








Following an incubation period of 24 h,
pAA showed no visible zone of inhibition
indicating the acetal form of the monomer
IS not an active antimicrobial compound. In
contrast, pA showed a 1 cm zone of
inhibition. These results indicate that pAA
functions as a pro-antimicrobial compound
exhibiting antimicrobial activity only upon
hydrolysis back to the benzaldehyde.

4.2 Photopolymerization and
Characterization of Polymer Films

PANDA films were fabricated via
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Figure 1: NMR spectra of monomer.
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Figure 2: Conversion between thiol and alkene monomers

radical-mediated step-growth thiol-ene photopolymerization (Scheme 1B) using

pentaerythritol tetrakis(3-mercaptopropionate) (PETMP) and pAA as monomers. PETMP

and pAA were copolymerized using a 1:1 alkene/thiol mole stoichiometry. Upon

polymerization, the composition of the PANDA films is 47 wt.% pAA, which translates to

pA loading of 27 wt.%. The photopolymerization kinetics, when conducted under a

Figure 3. Dynamic mechanical analysis of PANDA films.

13

medium pressure UV light (400 mwW
cm2), were rapid and exhibited nearly
quantitative conversion (>95%, Fig. 2) of
both thiol and alkene functional groups in
less than 60 The

S. step-growth

polymerization mechanism observed for



radical-mediated thiol-ene polymerization of PETMP and pAA ensures that each crosslink

junction contains a hydrolytically cleavable acetal linkage for the release of pA from the

network (Scheme 1C). Additionally, the resulting PANDAS possess a narrow tan o

(indicative of a homogenous network), a glass transition temperature of -0.5 °C (Fig. 3)
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Figure 4. (A) NMR spectra of degradation products (B)
Release of aldehyde and corresponding fit to Hopfenburg

model.

and are optically transparent — typical
of thiol-ene materials.
4.3 Degradation Studies

The PANDA degradation and pA
release  Kinetics

were initially

characterized using 'H NMR

spectroscopy. The Kinetic experiment
was conducted over 38 days at pH 7.4
in acetonitrile-

by inserting disks

ds/buffer solutions in sealed NMR
tubes. 2,3,5,6-tetrachloronitrobenzene
(6 = 7.75 ppm) was employed as an

internal standard enabling integration

relative to the benzylic aldehyde proton (6 = 9.85 ppm) to determine time-resolved pA

concentration (Fig. 4A). The release profile of pA obtained from the integrated *H NMR

data is shown in Figure 4B. At pH 7.4, an initial burst release was
not observed; however, a slow release profile was observed My,

where 90% pA was released within 38 days. To better quantify
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Equation 1: Hopfenberg Model



the release data, the release profile (A)

[
was fit to the cylindrical Hopfenberg § !
model *° described in Equation 1: E

PANDA

where, M, is the concentration of

released pA at time t, M, is the
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the cylinder. The half-life of the Figures5. (4) Visual degradation of PANDA films in 1 N HCI (B)
Plotted degradation fit to Hopfenberg model

PANDA degradation was determined to be 14.9 days from the Hopfenberg model. To

matrix, and a is the initial radius of

investigate the process of erosion for the PANDA disks over time, PANDA disks and non-
degradable control disks (trimethylolpropane diallyl ether and PETMP) were fabricated,
submerged in a 1N aqueous HCI solution, and imaged using optical microscopy over time.
The optical images from the accelerated degradation experiment are shown in Figure 5A.
Within 1 h, significant surface erosion was observed. The low solubility of the p-
anisaldehyde and tetrafunctional alcohol (degradation products) in water results in the solid
disk degrading to an oil-like residue within 3 h. The area of the degradation front, as
highlighted by the green arrows in Figure 5A, was used to quantify the degradation process
under low pH conditions. A plot of the remaining disk area at time t (A:) relative to the
initial area (A«) was plotted over time and then fit to the Hopfenberg model, where M, /M.,
were replaced by A;/A.,. The degradation at pH 0.1 was 380x faster (half-life = 0.04 days)

— much faster than expected when compared to the degradation at pH 7.4 observed by
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NMR. The results from these collective degradation studies are consistent with acid
sensitive hydrolysis behavior of acetals.®®
4.4 Antimicrobial Assays

4.4.1 Zone of Inhibition

The antimicrobial activity of 2.0
o~ ] (@ P. aeruginosa PAO1
. . £ Uz Y7 |m S, aureus RN6390
both PANDA disks and control disks & 4 & A E. coli O157:H7

o _ § ] yo— (v S. typhi ATCC 6539
was initially evaluated via a ZOl assay &
=
using clinically isolated strains: S. %
Q
- c
aureus RN6390 and P. aeruginosa ©

N OED FEES A T

PANDA Control
PAOL, and foodborne pathogens: E. Figure 6. Zone of inhibition for PANDA and control disks.

Plotted data points represent individual measurements.

coli ATCC 43895 (serotype O157:H7)
and Sal. Typhi ATCC 6539 (Fig. 6). As expected, control disks without p-anisaldehyde
showed no antimicrobial activity for any bacteria in the ZOI experiments. However, ZOls
greater than 1 cm were observed for the PANDA disks, where larger ZOI values indicate
more potent inhibition of the bacteria. The ZOIl assay showed that the order of
antimicrobial inhibition was Sal. Typhi > S. aureus > E. coli O157:H7 > P. aeruginosa.
4.4.2 Minimum Inhibition Assay
To determine the PANDA disk size required to inhibit bacterial growth, a minimum
inhibitory disk size assay was performed with bacteria in their exponential growth phase
(10° CFU mL in 4 mL media). The bacteria were challenged with PANDA disks (0-100
mm?). Note, larger disk size translates to a higher pA concentration released at a given time
point. The minimum inhibition assay, as presented in Figure 6, showed that inhibition of

bacteria increased with an increase in disk size, and 100 mm? (910 mg/mL pA) disks
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i inhibi ' 1.5
effectively inhibited all strains of _ o P seninosa PAOT
. . . T - S. aureus RN6390
bacteria tested. An optical density ] —A- E. coli O157:H7
1.0 V- S. typhi ATCC 6539
reading of <0.05 is considered & |
8
negative for bacterial growth under 0.5-
these experimental conditions. E. coli
0.0-+— : |

0O157:H7 and P. aeruginosa required 0 10 20 30 40 50 100110
Disk Size (mm?)
the Iargest disk size, however, Sal. Figure 7. Minimum inhibition assay of different sized PANDA

disks.
Typhi and S. aureus were inhibited by 50 mm?3 disks (455 mg/mL pA). The concentration
of pA released was estimated from the NMR release profile previously described.
4.5 Cell Membrane Integrity

To investigate the possible mode of action for pA antimicrobial activity, the cell

membrane integrity was analyzed for P.
aeruginosa via a LIVE/DEAD staining — a
method that was supported by TEM imaging.
SYTQO9 is capable of penetrating healthy cell
membranes, and results in a green fluorescence;

while propidium iodide only enters cells with

damaged cell membranes resulting in red

i ®

. Figure 8. LIVE/DEAD staining images (A) at Oh
fluorescence. Figure 8A shows that at Oh of ()t 304 TEM images (C) at 0h and (D) at

30h
PANDA exposure the P. aeruginosa fluoresced green while after 30 h the sample

fluoresced red, indicating damaged cell membranes. The disruption of the cell membrane
was further concluded with the use of TEM imaging where in Figure 8D there is a clear

disruption of the cell membrane as compared to the healthy bacteria in Figure 8C.
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Chapter V: Conclusion

In this thesis, we have demonstrated a bactericidal, pro-antimicrobial network that
is effective against both gram-positive and gram-negative bacteria. By using confocal
microscopy and TEM imaging, we showed that these antimicrobial polymers mainly kill
bacteria via membrane disruption. Due to the effectiveness of pA and PANDA networks,
these types of polymers could potentially be utilized to combat bacteria in the medical field.
We demonstrated a potent bio-based pro-antimicrobial polymer network that has the
versatility to treat gram positive and gram negative bacterial pathogens through the
sustained release of pA over time. Through a combination of confocal microscopy and
transmission electron microscopy, we showed PANDAS primary mode of action is via
membrane disruption. The design of the PANDA network combined with the potency of
pA has the potential to part of the arsenal of defenses against a broad spectrum of pathogens
and exhibits potential for future in vivo experiments.
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