was one to three orders of magnitude larger than that observed in
mice dosed with the free drug, across all timepoints. All animals dosed with the drugamer
also displayed detectable levels of ciprofloxacin in the alveolar macrophage compartment up
to 5 days after administration, and two out of three mice exhibited detectable levels of

ciprofloxacin in the alveolar macrophage compartment after 7 days.

The MIC of ciprofloxacin against B. thailandensis and B. pseudomallei are 2 and 4 pg/mL,
respectively (Table 2). All the mice dosed with the drugamer had a ciprofloxacin
concentration in the lungs that was above the MIC through the 7-day experiment, save for
one mouse at the 7-day timepoint. Together, these observations demonstrate that the
drugamer enables a delivery of ciprofloxacin to the alveolar macrophage compartment that
was sustained over 5 to 7 days, with its concentration remaining orders of magnitude higher
than when ciprofloxacin is administered as the free drug. Combined with the results from our
successful challenge study with B. thailandensis, these observations prompted us to evaluate

the efficacy of the drugamer in a fully prophylactic dosing regime

To test whether the polymeric prodrug was efficacious in a fully prophylactic dosing
regimen, mice were dosed with the drugamer before being infected with B. thailandensis
(Fig. 10A). The control group consisted of mice treated with an equivalent dose of free
ciprofloxacin at the same time points. Apart from a modest and temporary decrease in body
weight that was concurrent with the infection, the drugamer-treated group remained largely
unaffected by the challenge with 100% survival (rn = 8/8) at 14 days (Fig. 10B-D). This is in
clear contrast with the 12.5% survival rate that resulted from treatment with free

ciprofloxacin (1/8 survivors). A very significant drop in body weight, surface temperature



and health score was observed for all mice, from which 7/8 did not recover. The bacterial
burden in the survivors was significantly reduced from the lethal inoculum (~ 10> CFU/lung)

to sub-lethal levels (Fig. 10E).

Figure 10. Efficacy of the drugamer against a pulmonary Burkholderia thailandensis
E264 infection in a pre-exposure prophylactic setting.

Free ciprofloxacin (free drug) or drugamer were intratracheally administered (50 pL
aerosolization, 20mg ciprofloxacin/kg) at day -2, -1, and 0 using a MicroSprayer® (n= 8 for
each treatment group). All mice were challenged with aerosolized B. thailandensis 2h after
dosing on day 0. Survival rate and health condition of mice were monitored for 14 days. (A)
Survival rate of infected mice. Arrows indicate dosing day. (B & C) Body weight and surface
temperature of mice over the course of the experiment. (D) Clinical scores of mice. (E)
Bacterial burden in organs retrieved from mice that survived to the experimental endpoint (14
days). Mice were scored on seven categories: activity, coat, eyes, breathing, posture,
isolation, and resistance to handling, with scores of 0, 0.5, and 1 specified for each category.
CFU: Colony-forming unit. Data are presented as mean + SD.
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Having optimized our prophylactic treatment regimen against the surrogate strain, we
characterized its efficacy in a virulent human-specific pathogen, B. pseudomallei 1026b [40].
Under conditions similar to our prophylactic challenge study against B. thailandensis, mice
were dosed with the drugamer at 48h, 24h and 2h before being infected with B. pseudomallei
(Fig. 11A). Control groups received an equivalent dose of the free drug (ciprofloxacin), or
vehicle-treatment (PBS). The lethality of B. pseudomallei 1026b was apparent from the
morbidity parameters: the surface temperature of vehicle-treated mice dropped below 25°C
within two days of the infection, with a concomitant decrease in health score. As a result, all
untreated mice had reached euthanasia criteria by day 4 (» = 10/10) as shown in Fig. 11A.
With respect to body weight, temperature, morbidity scale, and survival rates, mice treated

with free ciprofloxacin did not fare any better than vehicle-treated mice (Fig. 11B-D).



Figure 11. Pre-exposure prophylaxis efficacy of ciprofloxacin drugamer against a
clinical isolate of Burkholderia pseudomallei.

PBS, free ciprofloxacin (free drug) or drugamer were intratracheally administered at day -2, -
1, and 0 using a MicroSprayer® (n = 10 for each treatment group). PBS was used as a carrier
control. All mice were challenged with aerosolized B. pseudomallei 2h after dosing on day 0.
Survival rate and health condition of mice were monitored for 14 days. (A) Survival rate of
infected mice. Arrows indicate dosing day. (B & C) Body weight and surface temperature of
mice over the course of the experiment. (D) Clinical scores of mice. Mice were scored on
seven categories: activity, coat, eyes, breathing, posture, isolation, and resistance to handling,
with scores of 0, 0.5, and 1 specified for each category. (E) Bacterial burden in organs
retrieved from mice that survived to the experimental endpoint (14 days). CFU: Colony-
forming unit.
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Through the drugamer platform, we successfully re-potentiated ciprofloxacin,
mechanistically alter the drug’s PK to dramatically lengthen intracellular dosing and target it
more effectively to key bacterial reservoirs and sites of pathogenesis, the alveolar

macrophage compartment. Contrasting with liposome-based formulations that rely on the



physical encapsulation of antibiotics and passive targeting to control PK, our drugamer
exploits a cleavable peptide linker coupled with active macrophage-targeting ligands to
achieve significantly better PK properties (sustained over 5-7 days) and striking therapeutic

efficacy (full survival with merely 3 doses)

Ciprofloxacin is not considered a lead antibiotic for treating melioidosis due to its poor
intrinsic treatment efficacy when freely administered*®#>43. Where free ciprofloxacin
completely failed to protect the mice from B. pseudomallei (0% survival rates), our drugamer
therapeutic offered full protection until the experimental endpoint of 14 days, by which 80%
of the drugamer-treated group had completely cleared the pathogen (n = 8/10). This is a
particularly significant result, given the relatively low intensity and duration of the regimen —
a total of three doses of 20 mg/kg ciprofloxacin equivalent, spread over three days — when
compared with the current standard of care in humans (2-3 doses/day for more than 3

months)?-32,

As a reference point, reports characterizing the ciprofloxacin treatment of melioidosis in
murine models have typically used more intensive regimens of ciprofloxacin: Barnes et al.
dosed mice infected with B. pseudomallei K96243 with two daily doses of 30 mg/kg
ciprofloxacin for 14 days*, whilst Steward et al. treated mice infected with B. pseudomallei
576 with two daily doses of 100 mg/kg ciprofloxacin for 14 days*. Both studies reported
high but not 100% survival in their treatment groups at 14 days after infection (90% and
95%, respectively), despite these lengthy and high intensity dosing regimens. The high
activity of the drugamer therapeutics may enable the development of dose-sparing regimens

by reducing duration and/or dose. Such properties would potentially avoid the emergence of



antibiotic resistance facilitated by the current standard of care for melioidosis, which involves
intensive antibiotic treatment (multiple daily doses for 3-6 months)?°-*2, Moreover, the dose-
sparing regimens that may be enabled by drugamers would be important to increase patient

compliance, particularly in low-resource settings (e.g., rural Southeast Asia).

The improved efficacy of our drugamer can be attributed to its ability to modulate the
biodistribution and PK properties of the antibiotic in the lungs and alveolar macrophages!'’.
As observed in our PK studies, a single dose of the drugamer enables a delivery of
ciprofloxacin to the alveolar macrophage compartment that is sustained over 5 days for all
mice, and up to 7 days for two of the three mice sampled at that timepoint. Ciprofloxacin use

36.4243 and in murine

for the treatment of melioidosis is ill-advised, both in humans
models*** . This suggests that delivery of this antibiotic to the right target compartment and
its short half-life are key factors limiting its efficacy. Repotentiating antibiotics through the
use of this modular platform could provide a rationale for selected prophylactic use for global
health since B. pseudomallei is resistant to fluoroquinolones. The number of doses and the
dosing regimen for the future clinical development will need to be carefully decided based on

the pharmacokinetic properties of antibiotics released from drugamers to avoid toxicities and

minimize antibiotic usage.

37—39’ and

The modularity of the drug repertoire has been shown with other prodrug monomers
could thus be expanded to other pulmonary infection space, including other antibiotics,
antivirals and host-directed drugs. The fully synthetic platform has intrinsic scalability,

streamlined CMC, and an on-demand, rapid response potential using existing GMP

manufacturing infrastructure. These features make the platform a promising candidate for



pulmonary infection therapy against intransient existing pathogens and current and future

emergent pandemic threats.

1.3 Overall Objective

In this thesis, I demonstrate how the RAFT drugamer platfomr can be used to modify
properties such as administration method, pharmacokinetics, and targeting through two
different projects: development of a nano-fiber based tenofivir drugamer and evaluation of

the Man-co-VC polymer targeting a different pulmonary infection setting, biofilms.

1.3.1 Nano-fiber based anti-viral Tenofivir prodrug delivery system

Hepatitis B and HIV are two of the most prevalent infections, both necessitating complex
daily medications. While some progress has been made in the development of long-acting
medications with the development of some long acting medications, there is still a need for
more advanced and longer-lasting delivery vehicles with different modes of application to
increase access to medication for patients with viral infections Using the drugamer platform,
we aimed to synthesize a drugamer bearing tenofovir alafenamide (TAF) for fabrication into
nanofibers to create an extended release antiviral pro-drug with a different mode of

application.

1.3.2 Glycan targeted pro-drug system

Glycans, with their wide structural diversity and microheterogeneity, are known to play a

variety of major biological roles, including signaling, mediating cellular interactions, and



modulating activity. Experiments with Pseudomonas have identified specific mannose-
binding proteins within the pseudomonas biofilm that can be exploited to deliver therapeutics
to the biofilm with the same drugamer platform. As key constituents of the Pseudomonas
biofilm, CdrA and Lec B, are known to bind strongly to Psl, a polysaccharide composed of
mannose, a mannosylated drugamer could be bound to and integrated into the Pseudomonas
biofilm for extended antibiotic retention. We aimed to evaluate targeting and
pharmacokinetics of Man-co-VC to Pseudomonas aeruginosa biofilm, showing how the

Man-co-VC polymer could be applied to different disease settings.
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2 Nano-fiber based anti-viral Tenofivir prodrug delivery system

2.1 Abstract

HIV and hepatitis B are two of the most prevalent viruses globally, and despite readily
available preventive treatments unforgiving treatment regimens still exist, such as daily doses
of medicine that are challenging to maintain especially in poorer countries. More advanced
and longer-lasting delivery vehicles can potentially overcome this problem by reducing
maintenance requirements and significantly increase access to medicine. Here, we designed a
technology to control the delivery of an antiviral drug over a long timeframe via

a nanofiber based delivery scaffold that is both easy to produce and use. An

antiviral prodrug containing tenofovir alafenamide (TAF) was synthesized by initial

conjugation to glycerol monomethacrylate followed by polymerization to form a
diblock copolymer (pTAF) using reversible addition-fragmentation chain transfer (RAFT).

In order to generate an efficient drug delivery system this copolymer was fabricated into

an electrospun nanofiber (ESF) scaffold using blend electrospinning with

poly(caprolactone) (PCL) as the carrier polymer. SEM images revealed that the pTAF-PCL

ESFs were uniform with an average diameter of (787 + 0.212 nm), while XPS analysis
demonstrated that the pTAF was overrepresented at the surface of the ESFs. Additionally, the
pTAF exhibited a sustained release profile over a 2 month period in human serum (HS),
suggesting that these types of copolymer-based drugamers can be used in conjunction with

electrospinning to produce long-lasting drug delivery systems.
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2.2 Literature Review

Hepatitis B and HIV are two of the most prevalent viruses globally [1], [2]. Developed
markets with adequate access to antiviral treatments have severely reduced the morbidity and
impact of these viruses, however, these programs and technologies lie out of reach for people
in resource-limited countries [3]. HIV is a major medical challenge with approximately 37.9
million people infected worldwide [4]. Daily medicine is currently required to control the
infection, which have various negative impacts on both mental and physical health [5], [6].
While there are prevention technologies available to limit the spread of the infection, these
sources have only had limited effectiveness [2]. Hepatitis B also disproportionately affects
the developing world, with 257 million people infected with the virus in 2017 [7]. Of these,
however, only 27 million (10.5%) are actually aware of their infection, and from that pool,
just 4.5 million people are able to receive regular treatment. Also, it is estimated that 15% to
40% of those infected will develop serious sequelae such as, cirrhosis or hepatocellular
carcinoma. This leaves 34 to 98.3 million people potentially vulnerable to these sequelae [8].
It is clear that there are gaps that still need to be addressed in the effective treatment of the
majority of those infected, whether it be health education, detection and treatment

accessibility.

Tenofovir alafenamide (TAF) is a recently developed prodrug reverse transcriptase inhibitor
used to prevent the spread of HIV, which is achieved by inhibition of the activity of HIV-1
reverse transcriptase by competing with the natural substance. Additionally, TAF is used in

treatment of chronic hepatitis B, as it is also a competitive inhibitor of Hepatitis B virus



(HBV) polymerase [9], [10]. TAF is a prodrug of Tenofovir, and prodrugs have the
advantage of being activated after metabolism in the target area of the body. This attribute
reduces the severity of side effects of the drug, however, side effects are still widely reported
[11]. In addition to these side effects, the relatively short half-life of these prodrugs results in
preventive or treatment medications to be administered daily [11], [12], resulting in

expensive and inaccessible treatment programs for patients outside developed markets [3].

New delivery vehicles have been developed to combat the short half-life of antivirals and
further improve cell targeting to reduce side effects, such as combining drugs with
nanoparticles, attachment of drugs to large proteins such as lactoferrin, or conjugation of
prodrugs to hydrophilic polymers [13], [14], [15], [16], [17]. Drug targeting and half-lives
have been shown to be improved by conjugating hydrophilic polymers to prodrugs using
reversible addition-fragmentation chain-transfer (RAFT) polymerization [13]. This new class
of pharmaceuticals is designed with enzyme-cleavable linkers that are targeted for
intracellular activation, thus further limiting potential side effects from unintended activation

elsewhere in the body, while also increasing the half-life of the drug substantially [13].

More advanced technologies can improve treatment accessibility to better cater for the
disproportionally higher number of patients who have only limited access to adequate
healthcare. Currently hepatitis B and HIV treatment is dependent on the regular ingestion of
short half-life antiviral drugs such as tenofovir and entecavir [10], [12]. Producing a more
efficient platform for distribution of active agents has the potential to improve treatment costs

and accessibility, which are key factors in treating hepatitis B or HIV [18], [19].



Alternative delivery methods, such as injectable long-acting formulations, have been shown
to be effective up to 8 weeks in clinical trials [20]. More advanced implantable delivery
methods have shown the ability to deliver medicine up to 9 months experimentally, with the
added benefit of removal of the drug delivery system if necessary [21]. TAF has also been
shown to be able to be delivered via long acting subcutaneous implants [22]. Other delivery
methods such as electrospun fiber (ESF) patches and hydrogels have also been explored for
the delivery of various antiviral medicines, and patch style delivery methods have the added

benefit of being noninvasive and easy to remove (Table 2) [18], [23], [24].

/Antiviral drug Delivery method Stage of development Reference
TAF Oral (tablet) Commercial [12]
TAF Oral (powder) Commercial [12]
Cabotegravir and rilpivirine Injection Clinical [20]
Dolutegravir Injection Experimental [21]
TAF Subcutaneous implant  Experimental [22]
Subtilosin Electrospun fiber patch Experimental [18]
Griffithsin Electrospun fiber patch Experimental [23]
Acyclovir Hydrogel Experimental [24]

Table 2: Drug delivery methods for antiviral drugs currently in use.



Electrospinning has been identified as a new drug delivery technology as it allows for the
production of micro to nanoscale fiber meshes that can be upscaled to commercial quantities
[25]. Thus, electrospun patches incorporated with the next generation of drugs such as
polymer-conjugated prodrugs and other developing technologies could produce an innovative
system to treat and prevent infectious diseases [13], [25], [26]. Poly(caprolactone) (PCL) is a
polymer ideal for drug delivery purposes since it has a long biodegradation time and is
biocompatible, and when blended with hydrophilic polymers can form core-shell structures in
resultant ESFs [27]. In addition, ESFs can be produced containing additives in which the
additive and scaffold polymer are mixed in the same electrospinning solution prior to fiber
generation. If the additive is evenly distributed throughout the fibers it can result in stable

release over a longer timeframe [25], [28].

In this work we have designed a new antiviral strategy synthesized via RAFT polymerization.
The polymer consists of a methacrylate-based TAF prodrug monomer with a para-
hydroxybenzyloxycarbonyl (PHBC) spacer that is used to form a diblock copolymer
containing glycerol monomethacrylate (pTAF) by using RAFT polymerization. The TAF di-
block copolymer was incorporated into a PCL ESF scaffold via blend electrospinning. A
sustained release of the TAF-diblock was observed from the fiber scaffold over a 2 month
period, suggesting that this technology can potentially be developed to replace or
complement current oral prescriptions or be used as an antiviral delivery patch with improved

functionality.



2.3 Methodology

2.3.1 Materials

Chain-transfer agents, 4-(((2-carboxyethyl)thiocarbonothioyl)thio)-4-cyanopentanoic acid
(CCC) were purchased from Boron Molecular (Texas, USA). Glycerol monomethacrylate
was purchased from Polysciences and purified using basic alumina before polymerization.
Recrystallized initiator, azobisisobutyronitrile (AIBN) was purchased from Sigma Chemicals

(J. T. Baker, Phillipsburg, New Jersey, USA). Fasudil hydrochloride was purchased from

eNovation Chemicals (Green Brook, NJ, USA). Spectra/Por regenerated cellulose dialysis
membranes were purchased from Spectrum Laboratories (Houston, Texas, USA). Tenofovir
alafenamide fumarate (TAF) was purchased from MedKoo Biosciences (Morrisville, North
Carolina, USA). Analytical standards Tenofovir (TFV) and Tenofovir diphosphate (TFV-DP)
were obtained from Cayman Chemicals (Ann Arbor, Michigan, USA and Santa Cruz
Biotech, Dallas, Texas, USA), respectively. Tenofovir-ds (TFV-ds) was purchased from
Toronto Research Chemicals (Toronto, Ontario, Canada). HPLC grade

methanol, acetonitrile and water were purchased from VWR International (Radnor,
Pennsylvania, USA). Electrospinning chemicals such as poly(caprolactone) (PCL) (MW

80000) polymer and solvents dimethylformamide (DMF) (AR grade 99.9+% purity) and

chloroform were acquired from Sigma-Aldrich Inc. (Castle Hill, New South Wales,
Australia). Silicon wafers were purchased from M.M.R.C. Pt Ltd. (Malvern, Victoria,

Australia).
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2.3.2 Synthesis of TAF prodrug monomers

Synthetic steps outlined in Fig. 1 were followed to obtain TAF benzyl carbamate (6)
monomer. All the synthesized compounds were purified by precipitation and/or silica

gel column chromatography. The successful synthesis and purity of the monomers were
confirmed and characterized by '"H NMR spectroscopy (Bruker Avance spectrometers 300

MHz) and electrospray ionization mass spectrometry (Bruker Esquire ion trap mass

spectrometer). The full synthetic procedures and associated characterization data are detailed

in the supporting information.

2.3.3 Synthesis of macro chain transfer agent (pGMA) and TAF

diblock copolymer

The full synthetic procedures and associated characterization data of macro CTA and TAF

diblock copolymer are detailed in the supporting information.

2.3.4 Electrospinning solution formulation

Samples were prepared by first dissolving polymer powders of known weight in a mixed
solvent of DMF/chloroform with a ratio of 2:3. Two samples were generated, a control PCL
DMF/chloroform solution, and a blend pTAF-PCL solution containing 10% w v~! of PCL

and 2.5% w v ! of pTAF (i.e. a w v ! ratio of 4:1).

2.3.5 Electrospinning of PCL and PCL-pTAF ESFs
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Electrospinning of polymer solutions was carried out on a custom-built apparatus described
previously [29]. All electrospinning experiments were carried out at room temperature with a
relative humidity of 40% to 60%. Solutions were loaded into a 5 mL syringe which was
connected to an 18 gauge blunt needle that was positively charged. A grounded metal plate
was used as the collector, and samples were collected on Al foil that covered the collector.
Control PCL solution was electrospun with the following parameters: voltage of 11 kV and
flowrate of 1.0 mL hr™! with a deposition time of 60 min, which was found to produce
consistent fibers. The PCL-pTAF solution had the electrospinning parameters adjusted due to
the addition of pTAF, to a voltage of 13 kV and flowrate of 1.1 mL h™! to produce a stable

Taylor cone and optimize fiber formation (Table 3).

Table 3: Optimized electrospinning parameters for PCL pTAF blend polymer solutions.

Sample Polymer pTAF Flowrate Voltage Deposition time
%W %W (mLh")  (kV) (min)

PCL control  10% 0% 1 11 60

PCL-pTAF 10% 2% 1.1 13 60

2.3.6 Spin coating of pure pTAF samples

Samples of pTAF were dissolved in the electrospinning solvent and spin-coated onto silicon
wafers to generate a thin film of pTAF that could be analyzed with XPS. 1 cm? Si wafers
were cleaned via sonication in Decon 90 solution for 30 min, followed by 10 min in Milli Q

water and a further 10 min in isopropyl alcohol (IPA) solution. Wafers were then rinsed with
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IPA 3 times before being dried with compressed nitrogen. Spin-coating onto the cleaned
wafers was achieved with a 2.5% w v! pTAF solution which is the same concentration used
for electrospinning, using a P6700 spin coater at RPM of 600 for 100 s. Spin-coated samples

were analyzed by XPS for comparison to PCL and PCL-pTAF ESFs.

2.3.7 Characterization of the fibers and polymer surfaces

Scanning electron microscopy (SEM) was used to determine the uniformity of the ESF
meshes by visually assessing for any formation of beads and other defects, and to determine
the average fiber diameter. Both PCL control and PCL-pTAF ESF samples were scanned in
triplicate. Fiber meshes were coated with a 10 nm layer of conductive gold via sputter coating
(K975X Turbo Evaporator) before SEM imaging, which was carried out with the FE-SEM
ZEISS SUPRA 40 VP. Fibers were scanned with an accelerating voltage of 3KeV at a
magnification of 5000x%. Single fibers were measured at random from captured images using

Imagel software (Version 1.51 g) to determine average fiber diameter within each mesh.

Chemical analysis was carried out with X-ray photoelectron spectroscopy (XPS). Control
PCL fibers, ESF-pTAF composite fibers and pTAF spin-coated surfaces were analyzed in
triplicate. A Kratos Analytical Axis Nova was used with a monochromated aluminum X-ray
source (Alkg, hv = 1486.6 V) operating at a power of 225 W (15 mA and 15 kV). Each
sample was analyzed to acquire the following spectra: survey spectra between 0 and 1200 eV
with a pass energy (PE) of 160 eV for elemental composition, and high-resolution Cls, N1s,
and Ols all acquired with a PE of 20 eV for chemical state information. CasaXPS software

version 2.3.18PR1.0 (Casa Software Ltd., Teignmouth, UK) was used for data analysis. All



spectra were calibrated using the C-C/C-H peak in the C 1s spectrum at 285.0 eV. Atomic
concentrations of the identified elements were determined via integral peak intensities and
sensitivity factors supplied by the manufacturer, with trace elements (<0.1 atom %) removed.
Fiber composition was then compared to theoretical composition, literature sources and
control samples where appropriate [30]. The high resolution spectra were curve-fitted with a
Gaussian-broadened Lorentzian functions (G/L = 30) after linear background subtraction. A
restriction of 1.2—1.6 eV full width half maximum (FWHM) was employed with the peaks
generated. Cls spectral analysis was limited to the range between 282.0 and 292.0 eV, as no
significant Cls peaks were detected beyond those binding energies. Multiple different carbon
environments were resolved for each type of sample, of particular interest being the detection
of new carbon environments with the addition pTAF. N1s spectral analysis was limited to
between 388.0 and 406.0 eV, N1s curve-fitting being done in a similar way to Cls fitting,
using the C-C/C-H calibrated peak from the C1s high resolution spectra. Peaks were again

resolved and fitted as above, with the same FWHM restriction applied.

2.3.8 In vitro drug release of ESF pTAF and analysis by LC-MS/MS

ESF-pTAF (36.1 mg) fibers were removed from the foil backing and placed in 14.44 mL of
human serum medium (HS) and incubated at 37 °C under constant agitation in an orbital
shaker. After each incubation period, three separate 50 puL aliquots of HS were withdrawn
and immediately stored at —80 °C until further processing. At each withdrawal, 150 uL
Serum HS that was incubated at 37 °C in parallel was added to restore the medium volume.

Sample processing details are described in the Supporting Information. Briefly, samples
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spiked with internal standard TFV-ds were purified via a methanol precipitation prior to
analysis via liquid chromatography-tandem mass spectrometry (LC-MS/MS) on a Waters
Xevo TQ-S instrument. The linear gradient was as follows: 0—~0.8 min, 0.25 mL min~!, 5% B;
0.8—1 min, 0.25 mL min™!, 15% B; 1-3.5 min, 0.25 mL min!, 20% B; 3.5—4.5 min, 0.25 mL
min ', 20% B; 4.5-7.5 min, 0.25 mL min"!, 60% B; 7.5-9 min, 0.25 mL min!, 74% B; 9-9.1
min, 0.25 mL min™!, 85% B; 9.1-9.5 min, 0.25 mL min"!, 90% B; 9.5-10 min, 0.30 mL
min ', 90% B; 10-10.5 min, 0.3 mL min !, 90% B; 10.5-11.5 min, 0.3 mL min"!, 5% B;

11.5-11.6 min, 0.3 mL min™!, 5% B; 11.6—12 min, 0.25 mL min!, 5% B.

2.4 Results and Discussion

2.4.1 Synthesis and characterization of TAF prodrug monomer

We designed a methacrylate based TAF prodrug monomer carrying a para-
hydroxybenzyloxycarbonyl (PHBC) spacer between the polymerizable unit and TAF,
that can be directly polymerized by reversible addition fragmentation chain-transfer
(RAFT) polymerization [31]. The PHBC spacer is well known for its self-immolative
nature; once the phenolic ester bond is hydrolyzed, the resulting phenolate quickly
self-eliminates and triggers the spontaneous release of the intact drug [32], [33]. The
degradation of this linker does potentially release a quinone methide during the 1,6-
elimination step. This species reacts rapidly with water in biological media, and thus

a major part of the methide is expected to form p-hydroxy benzyl alcohol (PHBA). It

is possible that a small fraction of the methide could react with other nucleophilic

groups present in proteins and other biomolecular species. This same methide linker
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product is generated with the p-aminobenzyloxycarbonyl (PABC) spacer used widely
in clinically approved and safe antibody-drug conjugates. We have also found it safe
in initial animal studies using injectable TAF polymer drug depots [13]. If this linker
was found to be more of a problem in this long-acting fiber implant, there are
alternative linkers that have been described from the antibody-drug conjugate field.
The trimethyl lock lactonization chemistry approach, for example, could potentially
be used instead of benzyl elimination (BE) to overcome this problem if it becomes a

longer-term issue [34].

The drug monomer was synthesized by a five step synthetic route starting from
mono-2-(methacryloyloxy)ethyl succinate (SMA) as outlined in Fig. 12. The carboxyl
end of SMA was first activated with 2-thiazoline-2-thiol using N,N’-
dicyclohexylcarbodimide and 4-(dimethylamino)pyridine (DMAP) and then coupled
to p-hydroxybenzyl alcohol (PHB-OH) in the presence of DMAP. Acylation

predominantly proceeded at the phenolic hydroxyl group as the phenolate anion

generated under basic condition is more nucleophilic than the benzylic hydroxyl
group, providing SMA-PHBA (3) (Fig. S1, SI). Phenolic acylation was confirmed by
the presence of benzylic hydroxyl signal at 1.75 ppm in ‘H NMR spectrum (Fig. S2,
SI). 1,1’-Carbonyldimidazole was used to convert the benzylic hydroxyl group of (3)
(Fig. S3, SI) into an activated carbonate monomer (4) (Fig. S4, SI), and this step
resulted in a downfield shift of benzylic methylene signal from 4.68 to 5.40 ppm.
Attempts to conjugate (4) to the amine group on the purine ring of TAF were

unsuccessful. A similar approach with 4-nitrophenyl activated carbonate monomer
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also failed, indicating that the less nucleophilic purine amine requires a robust
acylating reagent for successful conjugation. Hence, a highly reactive N-

methylimidazolium triflate quaternized salt monomer was prepared by reacting (4)

with methyl trifluoromethanesulfonate following the methods developed by Henry
Rapoport [35]. This reactive intermediate (5) underwent the coupling smoothly to
give TAF benzyl carbamate monomer (6) in 84% yield. The successful conjugation
was confirmed by the carbamate NH signal at 10.64 ppm and an upfield shift of
benzyl methylene group from 5.40 to 5.21 ppm in *H NMR spectrum. TAF purine
protons appeared at 8.41 and 8.61 ppm and isopropyl moiety signals were observed
at 1.14 and 4.84 ppm. ("H NMR spectra and characterization details are in the

Supporting information).

Figure 12: Synthesis of methacrylate based TAF benzyl carbamate monomer.

Polymerizable methacrylate moiety is appended to TAF drug via p-
hydroxybenzyloxycarbonyl (PHBC) spacer.
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2.4.2 Synthesis and characterization of macro chain transfer agent

(pGMA macro CTA) and TAF diblock copolymer

A diblock copolymer of hydrophobic TAF benzyl carbamate methacrylate was synthesized
from a hydrophilic glycerol monomethacrylate (GMA) macro chain transfer agent (pGMA
macro CTA) using RAFT polymerization (Figure 13) [31]. GMA was chosen as the
hydrophilic monomer due to its two hydroxyl groups and relatively low molecular weight
which could potentially increase the drug wt% in the final polymer. pGMA macro CTA was
synthesized using the molar ratio of [GMA]:[CTA]:[AIBN] = 50/1/0.05 to obtain a relatively
short hydrophilic block. To ensure the chain end fidelity, pPGMA macro CTA was
polymerized up to only 59% monomer conversion. 'H NMR spectrum shows peaks
characteristic of pGMA (Fig. S5, SI). Molecular weight and molecular weight distributions of
pGMA were determined using GPC (Absolute M, = 7500 g mol™!, My, M, ! = 1.14) (Table

4). Relatively unimodal molecular weight distribution was observed (Fig. 13).
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Figure 13: Synthesis of TAF benzyl carbamate diblock copolymer.
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Table 4: Summary of molar feed ratios, molecular weights, molar mass dispersity,
monomer and drug wt% for pGMA macro CTA and corresponding di-block

copolymer.
GMA TAF

Entry Polymer [M]:[CTA]:][I] Monomer M, (g mol”")Mw Ma"' monomer ~ monomer Drug
(feed molar  conversion® wt%* wt%* (Wt%)?
ratio) (%)

1 pGMA mCTA 50/1/0.05 59 7500 1.14 -

TAF di-block
2 copolymer 12/1/0.06 98 19,750 1.16 39.4 60.6 34

As determined by 'H NMR spectroscopy. As determined by gel permeation

chromatography (GPC
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Figure 14: GPC overlays of pGMA macroCTA and TAF diblock copolymer
(eluent: DMF with 0.1% LiBr).

Macro CTA was then chain-extended using the molar ratio of [TAF monomer]:[pGMA
mCTA]:[AIBN] = 12/1/0.06. Relatively high monomer conversion was targeted to obtain
higher drug loading and to ease the purification of unreacted large TAF monomer. About
98% monomer conversion was obtained in 7.5 h. The polymer was purified via precipitation
in diethyl ether and further purified via dialysis against DMSO and cold (4 °C) water. After
lyophilization, the polymer was characterized by 'H NMR spectroscopy (Fig. S6, SI) and size
exclusion or gel permeation chromatography (SEC/GPC) (Figure 14). The drug wt% of
polymer was determined by 'H NMR spectroscopy by comparing the TAF integration at 5.6
ppm with the combined integration of GMA and TAF at 4.8 ppm (Fig. S7, SI). The wt% of
GMA, TAF monomer and TAF drug were 39.4%, 60.6% and 34%, respectively. Absolute
molecular weight and molecular weight distributions of TAF benzyl carbamate diblock
copolymer were determined using GPC (Absolute M, = 19,750 g mol !, My My ! = 1.16). As
expected, the GPC peak of diblock copolymer shifted towards higher molecular weight
(lower elution time) compared to pGMA macro CTA, suggesting successful chain extension
with the TAF benzyl carbamate monomer. Figure 14 shows the GPC overlays of pGMA
macro CTA and TAF diblock copolymer. Analysis of the molecular weight and molar mass
dispersity of the macro CTA and subsequent chain extension experiments with a clear shift of
GPC trace to the lower elution volume suggested the controlled nature of these
polymerizations despite the steric bulkiness of the TAF prodrug monomer.
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2.4.3 SEM morphological and diameter analysis of PCL and PCL-

pTAF fibers

After electrospinning of PCL and PCL-pTAF fibers, samples were observed under field
emission SEM. A total of 100 fibers were measured from each sample to determine their
average diameter and size distribution. SEM images revealed the topography of both control

and PCL-pTAF fibers to be smooth without significant beading or other defects (Figure 15).

Figure 15: SEM images of generated fibers

(A) Control PCL and (B) PCL pTAF fibers.

e—]

There was, however, a large standard deviation in the diameter of PCL fibers, with a mean
diameter of 842 + 405 nm. Interestingly, the addition of pTAF to the spinning solution
reduced both the mean fiber diameter and the standard deviation, (787 £+ 212 nm), thus
generating more uniform fibers (Figure 16). These results suggest that the addition of pTAF
can have a positive effect on generating more high-fidelity fibers for applications where more

control over fiber diameter is important [36]. A one-way ANOVA test determined that the
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addition of pTAF had a significant effect on fiber diameter compared to the control PCL
fibers.

Figure 16: Average diameters for Control PCL (black) and PCL-pTAF ESFs (red)
determined from SEM images.
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2.4.4 XPS analysis of PCL, PCL-pTAF fibers and pTAF spin coated

samples

XPS analysis was performed on all the samples to initially determine the surface elemental
composition. Representative survey spectra are shown in Figure 17 and Table 3 shows the

elemental composition data generated. The data reveal a clear differentiation between PCL,
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PCL-pTAF fibers, and pTAF spin-coated samples. The presence of a nitrogen peak was a
clear indication of successful incorporation and surface presentation of pTAF in the fiber

samples, as nitrogen is present in pTAF molecule but not PCL.
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Figure 17: XPS Survey spectra of (A) PCL control fibers, (B) PCL pTAF fibers and
(C) pTAF spin-coated samples.

Comparison of the nitrogen composition of spin-coated pure pTAF showed further interesting
results when compared to the PCL-pTAF fibers. pTAF consisted of 20% polymer weight of
the original solution; thus it was expected that PCL-pTAF fibers would have a nitrogen
concentration of ap-proximately 1.0% due to control pTAF spin-coated samples consisting of

5.0 = 0.3% nitrogen. However, the nitrogen % of ESF pTAF was higher than expected, at 2.2

+ 0.2%, and the surface thickness of pTAF was calcu-lated with the overlayer equation (Eq.

(1) [38].



Table 5: XPS elemental composition of PCL, PCL pTAF fibers and pTAF spin-coated
samples.

Element 0% C% N % Si% P % Al %

PCL control Fibers  22.9+0.5 762+13 0.0£0.0 0.0+0.0 0.0+0.0 1.0£0.9
PCL pTAF Fibers 228+0.2 747+£03 22+0.2 0.0+0.0 0.3+0.2 0.0+0.0

pTAF spin-coated 230+14 688+1.7 50+04 25+£0.6 0.8+0.1 0.0+0.0

PCL and PCL-pTAF fibers showed a similar oxygen and carbon content typical for PCL
polymers, with control PCL having 76.2 + 1.3% C, 22.9 + 0.5% O and PCL-pTAF having
74.7+0.3% C and 22.8 = 0.2% O (Table 3). The detection of P 2p peaks most likely arises
from the presence of phosphorus in the p-hydroxybenzyloxycarbonyl (PHBC) spacer
component of pTAF. Low levels of Al and Si contamination were detected on PCL control
fibers and pTAF spin-coated samples respectively. Source of the contamination on samples
may have come from the underlying Al foil/Si wafer due to a non-uniform of very thin

sections of fibers coatings (<10 nm) (Table 3).



Figure 18: High resolution XPS C1s spectra of (A) PCL control fibers (B) PCL pTAF
fibers and (C) pTAF spin-coated surface.
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The high resolution XPS Cls spectra for ESF pTAF fibers differed significantly from the
control samples. Assignments were made to the C-H/C-C peak at 285.0 eV, the secondary
shifted C-C=0 peak at 285.5 eV, the CO peak at 286.5 eV and the C=0(O) peak at 289.0 eV
for the control PCL fibers, ESF pTAF fibers and pTAF spin coated-surfaces. The PCL-pTAF
and spin-coated pTAF additionally had a distinct C=O-N peak at 287.5 eV, and a larger CO
peak, which most likely has a contribution from CN environment, further confirming the

presence of pTAF at the surface of the fibers (Figure 18).

The high resolution N1s spectra were also acquired and the results also suggest successful
incorporation of pTAF at the fiber surface with an identically shaped nitrogen peak detected.
The spectra were resolved into three components corresponding to the chemical structure

within the pTAF. These include the two C=N-C nitrogen groups from the purine rings at



400.2 eV, one peak at 398.8 eV from the overlapping phosphoryl amino (O=P(O)-N) group
and amide (O=C-N) group from TAF linkage to the PHBC spacer [37]. An additional small
402.2 eV shoulder peak was detected that may be part of a positively charged N* containing
fragment of pTAF. The electrospinning process was unlikely to generate any N* containing
groups as the spin coated sample also displayed the same shoulder peak (see (6) in Figure 12)

(Figure 19).

Figure 19: In vitro release of TE'V from PCL-pTAF ESFs.

Tenofovir release from PCL-pTAF in human serum at 37 °C was evaluated by LC-MS/MS.
TFV was extracted from serum by precipitating serum proteins with cold methanol. TFV was
quantified using TFV calibration curve. The theoretical maximum was calculated as the total
mass of TAF incorporated into the ESF. Samples were evaluated in triplicate, with each value
representing the mean = SD (n = 3*). *Day 0 and Day 1 samples had n = 1 due to the limit of
detection.
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Comparison of the nitrogen composition of spin-coated pure pTAF showed further interesting
results when compared to the PCL-pTAF fibers. pTAF consisted of 20% polymer weight of
the original solution; thus it was expected that PCL-pTAF fibers would have a nitrogen

concentration of approximately 1.0% due to control pTAF spin-coated samples consisting of
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5.0 = 0.3% nitrogen. However, the nitrogen % of ESF pTAF was higher than expected, at 2.2

+ 0.2%, and the surface thickness of pTAF was calcu-lated with the overlayer equation (Eq.

(1) [38].

The overlayer equation to determine the thickness (z) of a layer of material on a given surface

Il
= _AIMFPX cos @ X ln(l—l—)

o0

where, z is the thickness of the pTAF surface layer, Airr (2.5 nm) is the in-elastic mean free
path of N1s photoelectrons emitted from the sample, 0 is estimated to be 57.3° which is the
angle between the sample and the analyzer I is the nitrogen signal from PCL-pTAF fibers and

I is the nitrogen signal from pTAF spin coated sample which is assumed infinitely deep.

The thickness was calculated using the PCL-pTAF nitrogen content, when compared that of
the spin-coated pTAF surface as that was assumed to be a pure sample. The enrichment of
pTAF at the fiber was calculated to have a thickness of 0.783 nm, representing only 0.20% of
the total fiber volume. This suggests that although the thickness of pTAF at the surface is
thin, pTAF is still concentrated primarily at the outer region of the fiber as opposed to the
core of the fiber. The presence of pTAF at the surface of fibers is primarily due to its lower
molecular weight and higher hydro-philicity and these factors have been shown to cause
surface enrichment in the fiber during blend electrospinning [39,40]. This suggests TAF will
be released from the fiber over a sustained period of time since a lot of pTAF is still present

in the fiber bulk and PCL



2.4.5 In vitro drug release of pTAF from PCL-pTAF fibers

To evaluate drug release and prolonged delivery efficiency, in vitro release studies of PCL-
pTAF ESFs were carried out in human serum; the results are shown in Figure 20. The PCL-
pTAF fiber (36.1 mg) composed of TAF 2.45 mg (5.15 pumol) was incubated at 37 °C over 49
days to obtain the release profile. Due to the short half-life of TAF (ti2:117 min) [41] in
human plasma and its quick degradation into metabolites such as desphenyl TAF and
tenofovir (TFV), TAF released from PCL-pTAF ESFs cannot be directly measured
quantitatively. Hence, TAF release was followed by measuring its main metabolite TFV.
Because of TAF's 1-2 hour half-life in human serum (similar to plasma), our results cannot
distinguish between on-fiber metabolism of TAF to TFV with subsequent release, versus
release of TAF and subsequent rapid metabolism to TFV in human serum. Nevertheless, TFV
is in its own right an approved HIV antiviral drug, and so long-duration delivery of this

species remains relevant in this initial model study.

Isotopically labeled TFV-ds was selected as an internal standard to achieve higher
quantitative accuracy. The analysis was carried out in negative ESI mode, and TFV and TFV-
ds were monitored via dual transitions with the most abundant and stable product ions: 285.9
— 110.8, 285.9 — 133.9 for TFV and 291.9 — 110.8, 291.9 — 133.9 for TFV-ds as
summarized in Table S1 and S2, SI. Calibration standard curves generated with TFV
concentration ranging from 8 to 500 ng mL ! were used to quantify TFV release in nmol
mL ™!, which was then converted into mass fractions. TFV release of 86 + 2 nmol mL ™!,

observed over 49 days, accounts for approximately 25% of the incorporated drug in the ESF
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pTAF. The theoretical amount of loaded drug was derived from the percentage component of
pTAF in the original electrospinning solution multiplied by the weight of the fiber sample
used in release testing. The release profile of the TAF metabolite TFV, followed apparent
first-order release kinetics over the first 20 days. The sustained TFV release over a 7 week
period (49 days) indicates the potential application of PCL-pTAF for controlled and extended
release applications. The rate and duration of drug release can be further fine-tuned by

molecularly engineering the linker connecting the drug [42], [43], [44], [45], [46]. It is likely

that further long term release could be detected with further study.

PCL was used as a model biocompatible polymer scaffold to load with pTAF, however other
promising biocompatible polymers systems could also be explored for compatibility with
pTAF [25]. In addition, further development of electrospinning incorporating pTAF could
result in producing smaller diameter fibers which would further fine-tune the passive release
profile of pTAF from the fiber system. Furthermore, it is unclear if the efficacy of the pTAF
molecule was affected by the electrospinning process and subsequent release, additional in

vivo testing would provide insight to the clinical viability of the described system.

This work has shown nanotherapeutic platforms combined with macroscale drug delivery
scaffolds have the potential to be able to deliver sufficient concentrations of antiviral
medicine for up to 49 days in vitro, this far exceeds the current half-life of commercial
treatments used in daily dose regimens [17]. By incorporating pTAF into an ESF structure, a
convenient wearable patch or biodegradable subcutaneous device could be used as a new
alternative treatment or preventive option for HIV and hepatitis. This system has the potential

to deliver a consistent regimen of medicine, thus reducing the maintenance and upkeep
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requirements of treatment plans. These treatment improvements disproportionately have a

positive effect on patients with inadequate/inconsistent access to healthcare.

In conclusion, the new prodrug polymer conjugate pTAF was success-fully synthesized via
RAFT polymerization, and the prodrug was compatible with PCL in a blend electrospinning
system. SEM analyses demonstrated that the addition of pTAF to the spinning solution
resulted in most uniform fibers, and XPS analyses revealed that pTAF was overrepresented at
the surface of generated fibers. Release in human serum showed a sustained release of pTAF
over a period of 49 days suggesting that the scaffold is suitable to deliver a sustained amount
of drug over a significant period of time compared to current drug delivery systems that
require daily doses in the form of tablets or powder. This technology thus has the potential to
provide treatment regimens that are more accessible to a wider population then what is

currently available.
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3 Polymeric pro-drug delivery targeting Pseudomonas biofilm

3.1 Abstract

Biofilms are one of the most challenging obstacles in bacterial infection. By providing protection
against immune responses and antibiotic therapies, biofilms enable chronic colonization and the
development of antibiotic resistance. As previous clinical observations and studies have shown,
traditional antibiotic therapy alone cannot effectively treat and eliminate biofilm forming
infections'. A new treatment mode specifically developed against biofilms must be developed.
Here, we specifically target and bind to the PAO1 biofilm and elucidate the molecular
mechanism behind the interaction between a glycosylated polymeric delivery vehicle and biofilm
using a continuous flow biofilm model. Incubation of biofilms with fluorescent delivery vehicles
demonstrated strong and persistent interactions with the mannose-containing polymer, even after
24 hours of continuous flow. To evaluate the role of major biofilm proteins Lec B and CdrA,
loss of function experiments with knockout variants established the dual involvement of both
proteins in mannosylated polymer retention. These results identify a persistent and specific
targeting strategy to the biofilm, emphasizing its potential value as a delivery strategy and

encouraging further exploration of biofilm targeted delivery.

3.2 Literature Review



Biofilms are microbial aggregates composed of bacteria and extracellular matrices including
exopolysaccharides (EPS), extracellular DNA (eDNA), and proteins®*. The matrix serves as a
structural scaffold for these communities and also protects against host immune responses and
antimicrobials 3. Biofilm formation contributes to P. aeruginosa infections of burns, chronic
wounds, and implanted medical devices >%1°, Biofilm aggregates also contribute to chronic

airway infections in patients with CF !1:12

. Among other factors, the accumulation of mucus in
the airways of these patients is believed to create an environment that encourages biofilm
development, and biofilm aggregates of Pseudomonas aeruginosa (Pa) have been observed in

the expectorated sputum of CF patients 1315,

Successful treatment of biofilm infections often requires physical disruption of the biofilms and
sustained concentrations of antibiotics. Treatment of pulmonary Pseudomonas infections is
limited by the systemic dissemination of current antimicrobial drugs. This contributes to off-
target effects and possible antimicrobial resistance!®-!¥. Pulmonary administration of
antimicrobials has the potential to improve over intravenous therapy by maximizing delivery to
the site of infection and reducing adverse reactions. However, the Pseudomonas biofilm confers
phenotypic resistance and decreases antibiotic susceptibility!®. Once airway colonization is
established, successful treatment and eradication of Pa infections is challenging!®. To improve
efficacy and reduce treatment burden, biofilm specific delivery methods must be developed.
Here, we demonstrate a novel targeting strategy based on synthetic polymeric prodrugs that

incorporate carbohydrate moieties capable of targeting and binding to the Pa biofilm.



Pa biofilm matrices can contain two different EPS: Pel and Psl. Pel is composed of the
monosaccharides N-acetylglucosamine (GIcNAc) and N-acetyl galactosamine (GalNAc), while
Psl is composed of a repeating pentasaccharide subunit that contains mannose, rhamnose, and

glucose in a 3:1:1 ratio?*-%3

. Currently, two proteins, CdrA and LecB, are known to interact with
Psl and contribute to biofilm structural integrity and maintenance 2*3!. CdrA is a cell associated
and secreted 150 kDa adhesin (cdrA gene encodes a 220-kDa protein and CdrA is processed to
150 kDa) predicted to contain sugar binding and carbohydrate-dependent hemagglutination
domains®*. CdrA binds to Psl, promoting aggregation in liquid culture, which can be blocked by
the addition of mannose to the growth medium 24, Additionally, CdrA promotes the tight
association of Psl to the biofilm aggregate periphery?*. Recently, it was demonstrated that CdrA
also can promote aggregate formation even in the absence of Psl via CdrA-CdrA interactions®.
LecB is a 12 kDa soluble lectin associated with the outer membrane. The ability of LecB to bind
fucose and mannose confers a dual role in pathogenesis?®2%, First, LecB aids in bacterial
adhesion through interactions with mammalian mucins present in the accumulated mucus, which
is rich in fucose?®%. LecB also plays a role in biofilm formation due to its affinity towards
mannose present in Psl 3%3!, Recently, it was shown that LecB coordinates Psl placement in the

periphery of the aggregate, which is a crucial step for biofilm maturation®!. Thus, the evidence

supports that both CdrA and LecB bind to Psl and can promote Psl localization at the biofilm

aggregate periphery.

Polymeric delivery vehicles represent an exciting alternative to traditional drug formulations.

Enabled by synthetic methods and polymer chemistry, polymeric vehicles are modular



multifunctional systems that facilitate precise control of macromolecular properties through
variation in monomer composition. Prior developments have demonstrated the utility of this
modular strategy since it enables the incorporation of a wide array of monomers, including
cleavable linkers (including enzyme cleavable), drugs, and functional elements conferring
targeting, solubility, and biocompatibility>?-3*. Reversible addition-fragmentation chain transfer
(RAFT) polymerization permits precise control of polymer composition, size, and structure
Additionally, RAFT polymer chemistry is compatible with both organic and aqueous conditions,
obviating the need for complex protecting group chemistries. Previously, we have leveraged
these beneficial features of RAFT to synthesize a variety of polymeric delivery vehicles,

including unimeric, diblock miscelle-forming, and radiant star polymers3233-36,

In this study, we used a mannose ciprofloxacin polymeric delivery vehicle (Man-polymer). This
polymer was previously explored for use in alveolar macrophage targeting, demonstrating in vivo
efficacy in treating a murine model of Francisella infection®3-%. As illustrated in Scheme 1, the
Man-polymer and galactose polymeric delivery vehicle (Gal-polymer) include: (1) a rhodamine
monomer to allow tracking of the polymers, (2) either mannose ethyl methacrylate or galactose
ethyl methacrylate carbohydrate monomers for targeting and biocompatibility, and (3) an
example therapeutic cargo of ciprofloxacin prodrug monomers. Mannose and galactose, two
aldohexose monosaccharide epimers, represent a useful carbohydrate pairing as they have the
same molecular weight and differ only in the stereochemistry of the pendant hydroxyl moieties.
The pharmacokinetics of antibiotic release, biodistribution, and efficacy of similar polymeric

delivery vehicles were previously characterized***°. These prior studies established the strategy



to synthesize functional polymeric systems capable of targeting endogenous carbohydrate-
binding proteins and receptors. Here we leverage that capability to demonstrate targeting and
elaborate the mechanism of functional polymer binding to the biofilm of the PAO1

Pseudomonas strain (Figure 21)

Exopolysaccharide

Glycosylated polymeric
delivery vehicle

CdrA

LecB

Figure 21: Model of possible Pseudomonas biofilm interactions with Man-polymer via
CdrA and LecB in the periphery of the PAO1 aggregates.

The model shows the aggregates (green) with peripheral rhodamine fluorescence (magenta) from

the polymeric delivery vehicles. The magnified insert shows the polymeric delivery vehicles
interacting with CdrA (brown) and LecB (peach) within the biofilm exopolysaccharide matrix

(gray)
3.3 Methodology

3.3.1 Polymer synthesis

Briefly, ciprofloxacin prodrug monomers with phenyl ester linkers were synthesized and purified

following published protocols?*343°, Other materials, including the monomers mannose



ethylmethacrylate, galactose ethylmethacrylate, and rhodamine methacrylate was synthesized as
previously described**. RAFT polymerization of the polymeric delivery vehicle containing
rhodamine methacrylate, hydrolyzable ciprofloxacin monomer, and either the mannose or
galactose ethylmethacrylate monomer was performed in acetate buffer at a 4.3 mM:121 mM:964
mM ratio (rhodamine : ciprofloxacin : glycan) under a nitrogen atmosphere using 4-cyano-4-
(phenylcarbonothioylthio) pentanoic acid as the chain transfer agent and ABCVA as the radical

initiator®>. Both polymers were previously characterized and described™.

3.3.2 Bacterial methods

The PAO1 Pa strains used in this study were propagated at 37°C in Tryptic Soy Broth (TSB;
Difco). Continuous flow cell biofilm reactors were prepared and assembled as previously
described?’. Bacteria were grown in TSB to log phase and then diluted in 1% TSB to a final
ODsoo of 0.01. Flow cell chambers were inoculated and incubated inverted for 1 h. Then flow

was initiated, and the bacteria were continuously supplied with fresh 1% TSB at 10 mL/h.

To assess binding and specificity for glycosylated polymers, four-day-old biofilms were treated
with the Man-polymer or Gal-polymer at 30 pg/mL statically for 30 min (flow was suspended
during this incubation period). Following static incubation with the polymers, flow was restored
at 10 mL/h for periods ranging from 5 minutes to 24 hours to rinse unbound polymers and
interrogate retention by the biofilm. Biomasses were stained with 2.5 pM Syto62 (Molecular

Probes) before imaging with a Zeiss LSM 510 confocal laser scanning microscope. Volocity



software (Improvision) was used to compile and quantify image series using the same parameters

previously described?!.

3.4 Results & Discussion

To assess the interaction of the glycan-modified vehicles with the Pa biofilms, Pa aggregates
were statically incubated with either Man- or Gal-polymers prior to restoring flow to remove
unbound polymer. The same Man-polymer and Gal-Polymer vehicles were previously used to

study carbohydrate-specific targeting of endogenous receptors on the alveolar macrophage™.

By comparing the interaction of the Man- and Gal-polymer with the Pa biofilm, as measured by
the fluorescence due to the copolymerized rhodamine monomer, it is possible to determine
whether there is a specific carbohydrate-dependent interaction between the biofilm and the
polymeric vehicle as a result of the incorporated glycans. As evidenced by the results illustrated
in Figure 2, there was a marked contrast between the interaction of the Man- and Gal-polymers
with the Pa biofilm aggregates. The Man-polymer demonstrated significant binding to the
periphery of the PAO1 aggregates (Figure 22B), whereas the Gal-polymer demonstrated no
observable interaction with the biofilm (Figure 22E). As an additional control, we also examined
the binding of a non-carbohydrate-containing polymer based on a zwitterionic carboxybetaine-

containing monomer, and no appreciable binding to the biofilm was observed (data not shown).



Rhodamine Overlay

Man-polymer

Gal-polymer

Figure 22: Specificity of Man-polymer for PAO1 biofilms.

Cultured PAO1 biofilms were treated with Man-polymer (A, B, C) and Gal-polymer (D, E, F).
Syto9 staining for biomass shows that characteristic aggregate formed (green, A, D). Rhodamine
fluorescence of the Man- and Gal-polymers shows strong peripheral binding of Man-polymers
(magenta, B) but not Gal-polymers(E). Overlay of Syto9 staining and rhodamine fluorescence
signal reveals peripheral localization of Man-polymers(C) but not Gal-polymers(F). The scale

bar indicates 50 um.

Figure 23: Peripheral binding of Man-polymer to PAO1 aggregates



Binding is evident in the optical cross-section of z-stacked images. Rhodamine fluorescence
from Man-polymer (magenta) is localized in the periphery of the aggregates (Syto9, green),
which is similar to the peripheral localization of Psl.

As shown in Figure 23, the Man-polymer localizes to the periphery of the aggregates. This
finding combined with the robust retention of the polymers led us to hypothesize that the Man-
polymer may be retained by the matrix proteins LecB and CdrA. As illustrated in the schematic
in Figure 21, LecB and CdrA are known to bind to the mannose containing Psl and also promote

Psl localization to the biofilm aggregate periphery 3.

To establish the stability of the biofilm retention of the Man-polymer, the biofilms were
incubated with the Man- and Gal-polymers (30 pg/mL; 30 min), and then subjected to
continuous flow of growth media. We examined the fluorescence in the biofilms to determine if
the glycosylated polymers were retained over a 24-hour period. As illustrated in Figure 24, the
Man-polymer shows peripheral binding to the biofilm aggregate at 5-minutes post-incubation,
and this binding is retained with minimal loss of fluorescence intensity after 24-hours of
continuous flow of growth media (Figure 24B). By contrast, the Gal-polymer shows no
detectable binding to the biofilm aggregates. These results demonstrate a robust interaction
between the Man-Polymer and the biofilm, suggesting a high-avidity multivalent interaction

between the glycosylated polymer and the biofilm matrix.
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Figure 24. Specificity of mannose drugamer for PAO1 biofilms.

Man-CTM

o . .

Cultured PAO1 biofilms were treated with either the mannose (Man-CTM, A, B, C) or galactose
(Gal-CTM, D, E, F) drugamer. The biomass staining shows characteristic aggregate structure
(green, Syto9, A, D). Fluorescence from the Mannose and Galactose drugamers shows strong
peripheral binding of the Mannose drugamer (magenta, Rhodamine, B) but not the Gal drugamer
(E). The overlay of Syto9 staining and rhodamine fluorescence signal reveals peripheral
localization of the biomass and the mannose drugamer (C) but not the galactose drugamer (F)

Due to the enhanced retention of the polymeric system within the biofilm, these long-lived
interactions support the possibility of applying these findings in drug delivery applications where
continuous and sustained release of drug from a retained polymeric delivery vehicle could
support a novel therapeutic strategy with significant benefits over traditional pulmonary delivery
of small molecules. While the continuous flow of TBS essential to generate the characteristic
Pseudomonas phenotype precluded the ability to perform any efficacy or extended
pharmacokinetics studies, our previous work with similar delivery vehicles demonstrated great

efficacy in pulmonary infection models and established controlled drug release profiles, with



zero-order drug release profiles demonstrated over a period of hours to weeks, and efficacy

against multiple pulmonary pathogens .
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Figure 25. Knockout experiments illustrate the role of LecB and CdrA in binding the
Mannose drugamer.

PAOL1 (A1) shows the characteristic aggregate shape and strong peripheral Man-drugamer
binding. Aggregates from PAO1 AlecB (A2) and AcdrA (3) single knockouts retain characteristic
peripheral binding morphology and similar rhodamine fluorescence and retention. The AlecB
AcdrA (A4) knockout showed dramatically reduced Man-drugamer binding and altered biomass

structure, consistent with our understanding of the roles of CdrA and LecB in the PA biofilm.
Line profile (B) of rhodamine fluorescence from the mannose drugamer.

Since Psl is known to interact with two mannose binding proteins, CdrA and LecB, we
postulated that the mannose-specific binding and prolonged retention of the polymer was due to
one or both of these proteins?>3!. To test this hypothesis, we initially evaluated the retention of

Man-polymer by biofilms formed from the single knockout mutants PAO1 Acdr4 and PAO1



AlecB. As illustrated in Figure 25, Man-polymer retention was only slightly diminished by the
loss of either cdrA or lecB and peripheral retention was clearly observed (Figure 25B and 25C).
This result suggests that loss of a single protein, either CdrA or LecB, would not necessarily
eliminate biofilm retention of the polymeric vehicle. However, biofilms formed by the double
mutant PAO1 AcdrA AlecB did not retain the Man-polymer, and only a diffuse and faint
fluorescent signal of the Man-polymer was observed (Figure 25D and 25E). These results
suggest that CdrA and LecB both are likely involved in the peripheral retention of the Man-
polymer. However, it is not clear if the reduced polymer retention is the result of the lack of

CdrA and LecB or the reduced biomass in the PAO1 AcdrA AlecB aggregates.

As shown in this study, the carbohydrate-specific targeting of Pa biofilms via glycosylated
polymer a novel strategy for biofilm targeting. This strategy could allow for the extended
retention of polymeric delivery vehicles and sustained release of therapeutic cargo within the
biofilm. Our understanding of the Pa biofilm supports a biochemical explanation for the
specificity of targeting. While the system used in this study precluded efficacy studies, our
results strongly suggest the potential of mannose targeting to support delivery of drug or
therapeutic systems to Pa biofilm infections and highlight the need for future efficacy studies in
more suitable models. The ability to synthetically construct multifunctional polymers capable of
the facile incorporation of targeting moieties and therapeutic cargo makes it possible to engineer

custom polymeric delivery vehicles to address the unique challenges of the infection setting.
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