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Abstract We report on the performance of brominated
poly(N-vinylpyrrolidone) (PVP-Br), brominated poly(ethyl-
ene glycol) (PEG-Br), and brominated poly(allylamine-co-4-
aminopyridine) (PAAm-APy-Br) for their ability to decon-
taminate Bacillus anthracis Sterne spores in solution while
also allowing for the sensing of the spores. The polymers were
brominated by bromine using carbon tetrachloride or potassi-
um tribromide as solvents, with bromine loadings ranging
from 1.6 to 4.2 mEq/g of polymer. B. anthracis Sterne spores
were exposed to increasing concentrations of brominated
polymers for 5 min, while the kinetics of the sporicidal activity
was assessed. All brominated polymers demonstrated spore
log-kills of 8 within 5 min of exposure at 12 mg/mL aqueous
polymer concentration. Sensing of spores was accomplished
by measuring the release of dipicolinic acid (DPA) from the
spore using time-resolved fluorescence. Parent, non-
brominated polymers did not cause any release of DPA and
the spores remained viable. In contrast, spores exposed to the
brominated polymers were inactivated and the release of DPA
was observed within minutes of exposure. Also, this release of
DPA continued for a long time after spore inactivation as in a
controlled release process. The DPA release was more pro-
nounced for spores exposed to brominated PVP and bromi-
nated PEG-8000 compared to brominated PAAm-APy and
brominated PEG-400. Using time-resolved fluorescence, we
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detected as low as 2500 B. anthracis spores, with PEG-8000
being more sensitive to low spore numbers. Our results sug-
gest that the brominated polymers may be used effectively as
decontamination agents against bacterial spores while also
providing the sensing capability.

Keywords Spores - Anthrax decontamination - DPA release
from inactivated anthrax - Brominated polymer
decontaminants - Sensing anthrax by DPA release

Introduction

The threat of biological weapons on the battlefield or in ter-
rorist attacks demands the urgent development of sensing and
decontamination methods to counter them. Bacterial spores of
the genus Bacillus have been used as bioweapons since these
organisms are capable of withstanding wet and dry heat, UV
and +y-radiation, desiccation, and extremes of pH and toxic
chemicals as well as predation by other microorganisms that
would otherwise kill vegetative bacteria (Mallozzi et al. 2008;
Setlow 2007). Bacillus anthracis, the microorganism that
causes anthrax, is of particular interest since it is capable of
causing high morbidity and mortality and a disease that may
be difficult to diagnose and treat (Oncu et al. 2003).

The ability of B. anthracis spores to resist chemical or
environmental insults is due to their highly organized surface
structure that protects the spore against exogenous chemicals.
In B. anthracis spores, the genetic material in the spore core is
protected by multiple layers, an inner membrane that sur-
rounds the spore core, a germ cell wall, an outer spore mem-
brane that surrounds the cortex, a spore coat, and, finally, an
outer layer known as exosporium (Fig. 1) (Zaman et al. 2005).
Studies agree that most spore coats are composed of proteins
as well as low amounts of carbohydrate, lipids, and
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Sporulated Vegetative

Fig. 1 Schematic representation of B. anthracis in their sporulated and
germinated states. 4 exosporium, B spore coat, C outer spore membrane,
D spore cortex, E germ cell wall, F' inner spore membrane, G spore core,
H cell wall,  cell cytoplasm

phosphorus compounds (Driks 1999). Some coat proteins
have been found to be highly cross-linked resulting in dense
coat layers that can be up to 130 nm thick, providing a barrier
where decontaminating agents cannot penetrate and kill the
spore (Henriques and Moran 2000).

In their sporulated form, B. anthracis are metabolically
dormant; however, in the presence of nutrients, germinant
receptors located on the spore inner membrane get activated
initiating a cascade of events that lead to the germination and
outgrowth of virulent vegetative bacteria (Foster and
Johnstone 1990; Setlow 2003). During germination, release
of dipicolinic acid (DPA), loss of spore refractility, loss of heat
resistance, hydration of the spore core, and metabolic activity
recommences and expression of toxins take place (Setlow
2003). While germination turns B. anthracis into an active
virulent organism, germinated and vegetative B. anthracis
are devoid of their protective coat making them susceptible
to common disinfectants (Setlow 2003). Because of this sus-
ceptibility, current decontamination techniques are more ef-
fective on vegetative B. anthracis. Development of com-
pounds that can rapidly sense and eradicate B. anthracis in
their sporulated form is therefore needed.

Current strategies to detect B. anthracis spores include
detection of events that occur during spore germination
(Leuschner et al. 2000; Titball and Manchee 1987,
Cheung et al. 1999). Germination of B. anthracis spores
is usually detected by procedures where alterations in
spore refractility, heat resistance, stainability, and release
of DPA are measured (Welkos et al. 2004; Setlow 2003).
Since early detection of B. anthracis is necessary to
avoid dissipation of the pathogen, prevention, and onset
of infection, compounds that can detect and simulta-
neously kill B. anthracis spores are needed.

Halogen oxidants have been used to kill a variety of
microorganisms. Bleach, chlorine dioxide, ethylene ox-
ide, hydrogen peroxide, and vaporized hydrogen perox-
ide, among others, were oxidants used in federal decon-
tamination responses following the bioterrorism attacks
in 2001 (Hilgren et al. 2007). In a previous study, so-
lutions of sodium hypochlorite were tested against
Bacillus subtilis spores and a concentration of 50 ppm
available chlorine was needed to obtain a ~2.5 log-kill
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in ~18 min (Williams and Russell 1991). Solutions of
sodium dichloroisocyanurate were also tested but a 50-
ppm available concentration resulted in a 3 log kill after
45 min of spore contact with the halogen. While results
with halogens as the killing agent of spores are encour-
aging, faster acting sporicides are needed to decontami-
nate bioweapons, such as B. anthracis, effectively.

In the present work, we set out to design polymeric
sporicides since polymers are non-volatile and their
functionalities can be varied and controlled through
available techniques resulting in bioactive surfaces that
are stable under different environments (Lenoir et al.
2006; Tiller et al. 2001; Tiller et al. 2002; Lin et al.
2002). Conjugated polyelectrolytes (CPs) modified with
light-absorbing fluorescent molecules can be effective
sporicides when exposed to visible light due to the pho-
tosensitization effects of the polyelectrolyte that coats
the spores (Lu et al. 2005). In addition, CPs modified
with light quenchers can serve as biosensors since the
polymer anchored on the spore can exhibit excited-state
superquenching. We believe that halogen—polymer com-
plexes, either neutral or cationic, while being easier to
prepare than CPs, can act as both sporicides and sen-
sors. Polymer-bound halogens, and especially N-
halamines (compounds containing N-halogen bond),
have been investigated as bactericides as well as oxidiz-
ing agents for various toxicants such as pesticides and
hydrazines (Amitai et al. 2010; Bromberg et al. 2014).
Herein, we addressed a question of whether it is possi-
ble to apply a simple complex between an active halo-
gen and an available neutral or cationic polymer to in-
activate B. anthracis spores in solution. The polymeric
species could then be engineered into components of
fabrics, protective garments, filters, and other articles.
Albeit chlorine- and iodine-containing N-halamine poly-
mers have been widely utilized as antiseptics and disin-
fectants, considerably less is known about bromine-
containing polymers (McLennan et al. 2009; Coulliette
et al. 2010).

We chose commercially available, water-soluble and
benign polymers such as poly(ethylene glycol) (PEG),
polyvinylpyrrolidone (PVP), and polyallylamine
(PAAm) as the bromine complexants. Since our con-
comitant studies demonstrated that PAAm modified with
a nucleophilic cationic species, 4-aminopyridine, can ef-
ficiently degrade nerve agents (Bromberg et al. 2014),
we utilized that modified PAAm to complex with bro-
mine as well, with a potential of gaining a polymeric
species with a broad range of applicability in protective
fabrics. We also examined if bromine compounds can
be used for spore detection, simultaneous with spore
inactivation, by monitoring release of DPA from
B. anthracis after treatment with brominated polymers.
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Materials and methods
Materials

Dipicolinic acid (DPA, 99 %), terbium chloride hexahy-
drate (99.9 %), tryptic soy agar, tryptic soy broth, beef
extract, peptone, iron sulfate hydrate (>99 %), magne-
sium sulfate (99 %), manganese chloride tetrahydrate
(99 %), calcium nitrate tetrahydrate (=99 %), potassium
chloride (99 %), poly(ethylene glycol) (PEG-400, num-
ber average molecular weight M, of 400 and PEG-8000,
M, of 8000), potassium bromide (99 %), polyallylamine
hydrochloride (PAAmHCI, average molecular weight
M, 900 kDa), polyvinylpyrrolidone (PVP, M,
1.3 MDa), 4-pyridinecarbonitrile (98 %), acrylamide
(99 %), bromine (>99.5 %) were all obtained from
Sigma-Aldrich Chemical Co. All other reagents, sol-
vents, and gases were obtained from commercial
sources and were of the highest purity available. Prior
to the use, PAAm'HCI was converted to PAAm by neu-
tralization of its 5 wt% aqueous solution by 2 M NaOH
followed by the polymer dialysis against deionized wa-
ter (MWCO, 12-13 kDa) and lyophilization. Other
polymers were used as received.

B. anthracis Sterne 34F2 (pXO1" pXO02~; referred to here-
after as B. anthracis Sterne) was kindly provided by the
Edgewood Chemical Biological Center (ECBC), Edgewood,
Maryland.

Spore preparation

B. anthracis Sterne spores were streaked onto tryptic soy
agar (TSA) and incubated at 37 °C overnight. A 50-mL
solution of tryptic soy broth was inoculated using a
colony from the freshly grown spores on the agar plate.
The solution was incubated at 37 °C with agitation at
200 RPM for 5 h. After incubation, 500 puL of incubat-
ed spore solution was placed in 2.5 L of sporulation
media (3 g beef extract, 5 g peptone, 1 mL of 1 mM
FeSOy4, 10 mL of 1.2 % MgSO4, 1 mL of 0.01 M
MnCl,, 1 mL of 1 M Ca(NOj3),, 10 mL of 10 % KCI
in 977 mL of ultrapure water) and incubated for 7 days
at 37 °C with continuous agitation. Spores were collect-
ed by centrifugation at 10,000 RPM (17,000g) for
30 min at 20 °C. The spores were washed ten times
in ultrapure water at 10,000 RPM (17,000g) for
10 min to remove partially sporulated cells and vegeta-
tive bacteria. The state of sporulation was verified
through phase contrast microscopy, and samples of pre-
pared spores were considered to be clean and sporulated
when at least 99 % of spores examined under the mi-
croscope were phase bright. Spores were stored in water
at 4 °C.

Polymer syntheses
PEG-KBr; complex

PEG-400 and PEG-8000 specimens were complexed with
KBr; as described previously (Verma and Jain 2012; Verma
et al. 2012). A solution of potassium tribromide was first ob-
tained by adding 10 g of bromine to a chilled 35 wt% aqueous
solution of KBr in water. Polymer (25 g for PEG-400 and 75 g
for PEG-8000) was added to the solution of potassium
tribromide and stirred vigorously for 5 h at room temperature.
The resulting solution was extracted twice with dichlorometh-
ane and the extracts dried over anhydrous sodium sulfate
(Verma and Jain 2012). The dark orange red viscous liquid
(PEG-400) or paste (PEG-8000) was obtained in 96-98 %
yield. The loading of the KBr; in the prepared PEG-400-
KBr; and PEG-8000-KBr; complexes was found to be 1.4
and 2.1 mEq/g of polymer, respectively, using elemental
analysis for bromine. The PEG-KBr; materials were stored
at 4 °C in the dark until use.

Polyallylamine modified with 4-aminopyridine,
hydrobromide salt

1-(3-Amino-3-oxopropyl)-4-cyanopyridin-1-ium chloride (1)
was first synthesized as described elsewhere (Curtis et al.
2000). For the polymer modification (Fig. 2), an aqueous so-
lution containing 5.3 g (25 mmol) of (1) and 2.8 g
polyallylamine (50 mmol) (100 mL total) was allowed to react
under stirring at 40 °C for 4 h. Then, 30 mL of 50 % aqueous
NaOH were added into the solution, which was stirred at
90 °C for another 4 h. The mixture was allowed to equilibrate
at ambient temperature, the polymer was precipitated by ace-
tone, redissolved in deionized water, and the solution was
dialyzed against excess aqueous sodium methoxide (pH 8.5,
membrane MWCO, 12-14 kDa) and lyophilized. "H NMR
(400 MHz, D,0), 4 (ppm): 1.1 (m, CH, {3 to —N), 2.61 (m,
CH, acto —N), 2.86, 3.11 (m, CH; « to —-N-CR), 5.95, 6.1 (m,
secondary -NH), 6.5 (m, pyridine), 7.9, 8.5 (m, 2H pyridine).
Using integrations of signals at 2.61 (methylene of allylamine)
to 8.5 ppm (pyridine), it was estimated that the degree of
polyallylamine modification was approximately 50 mol%.
That is, 50 % of the polymer -NH, groups were substituted
with 4-aminopyridine.

Bromination of polyallylamine modified with 4-
aminopyridine (PAAm-APy) was accomplished as follows
(Bromberg et al. 2014). Dry polymer was suspended in a dark
brown glass tube with chilled, freshly prepared 15 wt% bro-
mine solution in carbon tetrachloride at 0 °C under constant
stirring in the dark. The suspension was sealed and brought up
to ambient temperature within 4 h under stirring, which con-
tinued for another 20 h. The suspension was washed by 1 M
NaOH, ethanol, and acetone, and the solids were separated by
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suction filtration using Gelman borosilicate glass membranes
with effective pore size of 0.7 um. The yellow solids were
again washed by carbon tetrachloride and ethanol and dried
over anhydrous sodium sulfate. The bromine content of this
polymer was found to be 4.2 mEq/g polymer based on ele-
mental analysis. The brominated polymer (PAAm-APy-HBr)
was stored at 4 °C in the dark until use.

Polyvinylpyrrolidone-hydrotribromide adduct

Polyvinylpyrrolidone (PVP)-bromine complex was prepared
by the bromination of commercially available linear PVP by a
bromine solution in carbon tetrachloride (Bromberg et al.
2014). Dry PVP (1 g) was suspended in an amber glass test
tube with a freshly prepared 15 wt% bromine solution
(chilled) in carbon tetrachloride (10 mL). The solution was
stirred in the dark at 0 °C overnight. The suspension was then
sealed and brought up to ambient temperature within 4 h with
continuous stirring, and stirring was continued for an addition-
al 20 h. The brominated suspension was washed with ethanol
and acetone. The solids were separated by filtration using
Gelman borosilicate glass membranes with a pore size of
0.7 um and washed by carbon tetrachloride followed by eth-
anol and deionized water. The solids were then dried over
anhydrous sodium sulfate and kept at 4 °C in the dark until
use. Bromine content in the resulting brominated PVP was
measured by elemental analysis and was found to be
3.7 mEq/g of polymer. The analysis for bromine was conduct-
ed in a commercial laboratory using EPA Method 5050/9056,
involving bomb combustion followed by ion chromatography.

Inactivation of B. anthracis Sterne with brominated
polymers

To determine the effects of brominated polymers on B.
anthracis Sterne inactivation, spores at a concentration of
10® spores/mL were exposed to various concentrations of bro-
minated polymers dissolved in water, control polymers in wa-
ter or just ultrapure water for 5 min at 25 °C. After treatment,
the spores were washed three times in water by centrifugation
at 5000 RPM (8500g) for 10 min and serially diluted. To
ensure that the brominated compound had been completely
removed, we tested the amount of bromine left after washing
the spore solution by centrifugation. Samples of the washed
spore solution were analyzed by inductively coupled plasma
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atomic emission spectrometry (ICP-AES; ALS
Environmental, Tucson, AZ). The detection limit for bromine
for this particular method was 1 ppm or 1 mg/L in the spore
solution. Using ICP-AES, we determined that none of the
samples contained any measurable amount of bromine sug-
gesting that the inactivating agent had been completely re-
moved during the washing and before plating. A 100 puL of
spore solution was inoculated onto tryptic soy agar plates and
incubated overnight at 37 °C. The number of colony-forming
units (CFU) on the agar plates was determined. Three inde-
pendent experiments were done, and the data were analyzed
using the Kruskal-Wallis one-way analysis of variance
(ANOVA) on ranks for repeated measurements. Dunnett’s test
was used for comparisons between water-treated spores and
those treated with polymers. A difference was significant if
P <0.05.

Monitoring the release of DPA from B. anthracis Sterne
after exposure to brominated polymers

The release of DPA from B. anthracis was monitored by time-
resolved fluorescence intensity measurements. PVP-Br, PEG-
400-Br, PEG-8000-Br, and PAAm-APy-Br were suspended in
water at a concentration of 32 mg/mL, covered, and left shak-
ing at room temperature in the dark for 60 min. After incuba-
tion, the polymer solution was filtered through a 0.2-um sy-
ringe filter, and 75 uL of the filtered solution was placed
inside the wells of a black 96-well plate. The polymer solution
was combined with a freshly made solution of 4 mM terbium
chloride (TbCls). TbCl; reacts with DPA released from spores
during germination and forms the chelate terbium dipicolinate
(Tb(DPA);)*", which luminesces with UV excitation (Rosen
2006). After addition of TbCl; to the plate, B. anthracis Sterne
at various concentrations of 10°, 10°, and 10* spores/mL in
water were immediately added to each well. Final number of
spores in each well was 2 x 10°,2.5 % 104, and 2.5 x 10°. Final
concentration of the polymer in each well was 12 mg/mL. The
plate was set to shake for 5 s, and the solution was excited at
270 nm. Emission was collected at 546 nm every 5 min for up
to 1 h using a Gemini XPS microplate spectrofluorometer
(Molecular Devices, Toronto, Canada). The experiment was
done in triplicate, and the average percent release DPA was
reported.

Percent of DPA released was calculated by monitoring the
release of DPA from B. anthracis Sterne after exposure to
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2 mM dodecylamine for 5 h. The fluorescence signal obtained
after 5 h of exposure was assumed to correspond to the total
amount of DPA released from the spores since this signal did
not change in the course of an hour following exposure.

Atomic force microscopy and electron scanning
microscopy

AFM and SEM were used to evaluate the changes in morphol-
ogy of B. anthracis before and after exposure to PVP-Br and
control PVP. The polymers were dissolved in water for 60 min
with continuous shaking and passed through a 0.2-um filter.
The filtered solution was mixed with B. anthracis Sterne
spores at a concentration of 10° spores/mL for 5 min at room
temperature. This is the condition where all spore inactivation
was done, and this corresponds to looking at inactivated
spores by AFM and SEM. After exposure to the polymer,
the spore—polymer solution was centrifuged and washed with
water, and spores were resuspended in ultrapure water. A
5-uL solution of polymer-treated B. anthracis Sterne was
placed on a silicon wafer and left to air-dry for 48 h before
imaging.

Images were collected using AFM (Dimension Icon,
Bruker Corp., Santa Barbara, CA) that was operated in
ScanAsyst mode. Triangular cantilevers with silicon nitride
tips having a spring constant of 0.4 N/m and a resonant fre-
quency of 70 kHz were used (ScanAsyst-Air, Bruker Corp.).
Images were captured with scan areas of 5 um?>. All images
were captured at a scan rate of 1 Hz and with a resolution of
512 x 512 points.

For imaging with SEM, the silicon chip with spores was
coated with a ~20-nm coating of gold—palladium for 180 s
before imaging. SEM micrographs were taken with a Zeiss
EVO60 at a 10KX magnification at 30 kV and a working
distance of 6 mm.

Results

Brominated polymers tested for their interaction with B.
anthracis Sterne spores are depicted in Fig. 3. The content
of bromine loaded into the polymeric species decreased in

the sequence PAAm-APy-Br > PVP-Br > PEG-8000-Br
>> PEG-400-Br with PAAm-APy-Br having the highest bro-
mine content of 4.2 mEq/g of polymer and PEG-400-Br hav-
ing the lowest content of 1.6 mEq/g of polymer (Table 1). This
means that the content of bromine in our polymers ranges
from ~13 % in PEG-400 to ~34 % in PAAm-APy, and the
remainder corresponds to the organic polymer. The bromine
content in our polymers varied due to the different bromine
concentrations used during the complex synthesis procedures
as well as the varying nature of the polymers (polycationic
PAAm-APy versus neutral PEG and PVP).

Inactivation of B. anthracis spores after exposure
to brominated polymer networks

We characterized the inactivation of B. anthracis Sterne
spores exposed to PVP, PAAm, PEG-400, PEG-8000, and
their brominated counterparts to evaluate their activity against
spores. For this study, inactivation was defined as the process
that results in spores being unable to grow in regular media,
such as tryptic soy broth, after exposure to the polymers.
Control polymers (those not brominated) did not cause any
inactivation of B. anthracis spores even after prolonged expo-
sure to the polymers (Fig. 4). However, treatment of
B. anthracis Sterne spores with brominated polymers caused
significant inactivation of spores (Fig. 4).

A concentration of brominated polymers of 4 mg/mL (ef-
fective bromine concentration: 512—1342 ppm) caused be-
tween 1.8 and 2.8 log-kills in 5 min of exposure to the bromi-
nated polymers. However, significantly higher inactivation of
spores was achieved with brominated polymers at a concen-
tration of >12 mg/mL where log-kills of 8 were observed for
all polymers. No statistical difference was found between the
number of surviving spores after exposure to 12, 24, or 50 mg/
mL for polymers PAAm-Br, PEG-400-Br, and PEG-8000-Br,
making 12 mg/mL of brominated polymers the minimum con-
centrations needed to cause log-kills of 8. A statistical differ-
ence was observed between spores exposed to 12 mg/mL of
brominated PVP and spores exposed to 24 and 50 mg/mL
brominated PVP. Since a concentration of 12 mg/mL of bro-
minated polymers caused significant inactivation of
B. anthracis Sterne in 5 min, this concentration of brominated

Fig. 3 Chemical structures of brominated polymer adducts synthesized for sensing and deactivation of B. anthracis Sterne. a PVP-hydrobromic acid
adducts. b Brominated PAAm modified by 4-aminopyridine. ¢ PEG complexed with KBr;
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Table 1  Bromine content within brominated polymers

Brominated mEq Br/g wt% Br in ppm of Br in
polymer of polymer® polymer 12 mg/mL polymer
PVP-Br 3.7 29.5 3540

PEG-400-Br 1.6 12.8 1536
PAAm-APy-Br 42 339 4026

PEG-8000-Br 3.0 239 2868

#Milliequivalents (or mmol) of bromine per gram of polymer

and unbrominated polymers was chosen for the rest of our
experiments.

Morphology changes of B. anthracis Sterne after exposure
to PVP-Br

The rapid and effective inactivation of B. anthracis Sterne
observed in our study prompted an investigation of the mor-
phology of spores after exposure to brominated polymers.
Untreated B. anthracis Sterne spores were generally ellipsoi-
dal in shape measuring ~1.5-2 um long and 0.75-1 pm wide
(Fig. 5a, d). During AFM and SEM experiments, untreated
spores were found in small aggregates that probably formed as
the sample was air-dried on the silicon wafer (Fig. 5a). Rodlet
structures were observed on the surface of untreated
B. anthracis Steme spores (Fig. 5d). These structures are typ-
ical of these spores and are thought to form during sporulation
(Plomp et al. 2005a, b). All untreated spores appeared intact
with no visible pores, holes, grooves, or breakages on the
spore surface.

Treatment of B. anthracis Sterne with brominated polymer
(Fig. 5b, e) or with the control polymer (Fig. 5c, f) for 5 min
resulted in a thick coating surrounding the spores. This thick

—
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Fig. 4 Average number of surviving B. anthracis Sterne spores after
exposure to brominated polymers for 5 min. Spores at a concentration
of 10° spores/mL were exposed to increasing concentrations of
brominated polymers for 5 min at 23 °C
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coating could not get removed with washing by centrifuga-
tion, or resuspension and mixing in ultrapure water. In addi-
tion, inductively coupled plasma atomic emission spectrome-
try (ICP-AES) was done to analyze the spore solution after
washing had taken place (ALS Environmental, Tucson, AZ).
Through ICP-AES, we were able to determine that the sample
of spores treated with the brominated compound had no bro-
mine present after washing and preparation of the spores for
AFM or SEM imaging. This suggests that only polymer re-
mains in the solution and it strongly attaches to the cells. This
thick coating prevented us from observing characteristic prop-
erties of the spore surface as it completely surrounded all
spores. No ridges or rodlets could be clearly identified on
the surface of the spore. However, through both AFM and
SEM, the coating and the spore underneath the coating were
observed. Section analysis of height AFM images revealed
that this coating was 145 to 311 nm thick, which explained
why characteristic features of the spore surface, such as
rodlets, could not be clearly observed. Further drying of the
sample did not remove or break this coat. The sample was left
drying for up to 2 weeks, and similar morphologies were
observed.

Release of DPA from B. anthracis spores after treatment
with brominated polymers

A study was carried out to assess whether B. anthracis Sterne
spores could be detected in the presence of brominated poly-
mers by sensing the release of DPA from the spore core. Time-
resolved fluorescence was used to follow DPA release from
spores after exposure to brominated polymers. Exposure of
B. anthracis Sterne to control polymers (not brominated) did
not result in the release of DPA from spores, and the fluores-
cence signal remained constant for the duration of the exper-
iment (Fig. 6). Furthermore, the fluorescence intensity of the
spores exposed to the control polymers was very similar to the
intensity obtained for spores not treated with polymers. The
lack of change in fluorescence signal indicates that there was
no DPA release from spores and that B. anthracis remained
dormant and viable.

Changes in fluorescence intensity and an increase in DPA
release were observed after exposure of B. anthracis Sterne
spores to all brominated polymers. The fluorescence signal
increased over time indicating the progressive release of
DPA from spores (Fig. 6). Spores exposed to brominated
PVP and brominated PEG-8000 caused a 64 % and a 60 %
release of DPA from the spore in 1 h, respectively. Exposure
of spores to brominated PAAm and brominated PEG-400 re-
sulted in the release of ~10 and ~18 % of DPA after 60 min,
respectively (Fig. 6). While the release of DPA from spores
was significant after 60 min of exposure for some of our poly-
mers, it was possible to start noticing this release only after
10 min of contact with the brominated polymer. This sensing
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Fig. 5 Representative AFM and
SEM images of B. anthracis
Sterne before (a, d) and after
exposure to 12 mg/mL of filtered
brominated PVP (b, e) and
unbrominated PVP (¢, f) for 5 min
at 23 °C. Peak force error AFM
images (a, b, ¢) were obtained in
ScanAsyst mode in air at room
temperature with a scan size of

5 um x 5 um. SEM micrographs
(d, e, f) were obtained at 30 kV
and a working distance of 6 mm.
Polymer can be seen encasing the
spores (white arrows)
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Fig. 6 Average percent DPA release from 200,000 B. anthracis Sterne
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resolved fluorescence readings were taken every 5 min for up to 1 h at
23 °C. Spectrofluorometer was set at 270-nm excitation wavelength, and
emission was collected at 546 nm. Experiments were done in triplicate
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method confirms that an action, such as inactivation of spores,
has already occurred. Inactivation of spores, which took place
in under 5 min, takes place first before detectable levels of
DPA start getting released from the spore.

We also examined how the number of spores present in the
solution with brominated polymers relates to amounts of DPA
released from the spore (Fig. 7). Our results showed that the
amount of DPA being released from B. anthracis Sterne in-
creased with decreasing number of spores (Fig. 7). For in-
stance, exposure of 2500 spores to brominated PEG-8000
resulted in up to 87 % DPA release after an hour of treatment.
On the contrary, only up to 65 % of DPA was released after
exposure of 200,000 B. anthracis Sterne spores to the same
concentration of the brominated polymer.

The limits of detection of our system allowed us to see
changes in the fluorescence intensity in samples that contained
more than 2500 spores. It was possible to clearly detect DPA
release from 2500 spores after exposure to PAAm-APy-Br
and PEG-8000-Br; however, these low concentrations were
more difficult to detect after exposure to PVP-Br and PEG-
400-Br. Nevertheless, detection of DPA release from spores
was possible for all polymer systems.

Discussion

The PVP-based complexes with halogens are well-known ad-
ducts (Schenck et al. 1979), which are the products of a direct
addition of the halogen to PVP chains. The PEG-, PVP-, and
polymer-supported vinylpyridine-hydrotribromide
(pyridinium hydrobromide perbromide) complexes are widely
utilized bromination and oxidation agents that have been ap-
plied in a plethora of industrially important reactions (Verma
and Jain 2012; Verma et al. 2012; Awang and Wolfe 1969;
Jain and Sain 2010). Polymeric hydrotribromide complexes
can be considered to be a “solid bromine” and possess the
ability to release bromine in a controlled manner. The bromi-
nated compound forms hypobromous acid (HOBr) in water
and organic solvents (Fig. §). Hypobromous acid is highly
unstable and is an active oxidizer used as a bleach, a deodor-
ant, and a disinfectant capable of killing many pathogens
(Gottardi et al. 2014; Heeb et al. 2014).

We tested the ability of four brominated polymer com-
plexes to inactivate B. anthracis Sterne. We found that a con-
centration of 12 mg/mL of brominated complexes caused log-
kills of 8 in under 5 min of contact (Fig. 4). While 12 mg/mL
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Fig.7 Average percent DPA release from B. anthracis Sterne spores as a
function of spore concentrations after exposure to 12 mg/mL of
brominated polymer for a PVP, b PAAm, ¢ PEG-400, and d PEG-8000.
Time-resolved fluorescence readings were taken every 5 min forup to 1 h

@ Springer

Exposure Time to Brominated PEG-8000 (min)

at 23 °C. Spectrofluorometer was set at 270-nm excitation wavelength,
and emission was collected at 546 nm. Experiments were done in
triplicate
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Fig. 8 Formation of hypobromous acid as a result of bromine release
from a polymer (P)-hydrotribromide complex

of brominated polymers (effective bromine concentration,
1536-4026 ppm) may seem high for a common disinfectant,
U.S. government agencies recommend the use of halogenated
compounds, such as sodium hypochlorite, at concentrations
greater than 5260 ppm and contact time of 60 min at 20 °C for
the deactivation of Bacillus species (Young and Setlow 2003).
For our study, only 1180 ppm of available bromine (4 mg/mL
of PVP-Br) was needed to achieve a 2.5-log reduction in
B. anthracis Sterne in under 5 min, and log reductions greater
than 8 were observed with only 3540 ppm of available bro-
mine (12 mg/mL of PVP-Br). Our results suggest that our
brominated polymers are more effective than compounds such
as sodium hypochlorite and also that less contact time between
the active agent and spores is required to achieve high spore
inactivation. It must be noted that the effective bromine con-
centration (i.e., the bromine introduced into the solution as a
complex with a polymer) is not necessarily the bromine avail-
able for the spore inactivation in solution, as the bromine
release and subsequent conversion into hypobromous acid
that causes the sporicidal action are controlled both kinetically
and by the polymer—tribromine dissociation constants. To our
knowledge, this is the first time that brominated polymeric
compounds have shown high spore inactivation activity
against B. anthracis Sterne in a matter of minutes. Sporicidal
properties of halogens have been known for years (Cousins
and Allan 1967; Williams and Russell 1991; Stoimenov et al.
2003). While the mechanism of action of halogens against
spores is not well understood, researchers have suggested that
halogens may produce coat and cortex degradation in spores,
which would allow halogens to enter the spore and oxidize
proteins located on the inner membrane of the spore (Cousins
and Allan 1967). In a previous study, the damage of the spore
inner membrane by oxidative species was reported (Cortezzo
et al. 2004). Spores exposed to non-lethal concentrations of
chlorine dioxide and sodium hypochlorite, among others,
were more susceptible to heat killing, and membrane perme-
ability had been compromised (Cortezzo et al. 2004). Perhaps
a similar mechanism occurs with our system, and the spore
surface and spore integrity have been compromised by our
brominated polymers, allowing hypobromous acid to act
against the spore.

Time of killing of Bacillus spores with halogenated com-
pounds has also been investigated (Williams and Russell
1991; Cousins and Allan 1967; Stoimenov et al. 2002).
Sodium hypochlorite (NaOCl) and sodium
dichloroisocyanurate (NaDCC) both at a concentration of

100 ppm were shown to kill B. subtilis spores with NaDCC
causing a 4 log-kill in ~30+ min and NaOCI causing a 3 log-
kill in ~5 min (Williams and Russell 1991; Majcher et al.
2008). In another study, the iodophor losan D at a concentra-
tion of 50 ppm caused 99 % of killing of Bacillus cereus after
20 min of exposure at 21 °C (Cousins and Allan 1967).
Halogen-doped magnesium oxide nanoparticles loaded with
20 wt% halogen completely killed Bacillus megaterium bac-
teria in 20 min (Stoimenov et al. 2002). However, B. subtilis in
their sporulated form were less susceptible to the particles, and
after 20 min of exposure, only 61 % of the spores had been
killed (Stoimenov et al. 2002). While some of these studies
show excellent killing capabilities against spores, the time
required to obtain high log-kills is significant. In this study,
our brominated polymers inactivated practically all
B. anthracis Sterne in their sporulated state in less than
5 min (Fig. 4). These inactivation properties make the active
bromine-containing polymers potential candidates for self-
detoxifying compounds to eradicate spores on contact.

Exposure of B. anthracis Sterne spores to brominated poly-
mers also resulted in a thick coating of polymer surrounding
the spores that could not get removed during washing of
spores as it was observed by both SEM and AFM (Fig. 5).
Since analytical testing showed that no bromine was present
after washing of the spores, this suggests that only polymer
remains in the solution and it strongly attaches to the spores.
The complete coating of spores by polymer suggests that B.
anthracis spores could be trapped within the polymer net-
work, making it an ideal candidate for the sequestration of
B. anthracis on a polymeric surface. Our ability to cross-link
the polymer with other species to make the polymers insoluble
in water broadens the application of these brominated poly-
mers so they can be used not only in solution but possibly as
coatings or thin films incorporated in fabrics (Bromberg et al.
2014).

While the thickness of the polymer coat was significant, it
is interesting to find that the coat did not play a role in
protecting the spore against the bromine compound since all
the spores treated with the bromine polymer were completely
inactivated and could not be grown in regular media. It is
possible that the polymer coating had ample spacing for
hypobromous acid to pass through the polymer coat and act
against the spore or that hypobromous acid acted against the
spore before the polymer coated the cells. However, whatever
the case may be, no morphological differences were observed
between the spores exposed to brominated or control
polymers.

In addition to investigating the sporicidal activity of bromi-
nated polymers against spores, a study was carried out to
assess whether spores can be detected in the presence of bro-
minated polymers. DPA is a unique compound found in
spores that aids the organism in maintaining its dormant state
when nutrients are not available (Setlow 2003). Because of
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this uniqueness, DPA can be used as a way to detect the pres-
ence of Bacillus spores in a solution of bacteria. During our
experiments, it was observed that there was a release of DPA
from spores after exposure to brominated polymer (Fig. 6).
However, detectable levels of DPA were only observed after
the spores had already been inactivated and continued for a
prolonged period of time after inactivation of B. anthracis
Sterne. While DPA release is usually associated with germi-
nation of spores, DPA release after inactivation of spores is not
an unusual event, and it has been observed by others
(Coleman et al. 2007; Pinzon-Arango et al. 2013; Pinzdn-
Arango et al. 2009). DPA release was shown to take place
more slowly than killing of B. cereus, B. subtilis, and
B. megaterium after treatment with moist heat (Coleman et
al. 2007). In Bacillus atrophaeus, the majority of DPA release
took place after more than 99 % of spores had been killed with
dodecylamine (Pinzon-Arango et al. 2009). While it is not
fully understood why DPA release takes place long after inac-
tivation with brominated polymers, some studies have sug-
gested that release of DPA after killing may be due to damage
of important proteins in the inner membrane that results in the
release of DPA (Coleman et al. 2007). However, in previous
studies, this loss of DPA was rapid and an all-or-nothing event.
In our study, not all of the DPA gets released under an hour,
and in the presence of some of the polymers, such as bromi-
nated PEG-400 and brominated PAAm, very little DPA gets
released. As it has been suggested by other studies (Coleman
et al. 2007), different membrane proteins may be deactivated
at different rates. It is possible that the slow and incomplete
release of DPA in our study may be due to some of the mem-
brane proteins being affected by the brominated polymer, but
not others. The dissociation of bromine from the polymer may
be different for all the polymers in our study, and it could be
dependent on molecular weight of the polymer resulting in
some polymer releasing bromine into the spore solution faster
than others and, therefore, acting at different rates with the
spores. The different kinetics of DPA release observed in our
study need to be further investigated in future studies.
However, our study shows that DPA release after exposure
to brominated polymers can be used as a method of detection
for B. anthracis Sterne spores even after spores had been
inactivated.

During our study, we also examined if the percent of DPA
release was related to the number of spores being present in
the solution (Fig. 7). Interestingly, our results showed that the
percent of DPA released from spores increased with decreas-
ing number of B. anthracis spores. The large range of percent
DPA released from low spores numbers may be due to the
different amounts of bromine loaded into each polymer, dif-
ferent bromine release rates from the polymer, and the molec-
ular weight of the bare polymer. Indeed, brominated PEG-400
had the lowest amount of bromine present and the lowest
molecular weight of polymer, and it resulted in the lowest
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percentage of DPA being released from the 2500 spores at
~36 %. Also, a solution with a low number of spores will have
more bromine available to affect each spore compared to so-
lutions of spores that contain a high number of bacteria. More
bromine being available in the solutions with 2500 spores may
result in more damage to the membrane of the spores,
resulting in more DPA being released.

In summary, we have designed, synthesized, and character-
ized a set of polymeric compounds that have the capability of
killing B. anthracis Sterne spores on contact. This is the first
study, to our knowledge, to demonstrate that brominated poly-
mers can kill B. anthracis Sterne in its sporulated state without
the need to germinate spores first.

We obtained an 8 log-kill of B. anthracis Sterne in 5 min of
exposure to the brominated polymers. This level of inactiva-
tion of B. anthracis has not been observed before.
Furthermore, we showed that strong attractive interactions
occur between spores and brominated polymers. Once the
polymer has attached to the spores, bromine dissociates from
the polymer complex in water, generating hypobromous acid.
The released bromine species may cause partial damage to the
spore coat, causing the inactivation of B. anthracis.
Furthermore, we demonstrated the ability of brominated poly-
mers to cause the release of DPA from the spores. This DPA
release can be monitored through time-resolved fluorescence
and can be used as a sensing system for the detection of
B. anthracis spores. In addition, we observed the prolonged
DPA released from spores even after inactivation, suggesting
that spores may be detected for long periods of time following
inactivation. The materials described in this paper may be an
alternative compound for the design of detection and inacti-
vation methods against B. anthracis spores.
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