A

N

TECHNICAL REPORT

Lo

Defense Threat Reduction Agency
8725 John J. Kingman Road, MS
6201 Fort Belvoir, VA 22060-6201

DTRA-TR-16-12

Probing Kill Mechanisms and
Tuning Energetic Biocides

Distribution Statement A. Approved for public release; distribution
is unlimited.

HDTRA1-11-1-0072
February 2018

Vincent T. Lee and

Michael Zachariah

Prepared by:
University of Maryland College
College Park, MD 20742



DESTRUCTION NOTICE:

Destroy this report when it is no longer needed.
Do not return to sender.

PLEASE NOTIFY THE DEFENSE THREAT REDUCTION

AGENCY, ATTN: DTRIAC/ RD-NTF, 8725 JOHN J. KINGMAN ROAD,
MS-6201, FT BELVOIR, VA 22060-6201, IF YOUR ADDRESS

IS INCORRECT, IF YOU WISH IT DELETED FROM THE
DISTRIBUTION LIST, OR IF THE ADDRESSEE IS NO

LONGER EMPLOYED BY YOUR ORGANIZATION.



REPORT DOCUMENTATION PAGE OMa N Dron o188

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the
data needed, and completing and reviewing this collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for reducing
this burden to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-
4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of information if it does not display a currently
valid OMB control number. PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE (DD-MM-YYYY) 2. REPORT TYPE 3. DATES COVERED (From - To)
00-02-2018 Technical August 2011 - July 2015
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER

Probing Kill Mechanisms and Tuning Energetic Biocides

5b. GRANT NUMBER
HDTRA1-11-1-0072

5c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S) 5d. PROJECT NUMBER
Vincent T. Lee

Michael Zachariah 5e. TASK NUMBER

5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION REPORT
. . NUMBER
University of Maryland College

College Park, MD 20742

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’'S ACRONYM(S)
Defense Threat Reduction Agency DTRA

8725 John J. Kingman Road, STOP 6201

Fort Belvoir. VA 22060-6201 11. SPONSOR/MONITOR’S REPORT

NUMBER(S)
DTRA-TR-16-12

12. DISTRIBUTION / AVAILABILITY STATEMENT
Distribution Statement A. Approved for public release; distribution is unlimited.

13. SUPPLEMENTARY NOTES

14. ABSTRACT

This project focuses on developing a methodology to accurately assess the time-temperature-kill relationships for spores under
the exposure to biocidal agents. We will determine the relative role of thermal vs. biocidal stress and synergistic effects if any.
Using energetic components that will yield biocidal agents in the reaction product, we will assess the reaction dynamics,
post-analysis of the solid and gaseous products and correlate this with biocidal activity. We will conduct dynamic heating
experiments to characterize by various microscopy and mass spectrometry methods, physical and chemical damage to spores.
The kill mechanism for spores from short thermal pulses will be investigated for cellular or DNA damage. We will utilize data
from the kill mechanism to rationally design more effective energetic biocide combinations.

15. SUBJECT TERMS

Bacillus spores, Heat neutralization, Sub-second heating, Solid and Gas biocides, Synergistic inactivation

16. SECURITY CLASSIFICATION OF: 17. LIMITATION 18. NUMBER | 19a. NAME OF RESPONSIBLE PERSON
OF ABSTRACT OF PAGES Douglas Dalton
a. REPORT b. ABSTRACT c. THIS PAGE SAR 72 19b. TELEPHONE NUMBER (include area
e e e code)
Unclassified Unclassified Unclassified 703-767-3054

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std. Z39.18



UNIT CONVERSION TABLE
U.S. customary units to and from international units of measurement”

U.S. Customary Units Multiply by International Units
. e by

Length/Area/Volume

inch (in) 2.54 x 107 | meter (m)

foot (ft) 3.048 x 10" | meter (m)

yard (yd) 9.144 x 107" | meter (m)

mile (mi, international) 1.609 344 x 10° meter (m)

mile (nmi, nautical, U.S.) 1.852 x 10° meter (m)

barn (b) 1 x 107 | square meter (m?)

gallon (gal, U.S. liquid) 3.785 412 x 10 | cubic meter (m°)

cubic foot (ft°) 2.831 685 x 107 | cubic meter (m®)

Mass/Density

pound (Ib) 4.535 924 x 10" | kilogram (kg)

unified atomic mass unit (amu) 1.660 539 x 10%" | kilogram (kg)

pound-mass per cubic foot (Ib ft®) 1.601 846 x 10* kilogram per cubic meter (kg m™)

pound-force (Ibf avoirdupois) 4.448 222 newton (N)

Energy/Work/Power

electron volt (eV) 1.602 177 x 10" | joule (J)

erg 1 x 107 | joule (3)

kiloton (kt) (TNT equivalent) 4.184 x 10 | joule (J)

British thermal unit (Btu .
(ﬂ(]erm)ochemical) 1.054 350 x10° | joule (3)

foot-pound-force (ft Ibf) 1.355 818 joule (J)

calorie (cal) (thermochemical) 4.184 joule (J)

Pressure

atmosphere (atm) 1.013 250 x 10° pascal (Pa)

pound force per square inch (psi) 6.984 757 x 10° pascal (Pa)

Temperature

degree Fahrenheit (°F)

degree Fahrenheit (°F)

Radiation

curie (Ci) [activity of radionuclides]
roentgen (R) [air exposure]

rad [absorbed dose]

rem [equivalent and effective dose]

[TCF) - 32]/1.8

[T(°F) + 459.67]/1.8
3.7 x 1010
2.579 760 x 10
1 x 107
1 x 10°°

degree Celsius (°C)
kelvin (K)

per second (s ) [becquerel (Bq)]
coulomb per kilogram (C kg ™)

joule per kilogram (J kg™) [gray (Gy)]
joule per kilogram (J kg ™) [sievert (Sv)]

*Specific details regarding the implementation of Sl units may be viewed at http://www.bipm.org/en/si/.
"Multiply the U.S. customary unit by the factor to get the international unit. Divide the international unit by the factor to get the

U.S. customary unit.

2015-11-16



http://www.bipm.org/en/si/

Abstract

This project focuses on developing a methodology to accurately assess the time-
temperature-kill relationships for spores under the exposure to biocidal agents. We will
determine the relative role of thermal vs. biocidal stress and synergistic effects if any.
Using energetic components that will yield biocidal agents in the reaction product, we
will assess the reaction dynamics, post-analysis of the solid and gaseous products and
correlate this with biocidal activity. We will conduct dynamic heating experiments to
characterize by various microscopy and mass spectrometry methods, physical and
chemical damage to spores. The kill mechanism for spores from short thermal pulses
will be investigated for cellular or DNA damage. We will utilize data from the kill
mechanism to rationally design more effective energetic biocide combinations. Finally
new types of proto-type nanosctructured energetic materials containing biocidal
components will be synthesized and evaluated. The ultimate goal is to provide a data-
base of exposure vs. effect that can be imported to a CFD formulation so that the
combined effects of fluid entrainment, heat transfer and chemical composition can be
used to model kill effectiveness in an arbitrary physical system.

Objective

Define the time-temperature-kill relationships for Bacillus spore inactivation at sub-
second timescales that will be amenable to be implemented within the framework of a
CFD simulation. This database may also contain information on the combustion
dynamics and how new types of agents work.

In year 1, proposed Tasks 1-4 include the following:

Task 1: Develop experimental protocol

Task 2: Characterize Time-Temperature Killing relationship
Task 3: Determine kill mechanisms

Task 4: Expose spores to gas-phase agents

In year 2, proposed Tasks 5-7 include the following:

Task 5: Characterize synergistic killing relationship with solid energetic biocide products
Task 6: Determine kill mechanisms with biocides
Task 7: Energetic Biocide Reaction Dynamics

Approach
Spores were immobilized on metal support and subjected to joule heating to different
peak temperature, rates and biocides.



Work accomplished

In year 1, we established the experimental protocol of electrodeposition of Bacillus
spores onto metal support. This is a novel approach to immobilize bacterial spores. A
manuscript entitled “Quantitative attachment and detachment of bacterial spores from
fine wires through pulsed voltammetry” was published in the Journal of Physical
Chemistry B in 2012.

In year 2, we characterize the time-temperature-kill relationship by subjecting
immobilized spores to resistive heating to different peak temperatures and at different
peak heating rates. These results revealed an interesting observation that heating at
different heating rates caused different time-temperature-kill relationships. The critical
temperature for heat inactivation for heating rates below 1x10* *C/sec matched results
from conventional heating schemes that occur at lower heating rates. However, at rates
above 1x10° "C/sec, there is a significant improvement in thermal inactivation of B.
subtilis spores. Morphological observations by SEM revealed that spores treated at the
lower heating rate increasingly “melted” with increasing peak temperature. In contrast,
SEM observation of spores at the higher heating rate revealed increasingly larger holes
on the spore surface with increasing peak temperature. Decreasing the external
pressure led to enlargement of the holes, whereas increase in the external pressure led
to the formation of a surface protrusion. Using mutant spores obtained from the lab of
Dr. Peter Setlow, we showed that lower heating rates caused DNA damage as spores
lacking proteins responsible for DNA protection (sspA/sspB) or DNA repair (recA) were
more sensitive to heat. These results are in agreement with the mechanism of spore
inactivation by conventional heating schemes. A manuscript describing these finding
entitled “Inactivation of bacterial spores subjected to sub-second thermal stress” was
published in the Chemical Engineering Journal in 2015.

In year 3, we characterized the time-temperature-kill relationship of B. thuringiensis
spores as these spores have features that are similar to B. antracis spores. Spores
subjected to the two heating rates yielded similar time-temperature-kill relationships as
observed earlier for Bs spores. Furthermore, we tested the synergistic effect of heat and
chlorine, a gas phase biocide. The results showed that Cl, synergizes with heat at a
heating rates below 1x10* “C/sec by lowering the critical temperature by 150 °C,
whereas at heating rate above 1x10° "C/sec reduced the critical temperature by 50 °C.
The synergistic effect of heat and Cl, was further characterized by determining the
mechanism of action. Cl, gas reacts rapid with water vapor to form HCI and HOCI. By
reducing the humidity of the heating chamber to 0% humidity, the synergistic effect of
Cl; and heat can be completely reversed. These results indicate that HCl and HOCI
participates in the synergistic killing with heat. By SEM, there was minimal
morphological change associated with spores that were inactivated by Cl, and heat
indicating the chlorine was not causing inactivation through large changes in the Bt
spores. Interestingly, high heating rate (>10° °C) in the presence of Cl, gas caused the
spore coat to shed from the underlying spore core. This morphology is in contrast to the
“melting” morphology of spore coat treated with heat alone. Together, the SEM results
indicate that heat and Cl, act fix the spore coat and preventing the ability of heat to melt



the spore. By energy dispersive spectroscopy (EDS) to determine the presence of ClI
and C at different temperatures, the increase in Cl in the spores are correlated with
increased spore inactivation. Furthermore, EDS analysis of the spore coat shed at high
heating rate in the presence of Cl, revealed a high level of Cl. Since HOCI is chemically
reactive to biological molecules, we propose a model in which HOCI is formed from
reaction between Cl, and water vapor and heat activates the reactions between HOCI
and the spore coat. As a consequence of this synergistic effect, the spores are
inactivated at a lower temperature. A manuscript describing these findings entitled
“Synergistic Effects of Ultrafast Heating and Gaseous Chlorine on the Neutralization of
Bacterial Spores” has been submitted to Chemical Engineering Sciences.

In addition to the above works, the funds from the grant supported a collaborative study
with the co-PI's lab to investigate the composites containing iodates and their biocidal
activity on Bs spores. A manuscript entitled “Metal lodate-based Energetic Composites
and their Combustion and Biocidal Performance” was published in ACS Applied
Material and Interfaces in 2015.

Papers published

1. Zhou, W., Watt, S.K., Tsai D.-H., Lee, V.T., Zachariah, M.R. 2012 Quantitative
attachment and detachment of bacterial spores from fine wires through pulsed
voltammetry. J Phys Chem B. 117(6):1738-45. doi: 10.1021/jp307282q.

2. Wang, H., Jian, G., Zhou, W., Delisio, J., Lee, V.T., Zachariah, M.R. 2015. Metal
lodate-based Energetic Composites and their Combustion and Biocidal
Performance. ACS Appl Mater Interfaces. 7(31):17363-70. doi:
10.1021/acsami.5b04589.

3. Zhou, W., Orr, M.\W., Jian, G., Watt, S.K,, Lee, V.T., Zachariah, M.R. 2015
Inactivation of bacterial spores subjected to sub-second thermal stress. Chemical
Engineering Journal. 279(2015):578-588. doi:10.1016/j.cej.2015.05.021.

4. Zhou, W., Orr, M\W., Lee, V.T., Zachariah, M.R. Synergistic Effects of Ultrafast
Heating and Gaseous Chlorine on the Neutralization of Bacterial Spores.
Chemical Engineering Science. Submitted in 2015.



Students graduated

Wenbo Zhou, a graduate student in the Zachariah lab, is graduating in October, 2015.
Mona Orr, a graduate student in the Lee lab, is scheduled to graduate in Spring of 2016.
Sarah Watt, a technician in the Lee lab, is currently enrolled in University of Southern
California Medical School.

Other accomplishments

The PI (Vincent Lee) received tenure and was promoted to Associate Professor in

August of 2014 in the Department of Cell Biology and Molecular Genetics at the
University of Maryland at College Park.
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ABSTRACT: We demonstrate the uniform attachment of
bacterial spores electrophoretically onto fine wires in liquids
and subsequently quantitatively detached back into suspen-
sion. It was found that the use of a pulsed voltage method
resulted in a uniform coverage of spores and prevented visible
bubble formation resulting from water electrolysis which
tended to dislodge the spores from the wires. By monitoring
the electrophoretically derived current, this method could also
be used to quantitatively measure the surface charges on
spores and the deposition rate. The method is generic and
should be applicable to the deposition of any charged
biological material (e.g.,, spores, bacteria, viruses) onto metal
surfaces.

1. INTRODUCTION

Concerns on bioterrorism"* have prompted efforts to discover,
quantify, and compare neutralization methods such as heat,™*
chemical,® and other synergistic effects.®"® The extreme stress-
resistance of bacterial spores’ has provided the impetus to
develop quantitative studies to more precisely define various
neutralization mechanisms. Previous studies in defining spore
neutralization have focused on heating under 100 °C in the
absence of pressure or the combination of heat and pressure
with inactivation time scale in the order of minutes.'®'" In
particular, a temperature—time relationship for spore inactiva-
tion for high temperatures (100—1000 °C) and short times (10
ms to 10 s) is still not available. The first approach to address
this problem is to initiate thermal reactions in sealed chambers
in which the temperature between 200 and 700 °C is
monitored and correlated with the number of recovered viable
spores.¥'>'> These experiments are limited by the ability to
precisely manipulate the temperature and exposure time.
Another approach recently employed has been to disperse
spores in the aerosol phase and subject them to high
temperatures between ~150 and >1000 °C and chemical
environments.”'* However, there exists a temperature dis-
tribution in the aerosol flow in these studies, which causes a
decrease in the precision of the temperature—viability relation-
ship. A third approach is to immobilize spores on a surface that
can be thermally varied in a precise manner. This approach can
cover a larger temperature range'® in short time scales and
allows convenient enumeration of viable spores immediately
after thermal exposure.

- ACS Publications  © 2012 American Chemical Society 1738
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The latter method is only useful if a well-defined spore
population can be coated on the surface. Typically, this might
be accomplished in a liquid suspension either naturally'®™'® or
by laboratory manipulation.'”*® Bacteria naturally have various
adhesins to promote attachment to plastic, glass, and metal
surfaces to form biofilms."*™'® In the laboratory, poly-L-lysine
can be coated to impart a net positive charge on the surface to
promote electrostatic interaction with the negatively charged
exterior of most bacteria. However, neither mechanism can be
utilized for the studies of spores, as spores are biological inert
and often fail to attach to poly-L-lysine coated surfaces.”' We
sought to develop an alternative approach to attach spores onto
wires using physical forces.

Previously, dielectrophoresis has been utilized in the
manipulation of bacterial spores.”” In the presence of an
electric field gradient, a net force is imparted on the spore due
to polarization, the magnitude of which is highly dependent on
the material properties of the spore (including size),” the
characteristics of the fluid (including ionic strength and
dielectric permittivity of the solvent and solute),”* and the
field gradient.”>~*® Dielectrophoresis is contrasted with electro-
phoresis which can take place if the cell has a net charge, and is
directly proportional to the magnitude of the field.*”*° Most
reported studies however modeled spore transport in liquids as
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being net neutral in charge, and only considered the
dielectrophoretic effect.*' > Actually, in aqueous dispersions,
the glycoproteins and polysaccharides that comprise the
exosporium (i.e., outer layer) are negatively charged. These
negative charges arise from deprotonation of aldehydes
(—RCOH), phosphodiester (—(RO),POOH), and carboxylic
acids (—RCOOH), which have been detected by the infrared
spectroscopy”* and zeta potential analysis.>®

Electrophoretic deposition (EPD) has been used in the past
for a wide variety of bioparticles including bacteria,*®*” protein
inclusion bodies,®® and yeast cells.*’ While the generic process
of EPD of bioparticles is similar, the exact rates of attachment
to the wire may be complicated by side effects including bubble
formation,***" surface chemistry,*>* electrode curvature
effects,* and excretion of adhesive extracellular media*>*¢
Bubble formation appears to be a significant problem for
controlled and effective EPD. Two approaches have been
reported to minimize this effect. AC-EPD has been found as a
powerful method to mitigate the water electrolysis under some
frequency conditions.*”* Pulsed DC-EPD has also been shown
to obtain dense bubble-free deposits at suitable pulse widths
and duty cycles.**® From a practical standpoint, pulsed DC-
EPD is a simpler approach that is easier to implement.

Besides the electrostatic interaction forces and the bubble
formation effects on attachment, other forces may also
contribute to the attachment of spores to surfaces. The
Lifshitz—van der Waals force between the spore surface and the
electrode surface can be described by the well-known
Derjaguin—Landau—Verwey—Overbeek (DLVO) theory.>!
The image force which arises due to the induced dipole effect
between the charged spore and the surface can also influence
deposition and has been detected by atomic force micros-
copy.”> While the Lifshitz—van der Waals force, the image
force, and the electrostatic force all have an inverse square
distance relationship, for the problem under consideration here,
it has been shown that the dominant effect can be attributed to
the electrostatic force.>®

In this study, we will investigate electrophoretic attachment
of uniform layers of spores to fine wires, and demonstrate
reversible detachment. We demonstrate that, by applying a
pulsed direct current (DC), we can quantify incremental spore
attachment with time by measuring the electrical current to the
wire electrode. The advantages of this charging mode will be
shown over the continuous charging mode. By using the
measured current which can be directly related to the spore flux
to the surface, we are further able to validate a transport model
and use the model to directly determine the average spore
surface charge and spore deposition efficiency. This method-
ology developed here is to our knowledge the first
demonstration of direct quantitative attachment and detach-
ment of spores from fine wires.

2. EXPERIMENTAL APPROACH TO SPORE
ATTACHMENT AND DETACHMENT

2.1. Spore Deposition Cell. The spore deposition cell is
shown schematically in Figure 1. It is composed of four
compartments: an outer PTFE tubular shell with sealed base, a
stainless steel cylinder as the outer electrode, a central wire as
the deposition surface and inner electrode, and two PTFE
plates to center the wire. The stainless steel outer electrode has
an inner diameter of 16 mm and a height of 20 mm. For the
wire central deposition electrode, we use 76.2 um platinum
(Pt) (Omega Engineering, Inc.), since it is very stable in
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Figure 1. (A) Components of the spore deposition cell which includes
an outer protection cylindrical shell, an inner stainless steel tube, two
PTFE center-pierced plates, and the central wire. (B) Assembled cell
in the spore coating process, with the wire as the anode and the
stainless steel tube as the cathode. Part C shows the electric field
distribution between two electrodes and the forces that the negatively
charged spores experience in the liquid phase.

aqueous systems and will not be oxidized. The spore strain
adopted in these studies is Bacillus subtilis (Bs) spores
ATCC#6051 (see the optical microscopic image in Figure S,
Supporting Information), which were sporulated by growth in
Difco Sporulation Medium (DSM) at 30 °C for 48 h. A 250 mL
DSM was prepared which included 2 g of Bacto nutrient broth,
2.5 mL of 10% KCl, 0.375 mL of 1 M NaOH, and 2.5 mL of
1.2% MgSO,7H,0. The initial spore number concentration
was regulated to be 8 X 10° CFU/mL.

The power supply and current detection were performed
with a 6430 sub-femtoamp remote sourcemeter from Keithley.
Ultrasonication employed a Branson model 5510 ultrasonic
cleaner. Optical microscopic images were taken by a Zeiss
AxioObserver microscrope using a 40X objective with phase
contrast illumination. Scanning electronic microscopic (SEM)
images were taken of spores on wires fixed with 2%
glutaldehyde, dehydrated through a series of alcohol, and
sputter coated with platinum. Images were captured with a
Hitachi S4700 FESEM in the Laboratory of Biological
Ultrastructure at the University of Maryland. To validate our
spore charging measurement approach, we employed zeta-
potential analyses from a Zetasizer Nano ZS (Malvern
Instruments, UXK.) equipped with a 633 nm laser and a
palladium dip cell module. A 500 uL portion of sample
suspension was mixed with 250 pL of 10 mM ammonium
acetate aqueous solution prior to the measurement.

2.2. Spore Attachment in Continuous and Pulsed DC
Charging Modes. The fine wire was stabilized inside the
spore deposition cell vertically, and the spore suspension was
added into the cell to immerse the wire up to a depth of 1 cm.
The central wire was connected with the positive pole of the
power supply, and the outer stainless steel cylinder was
connected to the negative pole. A variety of EPD measurements
were performed with varying voltages and on-times, and real-
time current data were stored. Comparably, fine wires with
different compositions and diameters were tested to find an
optimal one. In the pulsed DC charging mode, a series of
pulsed on-times and off-times were controlled to differentiate

dx.doi.org/10.1021/jp307282q | J. Phys. Chem. B 2013, 117, 1738—1745



The Journal of Physical Chemistry B

from the continuous charging mode, and the optimal pulsed
charging condition for Bs spores ATCC#6051 was found.

2.3. Optical Microscopic and SEM Analyses. Wires
coated with spores were observed under optical microscopy
over glass slides and also by the naked eye. For the SEM
analyses, samples were first fixed in 2% glutaraldehyde in buffer
for 1 h at room temperature. Excess glutaraldehyde was
removed in buffer by three washes of 10 min each. The samples
were post fixed with 1—-2% osmium tetroxide in the above
buffer for at least 30 min, and then with double distilled water.
After a series of dehydration processes in ethanol, the samples
were treated with critical point drying with liquid carbon
dioxide. Finally, samples were mounted to stubs and coated
with gold/palladium alloy.

2.4. Spore Detachment. A very important aspect of this
work was to develop the methodology to detach spores from
the wire. To accomplish this, the wire loaded with spores was
placed in a clean cell with distilled water and the wire
oppositely biased to be the cathode. Simultaneously, the cell
was immersed into an ultrasonic bath. The separate effects of
opposite biasing and ultrasonication were compared. The
detached spores were harvested for spore plate counting, as will
be shown later. The treated wire was inspected by optical
microscopic and SEM analyses to find if all the attached spores
were removed from the surface.

2.5. Spore Plate Counting Assay. Spores detached from
wires were counted by enumerating colony forming units
(CFU) by plating serial dilutions on LB agar plates. Counting
was repeated four times, and an averaged value was reported.

3. SPORE TRANSPORT MODEL

The use of the cylindrical deposition cell geometry enabled
quantitative modeling, since the electric field is well described
as

AU

r In . 1)

IEl =

where AU is the voltage difference between two electrodes, r is
the radical distance from the center, and r; and r, are the
diameters of the inner (wire) and outer cylindrical electrodes.
In our design, r, = 0.0381 mm and r, = 8 mm. It is well-known
that spores when introduced into an aqueous medium will
acquire a net charge®*** and thus can be manipulated with an
electric field. The electrophoretic force on a spore with g
charges in an applied electric field is

Fgp = qE (2)

The presence of the field will also induce polarization within
the spore, which if the field is spatially invariant will impart no
net force on the spore. However, in the presence of an electric
field gradient, the spore will also experience a net
dielectrophoretic force:>

Fppp = 276, R® Re(f) VE? 3)

where ¢, is the permittivity of the surrounding water (7.1 X
107'° F/m) at room temperature, R is the radius of the spore,
and Re(f) is the real part of the Clausius—Mossotti factor. In a
DC field, this factor is directly related to the conductance of
both the spore surface and the media:**
(f) = 2
Re(f) = ——
o, + 20,

4)

1740

Herein, o, and o,, stand for the conductivities of spores and
media. At room temperature, o, is 1077 S/m (as the cell
membrane’*) and 6, is 5.5 X 107 S/m. Hence, Re(f) is a
negative value which implies that the direction of Fpgp is
opposite to the direction of Fgp, as in Figure 1C. Meanwhile,
the retarding force is caused by the viscous drag and can be
evaluated with Stoke’s law:

E

—6nnRu (5)

where 7 is the viscosity of water (1.002 X 1072 Pas) at room
temperature and u is the velocity of spores. It should be noted
that the Bs spores are not strictly spherical; thus, R in both egs
3 and S is an effective radius (a spherical spore with this
effective radius is defined to have the same volume as a real
spore). From previous reports of spore volumes,>® the effective
R value for Bs spores is 0.336 ym. The spore motion can then
be directly evaluated in a force balance:
2
AF = msﬂ
d* (©)
Since the inertia term is relatively small (i.e., the spore response
time to any voltage perturbation is fast relative to the transit
time), we can assume steady state (AF = 0). The resulting
governing equation becomes

dr A B
dt r r’
where A = AU-q/(0.101R), B = 8.26 X 107°(AU)’R*.

The above equation describes the spore velocity at any radial
location in the cell between two cylindrical electrodes and thus
can be directly related to the experimental current data, since it
is the motion of spores that contributes to the current
formation. The time for spores with an initial distance r + Ar
away from the center to move a differential distance of Ar is
from eq 7:

= (r + Ar)? + B
2A 2A%

= Fpgp + Fpp + E

7)

A(r + Ar)* + AB
Ar* 4+ AB

At = In

(8)
In this time interval, the total charge quantity passing through
this differential distance Ar is

AQ = q'CAV = ¢'Cal[(r + Ar)* — +*] (9)

where C is the spore number concentration in the cell, [ is the
immersed depth of Pt wire inside the liquid (0.01m), and AV is
the differential volume element around the wire. It should be
noted that the charge g’ is the effective overall charge after
being shielded by counterions in the vicinity of the spore
surface (i.e., the diffuse double layer). The importance of this is
that the mobility of a spore is influenced by the thickness of the
double layer that is dragged along with the spore. The current
can be expressed as

AQ| _ 2q¢'zCI(Ar* + B)
At | r*

I = lim
At—0

(10)

Then, substituting for A and B above, the initial current
observed can be expressed as

[ _ 0622CAU

0= T4+ 358 % 107/CAURYY’

(11)

Equation 11 is a simplified illustration of the current
corresponding to the spore deposition rate but which does
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Figure 2. Parts A—C show Pt wires before coating, after coating, and after detaching. Parts D—F show optical microscopic images of Pt wires before
coating, after coating, and after detaching. In both parts B and E, the immersed parts of the wire inside the spore suspension were marked. Parts G—I
show SEM images of Pt wires before coating, after coating, and after detaching. The charging condition for spore attachment is 20 s at 20 V. The
spore detaching condition is 10—15 min at reversed 60 V, combined with the ultrasonication.

not include possible effects due to particle—particle and
particle—electrode interactions. Near the electrode, the spore
transport may be complicated by electrohydrodynamic flows as
well as electroosmotic flows due to the electric forces on
charges from the electrode polarization layer and the
equilibrium diffuse double layer near the spore.’*>” However,
since eq 11 describes the initial current when t = 0, the
influence of those flows can be neglected. In the remainder of
the paper, we analyze our experimental results in the context of
the model resulting in eq 11.

4. RESULTS AND DISCUSSION

4.1. Spore Attachment in the Continuous DC Mode.
To exemplify the spore attachment in the continuous DC
mode, a biased voltage of 20 V and a spore number
concentration of 8 X 10° CFU/mL were adopted. The EPD
conditions employed were chosen on the basis of prior work
that showed that bacterial spores can withstand DC electric
fields as high as 1500 V/cm and still maintain viability. Before
we proceeded with direct measurement of the current in
evaluating spore deposition, we evaluated the temporal
variation of current for pure water and the spore suspension
in Figure S2 (Supporting Information). We found that steady
state could be achieved on the order of 100 s, and that the
measured current due to charge migration in the spore
containing suspension was about an order of magnitude larger
than that contributed to by pure water. This allows us to ignore
the influence of the solvent in subsequent current measure-
ments during EPD. Images of spore attachment are shown in
Figure 2 for a deposition time of 20 s. The visual images
(Figure 2A and B) show that, after DC biasing, an obvious
white spore coating appeared in the immersed portion of the
wire. Further optical microscopic images (Figure 2D and E)
reflect the spore deposition in that region (the dark region
represented the coverage of spores). SEM images (Figure 2G
and H) show an evenly distributed and dense coating on the
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wire and more directly demonstrated the attachment of spores.
The enlarged SEM images in Figure 3A and B also exhibit the
structures of attached Bs spores on surfaces.

R
1.00um

UMCP 5.0kV 11.5mm x50.1k SE

Figure 3. SEM images of Bs spores ATCC#6051 attached on Pt wires.

Nominally, we should expect that increasing the charging
time would cause incremental increases in spore deposition to
the surface. However, such a relationship was not linear
especially after a relatively long time, and when a higher voltage
was applied (Figure S3, Supporting Information). In those
cases, the current—time curves show fluctuations which could
be correlated to the generation of visible gas bubbles formed
from water electrolysis®® (Figure S4C, Supporting Informa-
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tion). As a result, spore deposits became highly uneven along
the wire surface, and subsequently were detached from the wire
at high voltages, or long charging times (Figure S4A and B,
Supporting Information). This prompted us to evaluate a
pulsed deposition mode that will be described later.

4.2. Spore Detachment. To properly evaluate our eventual
exposure studies (heat, chemicals), an efficient and quantitative
method to detach the spores is necessary so that standard
assays can be employed. We found that either reversed biasing
the wire at —60 V for S min or ultrasonicating for 30 min
allowed partial detachment of spores from the wire (Figure SS,
Supporting Information). While some reports indicate that
ultrasonication is known to harm spores®®® and repeated
electric pulse cycling can also induce spore inactivation,®"%* we
operated at much shorter ultrasonication time and bias voltage
which are ~100X less than those studies. Similarly, pH changes
which occur during deposition (Figure S6, Supporting
Information) were evaluated for viability by exposing spores
to a range of pH (5—10) (Figure S7, Supporting Information)
and were found to have no effect. We found that the
combination of reverse bias and ultrsonication would detach
the spores completely.

The photographic, optical microscopic, and SEM images
shown in Figure 2C, F, and I, respectively, demonstrate that all
the Bs spores were removed from the surface after reversed
biasing for 10—15 min at —60 V in an ultrasonic bath. Once the
spores on the surface were removed into liquid, they could be
enumerated by the plate counting method to determine the
number of spores deposited on the wire. It should be noted that
the reverse-bias charging time and voltage here are larger than
those for spore attachment, which presumably accounts for the
force required to overcome the binding energy between the
spore and wire surface. Together, these results indicate that the
combination of reversed biasing and ultrasonication is an
effective means to completely remove spores deposited on the
surface.

4.3. Spore Attachment in the Pulsed DC Mode. The
fluctuation in the deposition current observed (Figure S3,
Supporting Information) coincided with visible bubble
formation (Figure S4C, Supporting Information). To mitigate
this effect, we shifted our efforts to a pulsed DC mode, based
on results of Besra et al.>® who showed that, using a pulsed
voltage strategy, an extension of an application used to deposit
metal films could lead to a minimization of bubble formation
and conformal deposits of small particles. We have adopted this
strategy in order to generate a uniform and densely packed
spore coating, by applying multiple electric pulses instead of a
continuous DC bias. We have found that this leads to
reproducible spore deposits by enabling consistent current
measurements. In Figure 4, the measured temporal currents
during deposition of Bs spores (ATCC#6051) at a voltage of 5
V are shown, with an on-time of 30 s followed by an off-time of
30 s. Over eight cycles of this experiment, the measured current
was consistent between cycles, which implies that the ionic
strength of the liquid was stable. The SEM images (Figure S)
reflect the increase of Bs spore attachment on the surface with
the pulse number. After charging for two pulses, only partial
coverage was achieved; however, these deposits were uniform.
A monolayer of Bs spores could be formed after four pulses,
and multiple layers of spores were found after seven pulses.
Optical microscopic images (Figure S8, Supporting Informa-
tion) also show that the Bs spore deposits increased as the
pulses accumulated. After enumerating all the spores detached
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Figure 4. Current—time relationship in the pulsed DC charging mode
for Bs spores (ATCC#6051). Both the charging time and the pulse-off
time were 30 s, and the applied on-time voltage was 5 V. In our design,
Bs spores were deposited to the surface for up to eight cycles.
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Figure 5. SEM images of Bs spore coating (ATCC#6051) on Pt wires
after different biased DC pulses. Parts A, B, and C show the cases after
2, 4, and 7 pulses, respectively. Each DC pulse is set to last 30 s and
stop for another 30 s before the next pulse. The enlarged SEM images
are inserted which exhibit the different spore deposition densities on
the surfaces.
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from the surface, a linear relationship between the spore
deposits and applied pulse number was found (Figure 6A). By
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Figure 6. (A) Bs spore deposits (ATCC#6051) on the Pt wire after
different pulses. The black points are for the spore deposits obtained
from the current—time measurement, while the red points are from
spore deposits counted from the detached spores. (B) Relationship
between spore attachment efficiency and number of pulses for Bs
spores. The spore attachment efficiency was calculated by the ratio of
measured spore deposits (from the detached spore counting), over the
idealized spore deposits (from the current—time data). Data were
measured four times, which are reflected in the error bars.

our densely packing model (see the Supporting Information
and Figure S9), the spore number and number density in one
monolayer are 6.1 X 10° and 8 X 10" m™, respectively, for Bs
spores. As are reflected in Figure 6A, these are the spore
deposits achieved after four biased pulses (on-time 30 s and off-
time 30 s each).

It should be noted that, in this pulsed DC-EPD process up to
eight cycles, the pH value of the spore suspension did not vary
much (Figure S10, Supporting Information) which had no
effect on the deposition rate and spore viability.

4.4, Calculations of the Spore Surface Charge and
Deposition Efficiency. In principle, a measurement of the
current is also a measure of spore transport to the wire (but not
necessarily stick to), if one knows the average charge on a
spore. From eq 11, the average charge on a spore can be
measured by a prior knowledge of the spore concentration in
the suspension and the initial current. A series of initial currents
of the spore suspensions were collected under different applied
potentials and spore concentrations, which were further
subtracted from the initial current of a solution without spores
and defined as the effective initial current of spores (I,) and
tabulated in Table 1. The corresponding surface charge (g) per
spore is evaluated from eq 11.

However, we still need a relationship between g and g’ to
determine the fraction of the current associated with the diffuse
double layer (Figure S11, Supporting Information). One
approach is to find the electrical potential at the shear plane
(i.e., the outer radius of solution ions that are carried along with
the spore). The Helmholtz—Smoluchowski equation describes
the relationship between the shear plane potential ({) and the
mobility of spores (u):%

£
==

n (12)
By equating the friction force (eq S) to the electrophoretic
force (eq 2) and also omitting the dielectrophoretic force (eq
3) (note: it has been found that the dielectrophoretic force is
much smaller than the electrophoretic force), we can obtain

__ 4
¢ 6me R

(13)

In the spherical coordinates, the potential as a function of radial
distance from the shear plane can be evaluated, from the
simplified Poisson—Boltzmann equation:**

f= 4

exp(—«kR
4re % C)

mRC (14)
where R; is the radius of the shear plane and « is the inverse
Debye length (1.0384 X 10 m™) in water at room
temperature. By combining eqs 13 and 14, we obtain R, =
0.35 X 107% m, thus slightly larger than the radius of one Bs

Table 1. Surface Charges and Numbers of Charges for B. subtilis Spores (ATCC#6051)“

concentration (CFU/mL) voltage (V)

current (mA)

surface charge (C)

number of charges

3.77 x 10° 5
8.59 x 107 S
7.67 x 10° 5
10
20
30
40
1.53 x 10%° 5
10
20
30
50

0.0002 + 0.0002
0.0031 + 0.0008
0.1635 + 0.0006
0.4459 + 0.0311
0.8509 + 0.1080
1.4584 + 0.2005
1.7991 + 0.2294
0.1774 + 0.0008
0.5162 + 0.0179
1.1606 + 0.0450
1.4610 + 0.1474
3.1724 + 02643

(536 + 5.36) x
(620 + 0.81) x
(4.81 £ 0.01) X
(5.61 + 0.20) x
(547 + 0.35) x
(5.85 + 0.40) X
(5.63 + 0.36) x
(3.55 + 0.01) x
(4.28 + 0.07) X
(4.53 + 0.09) x
(415 £ 021) X
(474 = 020) x

10—14
10—14
10—14
10—14
10—14
10—14
10—14
10—14
10—14
10—14
10—14
10—14

(3.35 + 3.35) x 10°
(3.88 + 0.51) x 10°
(3.00 + 0.01) x 10°
(3.51 + 0.12) x 10°
(342 + 022) x 10°
(3.65 + 0.25) x 10°
(3.52 + 0.23) x 10°
(222 + 0.00) x 10°
(2.67 + 0.05) x 10°
(2.83 + 0.05) x 10°
(2.59 + 0.13) x 10°
(296 + 0.12) x 10°

“Note: the average value of surface charge is 5.01 X 10™'* C, and the average number of charges on the spore surface is 3.13 X 10°.
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spore (0.336 X 107° m). The quantity of charges between R
and R, can be calculated:

R,
-q =~/ pran*d
q q /1; pranr r (15)

where p* is the charge density in the diffuse layer which can be
expressed from the Poisson equation:*®

2
K

p* = (—q)— exp(—xr)
4rr

(16)
Finally, the spore surface charge can be found:
9= 1
0.9964 (17)

Equation 17 implies that the contribution of charges between
the spore surface and the shear layer is negligible. Evaluation of
eq 11 gives a value of ¢ = 5.01 X 107'* C. Accordingly, the
average number of negative charges on the spore surface is 3.13
X 10° (Table 1). The result above is based on the assumption
that the surface charge (or zeta potential) of spores in
suspension does not vary during deposition, which is essentially
what we observed experimentally (Figure S12, Supporting
Information).

The most commonly used method to detect the surface
charges of particles is through a measurement of the zeta-
potential.®* The zeta-potential measured for Bs spores yielded
values of —33 mV, which accordingly gave a surface charge
density of 0.0384 C/m’ On the basis of the enlarged SEM
images (Figure 3), it is reasonable to assume the spore as a
prolate ellipsoid with a semilength axis ¢ and a semiwidth axis g,
from which the spore surface area can be estimated. It has been
reported that, for Bs spores, ¢ = 0.535 ym and a = 0.24 ym.>®
Together with the charge density data, the surface charges on
the spores can be determined and are listed in Table 2. The

Table 2. Spore Surface Charge Densities, Real Surface
Charges, and Number of Charges for B. subtilis Spores
(ATCC#6051) from Different Methods

surface charge density  surface charge ~ number of
(C/m?) (©) charges
zeta-potential 0.0384 536 x 107 334 x 10°
method
our method 0.0358 501 x 107 3.13 x 10°
mobility 0.0167 234X 107" 146 X 10°
method®®

table shows that the charge values obtained from our method
and the zeta-potential assay are quite similar. Alternatively,
Douglas®® detected the surface charges of Bs spores through a
mobility test in liquid (Table 2). These results suggest that our
approach gives results that are consistent with other reported
results, with the added benefit of being considerably simpler in
terms of the sophistication of the instrumentation needed, and
for our purposes the in situ nature of the measurement.
With a known shielded charge ¢’, the net charge
accumulation from our current measurement can be directly
used to estimate the deposition rate. Accordingly, the deposited
spore dose N ene ON the wire could be determined as (Figure

4)
t 1 t
l\lcurrent = / dI\Tcurrent = - / I(t) dt
0 q Jo (18)
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In our pulsed DC-EPD model, the relationship between spore
deposits based on the current measurement and pulses is
shown in Figure 6A. N for just one pulse is in the range of
10" spores, which implies the formation of multiple spore
layers. However, one densely packed monolayer of Bs spores
(6.1 x 10°) actually required four pulses. This leads to a
somewhat surprising result that the deposition efficiency is only
~107% (Figure 6B). Thus, it appears that many spores
apparently make it to the surface and become dislodged,
possibly due to nonvisible gas generation at the electrode.” In
spite of this low efficiency, the measured deposited spore
amount is proportional to the calculated deposits based on the
current (Figure 6B), consistent with the results of Ha-
maker.””®® On the basis of this model together with the
verification from experiments, our result demonstrates that one
is able to in reasonable short deposition time create a near
conformal monolayer of spores and subsequently detach them.

5. CONCLUSION

We show in this study the ability to controllably deposit spores
electrophoretically to fine wires using a pulsed voltage method
which prevents electrolysis. Attached spores can be totally
removed by a combination of reversing the electrical polarity
and ultrasonicating the wire. We are also able to use this
method to quantitatively measure the surface charge on spores
and the deposition rate. The method is generic and should be
applicable to the deposition of any biological material (e.g.,
spores, bacteria, viruses) onto metallic surfaces.
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ABSTRACT

Rapid heat pulse is the primary method for neutralizing large quantities of spores. Characterizing heat
inactivation on a millisecond time scale has been limited by the ability to apply ultrafast, uniform heating
to spores. Using our system for immobilization of spores on metal surfaces, bacterial spores were sub-
jected to high temperatures (200-800 °C) and heating rates (~103 °C/s to ~10° °C/s). Spore inactivation
increased with temperature and fit a sigmoid response. We observed the critical peak temperature (T;)
which caused a 2-fold reduction in spore viability was 382 °C and 199 °C for heating rates of ~10%°C/s
and ~10° °C/s, respectively. Repetitive heating to the same peak temperature had little effect on viability.
In contrast, stepwise heating to elevated peak temperatures inactivated spores in a manner similar to a
single pulse heating to the same peak temperature. These results indicate that the maximum tempera-
ture rather than the overall heating time is primarily responsible for spore neutralization at ~10% °C/s
heating rate. The mechanism of spore inactivation was further investigated at two heating rates
(~10%°C/s and ~10° °C/s). Viability reduction was mainly due to DNA damage at the heating rate of
~10%°C/s as mutant strains defective for sspA sspB and recA were more sensitive to heat than the
wide-type strains. At the higher heating rate (~10° °C/s), spore inactivation was correlated with physical
damage from ultrafast vapor pressurization inside spores. This new approach of pulse heating generates a
temperature, time, and kill relationship for Bacillus spores at sub-second timescales.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

Bacterial spores are a dormant cell type that are highly resistant
to heat, moisture, pressurization, radiation and biocidal stresses
[1-3]. Concerns regarding bio-terrorism [4| and possibly other
public health risks [5,6] require the urgent development of meth-
ods for large scale inactivation of bacterial spores. The use of ther-
mal destruction is a straightforward and convenient approach that
has been investigated for the inactivation of spores in the liquid
phase [7-16]. Conventional thermal inactivation methods require
time periods up to minutes or even hours and are limited by a
maximum temperature of 150 °C [8-10,11,13]. Maintaining these
temperatures for the required time periods is unfeasible for large
quantities of spores. Thus, stand-off neutralization methods which
can sustain higher temperatures (>200 °C) for short periods of time
(sub-seconds) are being considered, and these new temperature-
time-kill histories of spore inactivation require evaluation.
Aerosol methods have recently been employed to evaluate thermal
and chemical kills of spores at extreme heating conditions [17-25].
These approaches have the advantage of isotropic and rapid heat
transfer to individual spores, as well as controllable shorter heating
times (milliseconds to seconds) and higher heating temperatures
(>200 °C) [17-25]. However, there existed a temperature distribu-
tion within a population of spores in these studies, which allows
for calculating the average resident time and temperature of the
entire spore population, but not for individual spores. These stud-
ies evaluated the effect of peak temperature on spore viability.
However, the effects of heating and cooling rates on spore inactiva-
tion were not discussed.

Precise measurements of heating rate and heating history can
be achieved by an alternative method that heats spores immobi-
lized on metal supports. Previous studies have shown that organic
or inorganic nano/microparticles deposited on metal surfaces
could be heated to a wide range of surface temperature (from
~100°C to ~1800°C) at a rate as high as ~10°°C/s [26-31]. In
those studies, the heating time could be controlled with millisec-
ond precision and the heating rate could be accurately tuned from
~103°C/s to ~10°°C/s, allowing the application of uniform tem-
perature to a deposited particle layer up to 5 um thick [29] which
exceeds the dimensions of a monolayer of bacterial spores. This
approach allows accurate application of a uniform high tempera-
ture over millisecond time scales for individual spores, which will
aid in determining the temperature-time-kill relationship of
spores at high temperatures and sub-second timescales.

The mechanism of spore inactivation has been primarily stud-
ied in conventional heating schemes. Major mechanisms of spore
inactivation occurred through damage to DNA and proteins [3].
Evidence supporting killing by DNA damage includes several stud-
ies that found mutants depleted in the sspA sspB genes (coding for
o/B-type small, acid-soluble proteins (SASP)) and recA genes (cod-
ing for RecA) were sensitized to mutagenesis and inactivation
under dry heating schemes [32-36]. In the dormant spores, SASP
bind genomic DNA [32,33] to prevent depurination and strand
breakage thereby confer resistance to dry heat and ultraviolet irra-
diation [34,35]. RecA participates in recombination repair to
remove DNA lesions caused by dry heat [36]. In contrast, denatura-
tion of some key proteins such as metabolic enzymes was found as
the mechanism of spore killing in wet heat [8,37]. However, the
specific proteins to which denaturation induces spore inactivation
have not been identified [38]. A second mechanism of inactivation
is through permeabilization of the spore membrane, cortex and
coat (encoded by genes like cotE), as supported by several lines
of evidence [3,39-44]. Damage to spore compartments after heat-
ing has been shown with compartment-specific staining tech-
niques [45,46]. While the spore coat was identified as the

primary barrier to oxidizing agents (hydrogen peroxide, hypochlo-
rite, ozone, etc.) [47-49], the spore cortex plays a major role in
maintaining spore resistance to heat [3,39]. Failure of the cortex
structure leads to spore inactivation by two mechanisms. The first
is the release of dipicolinic acid (DPA) associated with DNA damage
during dry heating [40,41] and protein denaturation during wet
heating [38]. The second is through rehydration of the spore proto-
plast [39,42]. Rehydration of the core will induce a concomitant
reduction in spore heat resistance by disrupting SASP-DNA inter-
action and permitting protein denaturation [43,44]. Through these
studies, the temperature-time-Kkill relationships for spores from
several species have been characterized under conventional heat-
ing schemes [8-11,13]. However, the exact mechanism of spore
inactivation during rapid heating, which is closer to conditions
seen under combustion, is poorly understood. Recent studies of
bacterial spores heated in hot air show that high-temperature
gas induced severe damage to the spore core [50], and the extent
of inactivation was attributed to the DNA damage [22].

In this work, we present the effect of fast heating pulses
(~10*°C/s and ~10° °C/s) on surface-immobilized spores as a com-
plimentary approach to the aerosol studies. Our heating scheme
possesses the advantages of precise measurement of heating time
and rates, as well as uniform temporal temperature for individual
spores. Using this heating scheme, we determined the effect of
peak heating temperature and heat rate by assessing spore viabil-
ity and morphology. The heating histories of spores were also
investigated through repetitive exposures as a possible factor influ-
encing spore inactivation. To investigate the mechanism of killing,
spores carrying sspA sspB, recA or cotE mutations were tested to
determine whether known mechanisms of spore inactivation con-
tribute to spore viability in our heating scheme. Using these
results, we propose a model for the thermal destruction of bacterial
spores in the heating rates of ~10% °C/s and ~10° °C/s.

2. Materials and methods
2.1. Spore attachment on platinum wires

Bacillus subtilis (Bs) (ATCC#6051) were sporulated in Difco
Sporulation Medium (DSM) at 30 °C for 48 h. The 250 ml of DSM
included 2 g Bacto nutrient broth, 2.5 ml 10% KCI, 0.375ml 1M
NaOH and 2.5 ml 1.2% MgS04-7H,0. The spore concentration was
enumerated by plating to be 8 x 10° colony-forming units per
milliliter (CFU/ml). The purity of spores was found more than
99%. For analysis of mechanism of killing, four isogenic Bs spore
strains, namely, a wild-type strain (PS533) [36], a AcotE mutant
strain lacking coat (PS3328) [48], a AsspA AsspB mutant strain
lacking DNA protection mechanism (PS578) [32], and a ArecA
mutant strain lacking DNA repair mechanism (PS2318b) [36] were
generously provided by Dr. Peter Setlow (University of
Connecticut). A platinum (Pt) wire with a diameter of 76.8 pm
(Omega Engineering, Inc.) was used to immobilize spores. An
in-house spore deposition cell was manufactured for coating the
wire with Bs spores electrophoretically (Fig. S1). By controlling
the biased deposition voltage, pulse frequency, and charging time
(from a 6340 sub-femtoamp remote sourcemeter, Keithley), a uni-
form monolayer of spores in the central region of the wire (~1 cm)
could be obtained (Fig. 1A). The detailed information of the spore
deposition cell and charging conditions can be found in our previ-
ous work [51].

2.2. Wire heating test

To subject spores to a defined thermal history, the spore coated
Pt wire was connected to an in-house built power source, working
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Fig. 1. (A) Electrophoretically deposited monolayer of Bs spores on the Pt wire as imaged by SEM. (B) High magnification SEM image of two immobilized spores. (C) Example
of voltage, current and temperature temporal traces on the Pt wire surface in a 2 ms pulse test. The maximal temperature is ~740 °C in this case. (D) Surface temperature of

the wire after cessation of the heating pulse.

as a temperature jump probe (Fig. S2). A pulse signal was gener-
ated to trigger the power supply prior to the heating of wire in
air. The applied voltage (supplied from a 6291A DC power supply,
HP) and the measured current (by a current probe AM503,
Tektronix) were simultaneously recorded via an oscilloscope
(LT344, LeCroy). The transient temperature on the wire during
the heating period was measured based on the standard dynamic
electric resistance temperature relationship (Callendar-Van
Dusen equation) [52], in which the resistance measured from the
applied voltage and the current was in a quadratic relationship
with the transient temperature (see details in Supplemental text,
Egs. (S1)-(S9)). The maximum temperature (~200 °C to ~800 °C)
and the heating rate (~10> °C/s to ~10° °C/s) can be precisely con-
trolled by varying the applied voltage and the pulse time (2-
50 ms). The corresponding profile of the wire in the cooled region
was calculated according to an energy balance equation which was
dominated by the heat conduction. The detailed content of the
mathematical modeling can be found in the Supplemental infor-
mation. The spore-coated Pt wire was replaced after each heating
test, and the heated wires were processed for SEM imaging and
determination of CFUs.

For wire heating tests in different pressures, two home-built
chambers were used. The first chamber was connected to a vac-
uum pump for spore heating experiments under pressures as low
as ~107°Pa, while the second chamber was connected to a
high-pressure air source for experiments under pressures up to
4 % 10° Pa.

2.3. Determination of colony forming units

The number of viable spores that survived various heating con-
ditions was enumerated by determining CFUs. Wires coated with
heated or unheated spores were completely submerged in 1 ml
of Lysogeny Broth (LB) media (10 g tryptone, 5g yeast extract
and 5 g NaCl per liter) and placed on a shaker at the 37 °C for three
hours to allow for the germination and detachment of viable spores
from the wire surface. After incubation, samples were serially

diluted and plated on LB agar plates to determine viable CFUs.
Each test included at least six replicates. The relationship of the
recovered counts with time is shown in Fig. S3. Previous SEM
images of unheated wires showed that ~10° spores were coated
onto the platinum wires [51]. The three hours incubation time
resulted in CFU counts that reflect the 10° spores on the wire.

The validity of this spore counting protocol was also evaluated
by in situ phase contrast microscopy (Zeiss LSM 710, Germany) to
monitor the germination of spores from wires. We found that Bs
spores took 1 h before transition from phase bright to phase dark,
and the 2 h to completely detach from wires. Additional experi-
ments were performed on wire heated to temperatures >600 °C,
a temperature that sterilizes Bs spores (see Fig. 2). Prolonged incu-
bation of these heated wires for 24 h in LB at 37 °C failed to yield
any growth.
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Fig. 2. Survival curves of Bs spores versus peak temperature for 2 ms and 50 ms
heat pulses. Each experimental point represents the average of at least 6 replicates,
and the standard deviations both in the measured spore viabilities and peak
temperatures are indicated.
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2.4. Spore morphological characterization

The heated wires were first mounted to stubs and then sput-
tered with gold/palladium alloy prior to the SEM using Hitachi
S-4700). The dimensions of the spores were assessed by two
parameters measured from SEM images, namely the aspect ratio
(length divided by width) and the projected area (surface area
inside the contour line of the cell body) of spores on the Pt surface.
Statistical analyses are based on a spore population of >50.

2.5. Estimation of vapor pressurization inside spores

The vapor pressure and temperature relationship was calcu-
lated by a simple closed model assuming the spore allows for heat
but not mass transfer. Empirical thermodynamics data of super-
heated vapor and steam were used to plot the standard curve of
pressure rise with temperature (see details in the Supplemental
information).

3. Results
3.1. Temperature profiles of the Pt wire surface

Precise definition of the temperature-time-Kkill relationship for
Bs spores in sub-second time scales requires accurate and fast
measurement of the spore temperature. Joule heating triggered
by a strong electrical pulse enables us to quickly and accurately
measure the transient temperature in a sub-second heating pro-
cess. Our temperature-time measurement shows that the tran-
sient temperature on the wire surface during heating followed a
closely linear ascending trace (Fig. 1C), while temperature-time
calculation based on radial heat transfer estimates a slow exponen-
tial decaying trace when the pulse was turned off (Fig. 1D). The
temperature of the ascending trace was measured from the time
dependent variations of the applied voltage and current (see Eq.
(S3) in the Supplemental information). By tuning the pulse time
(2-50 ms) and applied voltage, different maximum temperatures
(200-800 °C) and heating rates (~103°C/s to ~10° °C/s) could be
obtained (Fig. S5). The temperature decaying trace was calculated
from a radial heat transfer model by assuming that most heat loss
occurred by conduction from the cylindrical wire surface (see

Table 1

Fitting results for the variables in Eq. (1).
Heating conditions k(°C™) T, (°C)
2 ms heating pulse (~10° °C/s) 0.096 199
50 ms heating pulse (~10%°C/s) 0.056 382

Table 2

details in Supplemental text, Egs. (S1)-(S9)). The surface tempera-
ture dropped exponentially after the voltage was turned off and
returned to 40 °C after ~300 ms to ~500 ms (Table S1). While
these cooling times are longer than the heating pulse times (2-
50 ms), they are much shorter than the times employed in previous
protocols [12,14].

3.2. Spore viability heated to fixed peak temperatures at two ramp
rates

We assessed the effect of fast heating on the viability of Bs
spores. When exposed to 50 ms fast heating pulse, spores reached
peak temperatures between 200 °C to 800 °C which represents
heat rates of 4 x 10% to 2 x 10*°C/s. Peak temperatures below
350 °C had minimal effect in the spore viability (Fig. 2). Once the
temperature reached over 350 °C, the viability of spores decreased
sharply by ~5 logs from 350 °C to 600 °C. Further increases in the
peak temperature to ~700 °C reduced spore viability by 6 logs.
These results indicate that 400 °C was the maximum peak temper-
ature that the spores could resist in the 50 ms heating scheme.

When exposed to a 2 ms ultrafast heating pulse, spores reached
peak temperatures between 200 °C to 800 °C, however, the heat
rates were higher (1 x 10° to 4 x 10° °C/s). The spores were inacti-
vated at a lower peak temperature (180 °C) and a reduction of 5
logs was achieved at 400 °C compared with 600 °C in 50 ms pulse
heating. Finally, a complete viability reduction of 6logs was
reached at temperatures over 500 °C. These results indicate the ti
me-temperature-Kkill relationships at different heating rates show
similar sigmoidal response. However, the faster heating rate of
~10° °C/s potentiates spore inactivation and effectively reduces
the peak temperature required for 6-log spore neutralization when
compared to the heating rate of ~10% °C/s.

The viability data above were fitted with a standard sigmoid
model used in traditional low rate heating experiments [53] as
follows:

1
51 T exp(k(T —T,)) (M

where S is the survival ratio of spores (CFUgpa1/CFUipnitial), T is the
peak temperature in a heating event, T, is the critical peak temper-
ature at which the spore viability is reduced by half, and k is the
heat resistance parameter (larger k means spore viability is more
temperature sensitive). In our study, the initial number of spores
on the wire was measured as ~1.5 x 10° CFU. The fitted values of
T. and k are listed in Table 1. We found that the k value of the curve
representing the spore destruction at the higher heating rates
(~10°°C/s) was larger than that of the lower heating rates
(~10%°C/s) (Table 2). In addition, T. at the heating rates of

Changes to spore physical dimensions after 2 ms and 50 ms pulse heating to different temperatures, with related viability loss.

Heating conditions Length (pm)* Width (um)* Aspect ratio Projected area (um?)” Viability (CFU)
Unheated 1.54+0.17 0.62 + 0.05 2.49+0.37 0.82 +0.09 1.5 x 10°

2 ms pulse, heat to 200 °C 1.47 £0.17 0.62 +0.02 2.38+0.28 0.82+0.10 7.8 x 10°

2 ms pulse, heat to 240 °C 1.40+0.14 0.61 £0.03 2.32+0.31 0.82 £ 0.07 1.7 x 10*

2 ms pulse, heat to 300 °C 1.49+0.14 0.60 £ 0.04 243 +0.25 0.84+0.11 5.7 x 10!

2 ms pulse, heat to 410 °C 1.11£0.11 0.56 + 0.05 1.98 £ 0.21 0.52 +0.05 2.0 x 10

2 ms pulse, heat to 520 °C 0.69 + 0.05 0.60 + 0.07 1.16 £0.15 0.36 £ 0.04 0

50 ms pulse, heat to 170 °C 1.45+0.13 0.59 £ 0.03 2.46+0.29 0.79 £ 0.09 1.5 x 10°

50 ms pulse, heat to 410 °C 1.11+£0.09 0.44 + 0.04 2.57+0.30 0.43 +0.02 2.4 x10°

50 ms pulse, heat to 570 °C 0.81+0.10 0.54 + 0.05 1.56 £ 0.21 0.44 + 0.04 42 % 10!

Data are derived from a random sample of 15 spores from totally more than 50 spores in SEM images.
2 The length and width were measured as the longest distances along the longitudinal and transverse directions of the spore body.
b The projected area does not represent the spore volume, but acts as a comparable variable to evaluate changes in dimension under different heating conditions.
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Fig. 3. SEM images of surface attached Bs spores after heat treatment triggered by a 50 ms pulse (~10* °C/s). Each image shows a representative morphological change of over
50 spores (see Fig. S6). The maximum temperatures exerted on spores are indicated (A-F).

~10°°C/s was lower than that at the heating rates of ~10%°C/s.
Together, these results indicate that ultrafast heating rates
(~10° °C/s) potentiate spore inactivation.

3.3. Spore morphology after heating to defined peak temperatures at
two ramp rates

We assessed the morphological features of spores after heating.
The unheated spores had characteristic longitudinal ridges along
their surfaces (Fig. 1B). At the heating rates of ~10% °C/s, after fast
heating to a peak temperature of up to 300 °C, the aspect ratio and
the projected area remained constant (Fig. 3A and Table 2). Fast
heating to 410 °C caused spores to shrink (projected area on sur-
face decreased by 48% to 0.43 um?) (Fig. 3B). When heated to
570 °C (Fig. 3C), the spores were rounded (aspect ratio decreased
by 37% to 1.56) without additional reduction in spore size (pro-
jected area decreased by 46% to 0.44 um?). The spore surface lost
its integrity after fast heating to 780 °C (Fig. 3D). These results indi-
cate that the severity of morphological change under the
fast-heating and high temperature conditions correlates with spore
viability at the heating rates of ~10%°C/s (Figs. 2 and 3 and rele-
vant low magnification Fig. S6).

We also investigated the morphology of spores exposed to fas-
ter heating (2 ms pulses, ~10% °C/s). When heated to temperatures
below 300°C, the aspect ratio and surface area remained
unchanged even though there was a large reduction in spore

viability (Figs. 2 and 4B). At peak temperatures of 300 °C and
above, pin holes and fissures were observed (Figs. 4C, S7 and S8).
When heated to 410 °C, the aspect ratio decreased by 21% to 1.98
and the projected area decreased by 38% to 0.52 um? (Fig. 4D). At
a peak temperature of 520 °C, the aspect ratio further decreased
by 53% to 1.16 and the projected area reduced by 56% to
0.36 um? (Fig. 4E). By comparing spores exposed to the same peak
temperature at two different heating rates, spores exposed to the
faster heating rate (~10° °C/s) have minor morphological changes
despite increased inactivation (Table 2, Figs. 3 and 4). These results
indicate that the spore killing mechanisms in two heating rates are
different.

3.4. Effect of repetitive fast heat pulses (~10*°C/s) on the spore
morphology and viability

Our observations that faster heating rates and higher peak tem-
peratures caused greater spore damage led us to propose a hypoth-
esis that these two parameters have distinct effects on spores. To
test this hypothesis, we devised two experiments to distinguish
the effects of heating rate versus those of peak temperature. In
the first experiment, we asked if repeated application of the same
fast heating scheme resulted in accumulated damage to the spore
(Fig. S9). The viability results show that spores exposed to 20
rounds of 200 °C in 50 ms decreased the survival rate by less than
one order of magnitude, demonstrating that the viability loss in the
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Fig. 4. SEM images of surface attached spores after heat treatment triggered by a 2 ms pulse (~10° °C/s). Each image shows a representative morphological change of over 50
spores (see Fig. S7). The maximum temperatures exerted on spores are indicated (A-F). In (C), the arrows and the arrow heads indicate the location of holes and fissures on

the spore surfaces, respectively.

first pulse is not additive (Fig. 5). SEM results also confirmed that
spores exposed to different heating cycles of 400°C in 50 ms
showed minor morphological differences or size changes (Figs. 5
and S10 and Table S3). In the second experiment, we asked if the
repeated exposure of treated spores to higher peak temperatures
caused additional damage to spores (Fig. S11). Pre-heating to
200 °C in 50 ms prior to pulse heating to 500 °C in 50 ms did not
alter the viability of spores compared to just heating to 500 °C in
50 ms (Fig. 5A). The resulting SEM images (Fig. 5B-F) also show
that melted and disintegrated spore structures appeared when
the second and third pulse peak temperatures increased to
600 °C and 800 °C, respectively. These morphological changes
could also be achieved by singular pulse heating to corresponding
peak temperatures. Considering the total heating time in our
experiments is less than 10 s, we propose that the heat accumula-
tion is negligible compared with the reported heating time in tra-
ditional spore decontamination studies that was normally minutes
or even hours [8-10,11,13]. These results demonstrate that maxi-
mum peak temperature, rather than repetitive heating, is the pri-
mary determinant for spore morphology and viability when
exposed to fast heating rates (~10% °C/s).

3.5. Mechanism of inactivation by fast pulse heating (~10% °C/s)
through analysis of mutant spores

To understand the mechanism of spore inactivation under our
fast heating scheme (~10%°C/s), we have utilized wild-type strain

PS533 [54] and three mutant spore strains: (1) Strain PS3328 lacks
cotE gene [55] which encodes a protein required for outer coat
assembly [56]; (2) Strain PS578 has deletions in sspA sspB genes
[54] which encodes SASP that bind and protect DNA in spores
[3,57]; Strain PS2318b lacks recA gene [36] which encodes a pro-
tein required for DNA repair. Wide-type spore strain (PS553) and
PS3328 retained similar viability at 300 °C (Fig. 6). In contrast,
PS2318b and PS578 mutants had significant viability reductions
by 1-3 logs at peak temperatures around 300 °C (Fig. 6), indicating
that the DNA-repair proteins and SASP protect the Bs spore against
fast heating pulse. At peak temperatures >400 °C, wild-type and all
the three mutant spores had similar viability reductions of ~4 logs
(Fig. 6). Surface attached spores heated at ~10% °C/s under dry con-
ditions had similar mechanism of killing as Bs spores heated in
aerosols [22]. However at higher rates of ~10° °C/s, viabilities of
most of mutant spores and wild-type spores were reduced simi-
larly by ~4 logs at peak temperatures of as low as 300 °C, indicat-
ing that the spore killing mechanism at higher heating rates of
~10° °C/s is not only due to DNA damage (Fig. S12).

3.6. Heat inactivation of spores at ~10° °C/s under different external
pressures

We hypothesized that ultrafast heating at rates >10° °C/s inacti-
vate spores by increasing the internal pressure within the spore
(see Section 4). We tested this hypothesis by heating spores
exposed to different external pressures. When heated at rates
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Fig. 5. Effect of repeat heat treatment on spore viability. (A-a) CFU of spores after being heated to 200 °C once (black bar) or 20 times (white bar) in the 50 ms pulse heating
test. (A-b) CFU of spores after being heated to 200 °C followed by 500 °C (white bar), or directly heated to 200 °C (black bar) in the 50 ms pulse heating test. (A-c) CFU of
spores after being heated in triplicates to 200 °C, 500 °C, and 800 °C subsequently (white bar), or directly heated to 800 °C (black bar) in the 50 ms pulse heating test. Bars are
not shown in (A-c) since CFU = 0. Results are an average of at least 6 replicates and standard deviation is shown. In SEM images of (B)-(D), the heating pulse of 50 ms was
tuned to yield the maximum temperature of ~400 °C. Samples were heated in (B), (C) and (D) for 1, 10 and 15 times, respectively. In (E), spores were first heated to 400 °C
followed by a second pulse which heated spores to 600 °C. In (F), spores were heated to 400 °C, 600 °C and 800 °C under serial 50 ms pulses.

>10°°C/s in vacuum (1.3 x 107> Pa) with a peak temperature of
400 °C, holes formed on the spore surface indicating possible
release of volatile species inside spores (Fig. 7). When spores were
fast heated under 4 atm pressure (4.0 x 10° Pa) to 400 °C, bulges
were observed on the surface of the spores indicating that volatile
release was contained by the higher external pressure (Fig. 7).
These results support our hypothesis that pressurization at heating
rates of ~10° °C/s was associated with volatile release, thus con-
tributing to spore inactivation.

4. Discussion
4.1. Temperature profiles of Bs spores on the Pt wire surface

Do Bs spores reach the same temperature as the Pt wire?
Previous studies have revealed rapid heat transfer from the envi-
ronment to the spore. Kumar et al. [58] showed that the spore took
~0.1 ms to reach the surrounding temperature of ~400 °C. Xing
et al. [59] showed that the temperature could reach steady state
in less than 0.5 ms. Since our spores are directly in contact with
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Fig. 6. Survival counts of the wide-type strain (PS533) and three mutant strains
(PS3328 (AcotE), PS578 (AsspA AsspB) and PS2318b (ArecA)) of Bs spores at
elevated peak temperatures in the 50 ms pulse heating.
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Fig. 7. Effect of external pressure towards the morphological changes of spores heated to 400 °C at a heating rate of ~10° °C/s. The pressures applied to spores in image (A),
(B), and (C) are 4.0 x 10° Pa, 1.0 x 10° Pa, are 1.3 x 107> Pa, respectively. (D), (E), and (F) are the enlarged SEM images of (A), (B), and (C), respectively. (G), (H), and (I) are
schematic drawings of the effect of external pressure towards distinct spore morphologies.

the wire (Fig. 1), the temperature increase of the spores will
approximate the temperature increase of the wire in a 2-50 ms
pulse heating process. We also assessed the accuracy of our tem-
perature measurements and the distribution of heat along the
length of the wire by using blackbody calibration, which showed
that the wire temperature measurement fit to theoretical values
precisely, especially below 1000 °C. Unlike the reported tempera-
ture measurements using thermocouples in the gas-phase spore
inactivation studies that show a certain spatial temperature distri-
bution [17-25], our results show a narrow temperature distribu-
tion along the entire length of the wire (see the evenly
distributed temporal light intensity on wire in Fig. S4).

4.2. Spore viability heated to fixed peak temperatures under the same
pulse time

There is intense interest in characterizing inactivation of
Bacillus spores by sub-second heating pulses. Here we compare
and contrast the results from thermal inactivation of spores affixed
to solid surfaces to other studies. In general, sub-second heat inac-
tivation of spores has a sigmoid temperature-kill relationship.
Gates et al. [18] implemented pressure shocks to rapidly increase
the air temperature around aerosolized Bs spores to 200-700 °C
within 2-45 ms. The loss of viability occurred at ~200 °C, followed
by decrease by 5 logs from 200 °C to 500 °C. Further reduction in
viability at higher temperatures was minimal. Grinshpun et al.
[19,20] exposed aerosolized Bs spores to hot air flow (150-
1000 °C) and controlled the entire exposure time to be around
0.2-1s. Due to rapid heat transfer into aerosolized spores [58],
the exact time to reach peak temperature could be much shorter.
Similarly, the viability of spores started to decrease at 200-
250 °C. From 250 °C to 370 °C, the viability dropped exponentially
by 5 logs. Recently, Xing et al. [59] utilized a conductive heating
system to rapidly heat Bacillus anthracis spores placed on a gold foil
in 0.1 s. They found that the viability decreased exponentially with
temperature, with a reduction of 5 logs from 300 °C to ~700 °C. All

these studies show clear correlations between temperature, heat-
ing time and spore inactivation efficiency. Although the tempera-
ture-kill curves from previous studies [18-20,59] are similar to
our results (Fig. 2), the spore inactivation mechanisms are differ-
ent. Grinshpun et al. [19,20] heated aerosolized dry spores through
a top-hat heating scheme and found the primary contribution to
spore inactivation was the peak temperature and the heating time.
Gates et al. [18] killed spores in a gas dynamic heating scheme
induced by mechanical shocks, in which the high pressure and
top-hat temperature have synergistic effect on spore inactivation.
However, the heating rate was not directly measured in these stud-
ies as an important factor. Our studies demonstrate that ~10° °C/s
heating schemes can potentiate spore inactivation (Fig. 2).

The sigmoid nature of spore destruction kinetics is consistent
with the kill curves within other time-kill models. Spores are resis-
tant to applied heat during a short period of time, while suffered
from rapid inactivation by 3-6 logs when the heating time is elon-
gated [60]. Further increasing the heating time can induce com-
plete inactivation of the few surviving spores [53]. Compared
with these well-studied time-kill models, studies of tempera-
ture-kill relationships have been limited due to the narrow tem-
perature range of conventional heating methods. Our
temperature-kill results demonstrate a similar sigmoid feature
for spore inactivation. There are also three stages relative to the
T.. At temperatures well below the T, spores are resistant to ther-
mal damage. At temperatures near the T, the spores are readily
inactivated and the survival ratio drops logarithmically. At temper-
ature well above the T, the remaining spores are completely
inactivated.

4.3. Relationship of spore morphology heated to defined peak
temperatures at two ramp rates

We observed two different morphological changes at the two
different heating rates. When heated at ~10% °C/s rate that is sim-
ilar to other heating scheme studies, we find that increasing
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severity of morphological change correlates with decrease in spore
viability. Our results here demonstrate that when Bs spores heated
to 400 °C at ~10* °C/s, a reduction of 38-42% in the projected area
of spores was induced (Table 2). This reduction in projected area
matches the ratio of areas of the spore cortex and the spore coat
from previous observations made by TEM of spore thin sections
[2,61,62]. From these TEMs, we calculated the projected areas of
the intact spore with coat and the spore that has shed the coat,
and estimated the reduction in the projected area to be between
32% and 40% based on the removal of the coat (Table S2). In con-
trast when spores exposed to ~10° °C/s heating rate, the spore via-
bility decreased rapidly at temperatures above 200 °C. However,
the aspect ratio and projected area remain unchanged. The exact
correlation between the mechanical changes of spores from mor-
phological studies and the spore inactivation efficiency remains
to be determined. These results suggest that spores exposed to
these higher heating rates (~10° °C/s) are inactivated by a different
mechanism than spores inactivated at ~10 °C/s.

4.4. Spore inactivation at fast heating rates (~10* °C/s) through DNA
damage

We determined the mechanism of heat inactivation of spores
affixed on surfaces by utilizing mutant strains defective for DNA
protection, DNA repair and coat assembly. We used the fast heating
rate (~10%°C/s) that allows detection of increased sensitivity in
mutant spores. Our results show that DNA damage is a major con-
tributor to inactivation of surface attached dry spores in the fast
heat scheme, which is consistent with the mechanism for inactiva-
tion of aerosolized spores exposed to extreme dry heat [22,50].
Spore coat is not required for heat resistance in this heating
scheme which agrees with results by Setlow et al. [3,63] that
demonstrated that decoated spores had similar heat resistance to
the wide-type spores. Instead, they found that the spore coat was
mainly involved in resistance to some biocidal chemicals [47-
49]. In agreement with the cotE mutant analysis, our morphologi-
cal studies also show that when heated at ~10%°C/s spores with
melted coats at 400°C had minimal reduction in viability
(Fig. 3B). Together, our results indicate that surface attached spores
heated in our fast heating scheme (~10% °C/s) behave similar to dry
spores heated in other aerosol heating schemes [17-25].

4.5. Spore inactivation at heating rates of ~10° °C through rapid
pressurization inside spore

Our results yield an interesting finding: when heated to the
same peak temperature, higher heating rates of ~10° °C/s potenti-
ate thermal inactivation of spores as compared to ~10%°C/s (see
the temperature range from 250 °C to 450 °C in Fig. 2). What is
the basis for enhanced spore inactivation by these higher heating
rates? Since the peak temperature in these two heating schemes
is the same, the observed enhanced killing of Bs spores must be
due to the rate of heating (Fig. 2). We propose that this effect is
due to vaporization of the internal contents of the spore, i.e. water,
DPA and other volatiles. SEM images of spores heated at the
~10*°C/s revealed that the spores had minimal morphological
change until >400 °C (Fig. 3 and Table 2). In contrast, SEM images
of spores heated at ~10°°C/s formed the cracks and fissures at
temperatures as low as 300 °C (Figs. 4C and S8). Spore viability
was reduced at a lower peak temperature of 240 °C (Fig. 2) without
detectable morphological change (Fig. 4), suggesting that transient
holes may form in the spore coat that is not detectable by SEM
(Fig. 4B). We tested whether pressurization events are occurring
on the heated spore by testing the effect of external pressure on
spore morphology. Spores on a wire were heated to the same peak
temperature at ~10° °C/s in three different pressures: (1) vacuum,

(2) atmospheric (1 atm), and (3) four atmosphere (4 atm) pressure.
Under vacuum, the spores displayed an exaggerated morphology in
which large holes were formed (Fig. 7C and F). In contrast, SEMs of
spores heated in excess external pressure showed ‘balloons’ on the
surface of spores indicating that the external pressure contained
the expansion of explosive volatiles (Fig. 7A and D).

Based on these observations, one possible mechanism for
enhanced killing at ultrafast heating rates is the dynamic internal
pressure generated by violent vaporization of volatiles, including
water that imposes dynamic shock on spores. To estimate the
dynamic internal pressure within spores during these heating
events, we assumed that water is the primary volatile component
in the cell since water comprises ~30% of the spore core mass [64].
Assuming minimal diffusive loss, and all liquid water is vigorously
vaporized after 200 °C due to the rapid heating rates, dynamic pres-
sure is a function of peak temperature [65]. Using the amount of
water presented in the spore core and the volume of the spore core,
the dynamic pressures at 240 °C and 400 °C are estimated to be
308 MPa and 404 MPa, respectively (Fig. S13). Based on our killing
curves (Fig. 2) and morphological changes (Figs. 3 and 4), the max-
imum dynamic internal pressures that spores can sustain (without
significant reduction of viability and failure of spore coat) are
308 MPa at a heating rate of ~10° °C/s, and 404 MPa at a heating
rate of ~10%°C/s. This huge difference in the yield stresses indi-
cates that the assumption of minimal diffusive loss of volatiles
from the spore core must be incorrect. If we assume the diffusive
rate of water through the spore coat keeps constant at v
(MPa/ms) during the temperature range of 240-400 °C, the real
yield stress of spore coat (oyq) at both heating rates can be
express as:

Gyield = P1 — UT] = P2 — Z)Tz (2)

P; (308 MPa) and P, (404 MPa) are the maximum dynamic inter-
nal pressures of spores at heating rates of ~10° °C/s and ~10* °C/s,
respectively. T; (2 ms) and T, (50 ms) are the pulse heating times at
heating rates of ~10° °C/s and ~10% °C/s, respectively. The results
are v=2 MPa/ms and oy;eq = 304 MPa. Considering that the water
diffusion rate (2 MPa/ms) is closer to the pressurization rate
(8 MPa/ms) at ~10% °C/s, but much smaller than the pressurization
rate (154 MPa/ms) at ~10° °C/s, it is easy to understand the poten-
tiation of thermal inactivation at higher heating rates by internal
pressurization. A similar explanation for spore inactivation was
reported by Xing et al. [59]. They found that the spore surface
was ruptured after rapid heating to 300 °C for 10s, suggesting
the vaporized content inside spores cannot promptly diffuse out
and therefore the pressure-induced mechanical stresses exceed
the yield stress of spores. The authors measured the temporal
modulus of spores with temperature and found the modulus to
be ~400 MPa at 275 °C [66]. We should also note that the maxi-
mum hydrostatic pressures (400-800 MPa) employed in the indus-
trial high-pressure sterilization approaches [67-69] are larger than
our aforementioned result (304 MPa). This suggests that the
dynamic yield stress of spores could be smaller than that under
static pressure.

Given the approximations used in our estimates, and the fact
that the tensile stress of the spore exterior layers is probably also
temperature sensitive (decreases as the structure melts at high
temperatures), our result indicates that spores in ultrafast-heat
(~10° °C/s) and high-temperature processes are more susceptible
to increased internal pressures and liable to lose both viability
and morphological integrity. It should be noted that such critical
heating rates may also be different for other spores, depending
upon the degree of dehydration and the permeability of water in
the spores.
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5. Conclusion

Surface immobilized bacterial spores subjected to sub-second
and ultrahigh heating conditions were characterized for spore
inactivation and morphological changes. There are two key deter-
minants in spore inactivation. First, maximal peak temperature
greater than 700°C led to 6 logs reduction in spore viability.
Second, ultrafast heating of the initial pulse exceeding ~10° °C/s
potentiates spore inactivation. Repetitive heating had no dis-
cernible effect on spore morphology and survival rate, implying
that damage is not cumulative in sub-second heat exposures. At
fast heating rates (~10%°C/s), mutant spores that lack sspA sspB
and recA genes were more susceptible to inactivation, indicating
that DNA damage contributes to spore inactivation at ~10%°C/s.
At higher heating rates of ~10°°C/s, rapid pressurization inside
spores is the major contributor to inactivation. The exact correla-
tion between the mechanical changes of spores from morphologi-
cal studies, and the spore inactivation efficiency remains to be
determined. The temperature-time-Kkill correlation described for
spores undergoing a pulse heating process (~103°C/s to
~10° °C/s) can be utilized for generating novel strategies to inacti-
vate biological warfare threats due to bacterial spores.
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ABSTRACT: The biological agents that can be weaponized, such as Bacillus anthracis,
pose a considerable potential public threat. Bacterial spores, in particular, are highly
stress resistant and cannot be completely neutralized by common bactericides. This
paper reports on synthesis of metal iodate-based aluminized electrospray-assembled
nanocomposites which neutralize spores through a combined thermal and chemical
mechanism. Here metal iodates (Bi(105);, Cu(10;),, and Fe(10,);) act as a strong
oxidizer to nanoaluminum to yield a very exothermic and violent reaction, and
simultaneously generate iodine as a long-lived bactericide. These microparticle-
assembled nanocomposites when characterized in terms of reaction times and temporal
pressure release show significantly improved reactivity. Furthermore, sporicidal
performance superior to conventional metal-oxide-based thermites clearly shows the
advantages of combining both a thermal and biocidal mechanism in spore

Biological Weapons

neutralization.

KEYWORDS: energetic materials, metal iodate, nanothermite, biocidal, electrospray

1. INTRODUCTION

Thermites is a class of energetic materials that can undergo fast
redox reaction between a fuel (e.g,, Al) and an oxidizer (CuO,
Fe,0;, Bi, 0, etc.), which ,once initiated, release large amounts
of thermal energy.

3
2

3

1
Al+ ZMO = ZALO; + M + AH

(1)

Decreasing the reactant length scales from the micron to the
nanoscale greatly increases the interfacial contact and reduces
the diffusion distance between fuel and oxidizer, resulting in as
much as ~1000X higher reactivity.'"® The thermochemical
properties of the materials used result in energy densities, for
the most common mixtures, that are a factor of 2 or more
higher on a volumetric basis than conventional organic-based
energetic materials (e.g, TNT or RDX).””**

The potential threats from biological-based weapons, such as
those employing Bacillus anthracis, pose a significant challenge
to global security. Of particular concern are spores of virulent
bacteria that are highly stress resistant and cannot be
completely killed by high-pressure processing (HPP), heat, or
toxic chemicals such as iodophor.”>~** Conventional energetic
materials produce a thermal event over a relatively short time,
which may not be sufficient for total inactivation. Thus, a
strategy has developed in which, in addition to the thermal
event, a remnant biocidal agent delivered simultaneously would
have a much longer exposure time resulting in a more effective
inactivation. As such, both silver- or halogen-containing
thermites, even difluoroiodate compound-based explosives,

-4 ACS Publications  © 2015 American Chemical Society

have been considered as biological agent defeating ingre-
dients.”*™* The two most common methods of incorporating
biocidal agents into energetic systems are to either directly add
silver or halogen into the metallized energetic materials or to
employ silver- or iodine-containing oxidizers into the thermite
formulation.”*~** The latter option has the potential for Ag and
I to act as part of the energy release landscape rather than as a
passive species. Some extremely strong oxidizers of the latter
kind, such as NalO,/KIO,, do not release iodine, while others
like 1,05 and AgIO; have storage issues because of their
hygroscopicity and light sensitivity.’>> The ideal oxidizer
should (1) be easy to handle and (2) decompose to allow the
oxygen to react with the fuel and release molecular iodine.
1 1 1 1

Al + —M(IO;) —» —ALO; + —M + =L, + AH
2 2 2 + )

In this paper, three metal iodate nanoparticles, Bi(1O;)s,
Cu(I10;),, and Fe(10,);, were synthesized and subsequently
assembled with aluminum nanoparticles using an electrospray
technique to create microsized nanothermites. The confined
burning pressure of the metal iodate-based thermite was found
to be ~5X higher than conventional Al/CuO nanothermite.
The rapid reaction mechanism and the iodine release from the
metal-iodate-based thermite was investigated using rapid
heating mass spectrometry. The effectiveness of synthesized
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Figure 1. (a) Schematic of electrospray approach. (b—d) Low- and high-magnification SEM images of (b) Al/Bi(105); composites, (c) Al/Cu(10;),
composites, and (d) Al/Fe(I0;); composites. Note: all the above composites contain 5% NC (by weight).

iodate-based thermites as a biocidal agent was tested, and
results show superior performance in the inactivation of spores.

2. EXPERIMENTAL SECTION

Chemicals. Copper oxide (~50 nm), bismuth oxide (90—210 nm),
and iron oxide (~S0 nm) were purchased from Sigma-Aldrich, and
aluminum (ALEX, ~S0 nm) was purchased from Argonide Corp. Al
nanoparticles contain ~70% active aluminum (by weight), which is
confirmed by thermogravity analysis.*> Collodion solution (4—8%
nitrocellulose, ie, NC, in ethanol/diethyl ether, by weight) was
purchased from Fluka Corp., and diethyl ether (99.8%)/ethanol
(99.8%) mixture (volume ratio: 1:3) was employed to dissolve the
collodion. The copper iodate, bismuth iodate, and iron iodate
nanoparticles were synthesized by the following procedures. The
formation energies of these oxidizers were calculated on the basis of
the data at https://materialsproject.org/. The formation energies of
Bi(I10;);, Cu(I0;),, and Fe(IO;); are calculated as —1282, —725, and
—1293 kJ/mol, respectively.

Synthesis of the Copper lodate Nanoparticles. Copper iodate
nanoparticles were synthesized by milling copper(Il) nitrate trihydrate
(Sigma-Aldrich) and potassium iodate (Sigma-Aldrich) mixture (mass
ratio: 1:3). After the milling process, the sample was washed with 30
mL of deionized water, and centrifuged for 30 min at 13 500 rpm
(Hermle Z300). The whole process was repeated 4 times to enable full
removal of any impurities. The sample was then dried at 100 °C
overnight. The yield of copper iodate nanoparticles using this milling
process was ~75%.

Preparation of the Bismuth lodate and Iron lodate
Nanoparticles. Bismuth iodate (Bi(I0;);) and iron iodate (Fe-
(104);) nanoparticles were synthesized by a precipitation method.
Bi(10;); nanoparticles were synthesized by the following process: 485
mg bismuth nitrate pentahydrate (Bi(NO;);-SH,0) was dissolved in 8
mL nitric acid solution (2 M), and 528 mg iodic acid (HIO;) was
dissolved in 8 mL deionized (DI) water. These were then mixed by
dropwise addition of Bi(NO,); solution. The yield of bismuth iodate
nanoparticles using this milling process was ~90%. Fe(10;);
nanoparticles were synthesized by mixing the Fe(NO;); solution
and HIOj solution (1:3, by mole) at concentrations of 25 and 66 mg/
mL, respectively. The obtained brown solution was kept at 100 °C

overnight, and the subsequent yellow-green precipitate was collected
and further washed and dried for characterization, with a yield of
~75%. Both of the Bi(10;); and Fe(I0;); powders were handled with
the same washing, centrifuging, drying, and breaking process as the
Cu(10y),.

Preparation of the Physically Mixed Metal lodate and Metal-
Oxide-Based Composites. The traditional approach to create a
nanocomposite thermite is by physical mixing. For example, to make
the bismuth-iodate-based thermite, 160 mg Bi(IO;); powder was
dispersed in 1.8 mL of ethanol and sonicated for 60 min. Then, 51 mg
of aluminum nanoparticles (and 0.20 mL collodion for the case of
added NC, from Fluka Corp.) is added and sonicated for another 60
min. The suspension was stirred for 24 h, and then allowed to air-dry
in a hood. The dry powder was then gently broken to a fine powder. A
similar procedure was employed for the other iodates, but the mass
was adjusted to maintain a stoichiometry.

Electrospray Procedure. The electrospray assembly process is
essentially as previously described in ref 22. For example to make the
bismuth-iodate-based thermite 160 mg Bi(10;); powder was dispersed
in 1.8 mL of ethanol and sonicated for 60 min. To this was added 51
mg of aluminum nanoparticles (and 0.20 mL collodion for the case
with NC), and the mixture was sonicated for another 60 min. Then,
after stirring for 24 h, the suspension was ready to be electrosprayed.
The electrospray system consisted of a syringe pump to feed the
precursor at a constant speed of 4.5 mL/h, through a stainless steel
0.43 mm inner diameter needle. The distance between the needle and
substrate was 10 cm, with an applied voltage of 19 kV.

SEM/EDS, TEM, and TGA/DSC. Scanning electron microscope
(SEM) characterization was conducted with a Hitachi SU-70
instrument coupled to an energy dispersive spectrometer (EDX).
Transmission electron microscope (TEM) analysis employed a JEOL
2100F field-emission instrument. Thermogravimetry/differential scan-
ning calorimetry (TG/DSC) results were obtained with a TA
Instruments Q600 at a rate of 10 °C/min up to a maximum
temperature of 1000 °C in a nitrogen atmosphere.

Combustion Cell and Burning Products. The details of
combustion cell experiment can be found in refs S and 34. A confined
combustion cell with a constant volume (~13 cm®) was used to
measure the pressure and burn time of the samples. In this study, 25.0
mg of the loose thermite sample was placed inside a cell and was
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Figure 2. (a) Schematic of combustion cell. (b) Pressure and optical emission profiles of the Al/Bi(IO;); nanothermite composites. (c) Pressure
profiles of the three metal-iodate-based thermites. (d) Burning times of metal-iodate-based nanothermite composites. Note: The pressure traces of
Cu(I0;),- and Fe(I10;);-based thermites have been offset to the right, for better readability.

ignited by a nichrome coil on top of the loose powder. An attached
piezoelectric pressure sensor (PCB) together with an in-line charge
amplifier and signal conditioner were used to record the pressure
history. The optical emission history was simultaneously collected by a
lens tube assembly, containing a planoconvex lens (f = S0 mm) and a
photodetector to collect the broadband emission. The burn time was
defined as the peak width at half height of the optical emission.

T-Jump Ignition and Time-Resolved Mass Spectrometry
Measurement. The details of the time-of-flight mass spec system
used can be found in refs 5 and 33—35. In a typical experiment, a fine
Pt wire (76 ym in diameter, 10 mm in length) was coated with a thin
layer of sample (3—5 mm in length). An applied voltage of ~24 V was
put across the wire to rapidly heat to ~1800 K at a heating rate of 5 X
10° K s™". The wire temperature can be calculated by determining the
resistance changing with time. Time-resolved mass spectra were used
for characterization of the species produced during the rapid heating. A
Vision Research Phantom v12.0 digital camera was employed to
capture the burning of the thermite in air. The resolution used was 256
X 256 pixels, and the frame rate used was 67 065 fps (14.9 us per
frame).

Spore Inactivation. The above combustion cell was employed as a
container to evaluate the spore inactivation effectiveness of the
samples. First, metal-iodate-based thermite was placed in the cell of the
internal chamber in the combustion cell (Figure 2a). Aluminum foil
was adopted as the substrate for Bacillus thuringiensis spores, a known
surrogate for Bacillus anthracis. A 10 uL portion of spore solution (~7
X 10°/uL, ~1.4 ug) was dripped onto the foil surface followed by
spreading and drying. Aluminum foils deposited with or without
spores were placed close to the wall of the chamber, ~15 mm from
thermite sample. After ignition, the combustion cell was kept closed
for 30 min, following which the foils were extracted and sent for
bacterial spore counting assay. Before the test, explosion-product-
loaded control foils were deposited with the same amount of spores.
Each foil was then immersed in 1 mL of fresh Lysogeny Broth (LB)
medium and incubated at 37 °C for 3 h. Our preliminary test reveals
that this time period is necessary for the initially immobile living
spores to detach from the foil and germinate in the media, enabling us
to measure the spore counts quantitatively later. Since the exact range
of spore viability was unknown, a serial dilution was used. A 100 uL
portion of the medium was extracted and diluted subsequently, with
each dilution of a factor of 10. Then 10 uL of these diluted media with
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different bacteria concentrations were spread in parallel lines on an
agar plate. Agar plates were kept overnight at room temperature prior
to numeration of the colony forming units (CFUs) in each line. The
final counts of spores in each sample were obtained statistically in
terms of these serial CFUs. Each experiment was repeated in triplicate.

3. RESULTS AND DISCUSSION

3.1. Metal-lodate-Based Thermite Synthesis and
Assembly. In this work, micron-scale metal-iodate-based
energetic composites were produced by electrospraying a
precursor solution containing nanoscale components, compris-
ing fuel (nano-Aluminum), the biocidal oxidizer (metal
iodates), and a small quantity of energetic binder nitrocellulose.
As shown in Figure la, because of the combined action of
electrostatic forces and surface tension, the precursor
suspension shatters into nearly monodiserse microsized
droplets. Subsequent rapid evaporation of the solvent drives
gelling process within the droplet until the aggregate particles
jam, creating a porous structure. More details of the
electrospray assembly technique can be found in our prior
work.>*¢

The metal iodate nanoparticles used in this study include
bismuth iodate (~90 nm), iron iodate (~70 nm), and copper
iodate (~65 nm), which were prepared by either precipitation
or milling (see Experimental Section and Supporting
Information). For comparison purposes, physically mixed
metal-iodate-based nanothermites were also prepared, and the
SEM images can be found in Figure S9 in the Supporting
Information.

Figure 1b—d shows typical SEM images of the three metal-
iodate-based thermites. The obtained Al/Bi(I10;), (Figure 1b)
composites have a size distribution of 3—5 um, have a porous
structure, and contain a well-dispersed mixture of the fuel and
oxidizer nanoparticles. Al/Cu(10;), composites have similar
structure features and a relatively narrow size of 2—4 um
(Figure 1c), respectively, while the Al/Fe(IO;); composites

DOI: 10.1021/acsami.5b04589
ACS Appl. Mater. Interfaces 2015, 7, 17363—17370


http://dx.doi.org/10.1021/acsami.5b04589
http://pubs.acs.org/action/showImage?doi=10.1021/acsami.5b04589&iName=master.img-002.jpg&w=308&h=231

Downloaded by UNIV MARYLAND COLG PARK on September 8, 2015 | http://pubs.acs.org

Publication Date (Web): August 3,2015 | doi: 10.1021/acsami.Sb04589

ACS Applied Materials & Interfaces

Research Article

(Figure 1d) were found to have a more open structure, with a
larger size ranging from S to 7 pm.

3.2. Reactivity of Metal-lodate-Based Nanothermite.
The reactivity of nanothermite was assessed in a constant
volume combustion cell (13 cm?), from which the pressure
history and optical emission during combustion can be
obtained simultaneously. Figure 2a shows the schematic of
the combustion cell, which is composed of a pressure sensor
and an optical detector. Pressurization rates obtained from the
pressure history data, which mimic the burning rate, are used to
evaluate the reactivity. Burning times were also obtained by
measuring the peak width at half-maximum (fwhm) of the
optical emission trace.”®’ Supporting Information Table S1
summarizes the combustion cell results for all the nano-
thermites in this study.

Figure 2b shows the pressure and optical-emission trace for
Al/Bi(10;); composites. The peak pressure and burning time
are ~4.7 MPa and ~170 pus, respectively. The burning time is
considerably longer than the corresponding pressure rise time,
implying that decomposition of iodates occurs prior to the
primary reaction of the thermite, suggesting that the thermite
burning rate is limited by the aluminum fuel release, rather than
oxidizer availability. The temporal pressure of the three metal-
iodate-based nanothermites are shown in Figure 2c. All three
pressure traces show a rapid rise, of ~1 us, achieving a peak
pressure of 4—5 MPa with the Cu > Bi > Fe.

For comparison, the reactivity of metal iodates thermite
prepared by conventional physical mixing method was also
evaluated. The pressurization rate results of metal-iodate-based
thermites produced by two approaches were listed in Table 1.

Table 1. Peak Pressure, Pressurization Rate, and Burning
Time of Metal-Iodate-Based Nanothermites Made by
Electrospraying (ES) and Physical Mixing (PM)“

pressure pressurization burning

thermite (MPa) (GPa/s) time (us)
ES Al/Bi(10;); 4.5 3816 235
PM Al/Bi(10;); 0.73 53 298
ES Al/Cu(10;), 49 3966 238
PM Al/Cu(105), 0.14 0.07 2162
ES Al/Fe(10;); 4.0 3186 161
PM Al/Fe(10;), 0.17 0.10 3667

“All the composites contain 5% NC (by weight). 25.0 mg sample in
each test.

The results show that the pressurization rate of electrosprayed
Al/Bi(10;); composites is approximately 2 orders of magnitude
higher than the physical mixed thermites, while the Al/
Cu(10;), and Al/Fe(I0;); systems are more than 4 orders of
magnitude higher, relative to the physically mixed thermites.

The increase in reactivity of the electrosprayed sample can be
attributed to the unique porous inner structure combined with
energetic gas generator nitrocellulose which we have previously
shown minimizes sintering among nanoparticles.22

Similar to what we have observed for Al/CuO composites,”
the physically mixed Bi(I10;);, Cu(10;),, and Fe(I1O;),
nanothermites have a much longer burning time than that of
the corresponding electrosprayed nanothermites, as Figure 2d
shows.

The reactivity difference between metal-iodate-based and
metal oxide-based thermites was compared. The peak pressure
and pressurization rate of the two thermites were simulta-
neously obtained, as listed in Table 2. The reactivity of the
metal-iodate-based thermite is much higher than the reactivity
of the corresponding metal-oxide-based thermite even though
the size of metal iodate nanoparticles is larger. Specifically, the
so-called weak thermite, Al/Fe,O;, has a pressure and
pressurization rate of only 0.06 MPa and 0.02 GPa/s,
respectively. While the corresponding iron-based iodate, Al/
Fe(10;)s, achieves 1.9 MPa and 590 GPa/s, as shown in Figure
3a. As discussed in our previous work,™® Al/Fe,O; nano-
thermite combustion pressure and optical emission signals
appear concurrently (Figure 3b), and it has been suggested that
oxidizer decomposition is the rate limited step. In contrast, Al/
Fe(10;); features a very rapid pressure increase followed by a
prolonged optical emission profile, indicating the burning is
rate limited by the aluminum fuel. These results show the
advantages of using strong oxidizers, with rapid oxygen release
kinetics in nanothermite formulations.

The adiabatic flame temperatures (AFT) of the three metal-
iodate- and metal-oxide-based thermites have been calculated
and are listed in Table 2. Since there are no experimental data
for thermochemical properties of these metal iodates, the
theoretical estimate results were adopted.” These results are
then employed in the Cheetah code, assuming the sample is in
the maximum density and the volume of the burning product is
constant.*”*" Generally, the flame temperatures of the three
metal-iodate-based thermite reactions are roughly the same,
~4050 K, which is >1000 K higher than that of the
corresponding metal-oxide-based thermites. The high reaction
temperature can largely improve the potential biocidal
performance for its additional thermal activities which can
synergistically function with the released iodine.

To investigate the ignition mechanism, the nanothermite
samples were coated on a Pt wire with a diameter of 76 ym and
joule heated in air at a heating rate of 5 X 10° K s, as
schematically shown in Figure 4a. The Al/Bi(10;); composites
reveal a violent reaction, with an ignition temperature of 590
°C. The ignition temperatures of Cu(IO;),-based and Fe-
(10;);-based nanothermites is S60 and S50 °C, respectively,

Table 2. Pressure Cell Results of Physically Mixed Nanothermites”

oxidizer pressure (MPa) pressurization (GPa/s)
Bi, 03 90—210 nm 1.0 54
Bi(10,),, ~90 nm 23 770
CuO, ~50 nm 1.1 100
Cu(105),, ~200 nm 18 225
Fe,03, ~50 nm 0.06 0.02
Fe(10;);, ~70 nm 19 590

burning time (us) AFT (K) stoichiometric ratio
240 2333 1.3
150 4062 1.0
220 3054 1.0
170 4061 1.0
3330 3027 1.0
170 4043 1.0

“Sample mass: 25.0 mg. All the composites contain no NC. The AFT of Al/Bi,O; thermite is only 3031 K. (Because this was a fuel lean mixture,

stoichiometric ratio = 1, to optimize pressurization rate.)
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Figure 4. (a) T-Jump wire ignition method, and burning snapshots of Al/Bi(I0;); composites. (b) Temporal profile of oxygen release upon heating
the three different metal iodates. (c) T-Jump TOFMS results for the Bi(I0;);-based, Cu(10;),-based, and Fe(10;);-based thermite made by
electrospray (5% NC, by weight). Note: The heating pulse time was 3.0 ms.

which is much lower than that of corresponding CuO-based
(770 °C) and Fe,O;-based nanothermites (1140 °C). The low
ignition temperature is indicative that the metal iodate salts
release oxygen at a relatively low temperature.” To further
confirm this, the wire within the extraction region of a mass
spectrometer, i.e., T-jump/time-of-flight mass spectrum (T-
Jump/TOFMS), was employed to investigate the oxygen
release properties of the three metal iodates.”’

Reactivity of a thermite can be evaluated by the explosion
characterization parameters such as peak pressure, pressuriza-
tion rate, and burn time in a confined container (Figure 2a).
Especially, the pressurization rate is directly proportional to the
burn rate of the thermite. In the previous work; it is found that
the reactivity is closely related to its oxygen release behavior at
high heating rates.”” Figure 4b shows the temporal profile for
oxygen from metal iodates in T-Jump/TOFEMS, from which the
oxygen release temperature can be obtained, and the oxygen
release behavior of different oxidizers at high heating rates can
be compared. It is found that the onset temperature of oxygen
release for Bi(IO;);, Cu(IO;),, and Fe(IO;); nanoparticles is
490, 450, and 475 °C, respectively, and thus insensitive to
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structure. Interestingly, it is worth noting that while Bi(I10;),
releases oxygen at 490 °C, and Bi,Oj; releases gas phase oxygen
at ~1350 °C, they both show a similar ignition temperature of
~590 °C.*> The results imply that Bi(IO;); and Bi,O; have
different initiation mechanisms. For Bi(1I0,);, it is obvious that
oxygen release from oxidizer contributes to the ignition of
nanothermite, while its condensed phase appears to be the
initiation mechanism for the Al/Bi,O; nanothermite.

As Figure 4b shows, all of the oxygen release traces show a
rapid rise. The oxygen release from Cu(IO;), initiates at 450
°C, and reaches it maximum in 0.20 ms, significantly
outperforming the commercial CuO nanoparticles, whose rise
time is 1.0 ms,”” revealing its fast oxygen release kinetics at high
heating rates. Oxygen release profiles of Fe(105); and Bi(105)4
nanoparticles are very similar to that of Cu(10,)s, implying, not
surprisingly, that all metal iodate nanoparticles release oxygen
in a similar manner. It is worth noting that the decomposition
of iodates occurs prior to the thermite ignition, suggesting that
gas phase oxygen release is critical to ignition.

The metal-iodate-based nanothermites were also rapidly
heated in the T-Jump/TOFMS to determine temporal
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speciation. As shown in Figure 4c, iodine and oxygen species
are detected in all three metal-iodate-based thermites reactions.
The intensities of oxygen and iodine species, in all of the
samples, reach their maximum values between 500 and 600 °C,
revealing the major weight loss event happening during that
period, and is consistent with TGA results (Supporting
Information).

3.3. Sporicidal Performance. The ability of metal-iodate-
based thermites to produce high heat, pressure, and iodine
makes them ideal biocidal energetic materials with potential
synergistic killing mechanisms. To test the sporicidal perform-
ance of metal iodate-based thermites, a spore inactivation
experiment was conducted in the combustion cell (V = 13 cm?,
see Figure 2a). Aluminum foil coupons deposited with or
without ~7 X 10° CFU Bacillus thuringiensis spores were placed
within the combustion chamber around the wire coil that
ignites the thermite reaction. The control experiment of Al/
Bi(IO;); thermite reaction without spores shows that iodine
was released after reaction and uniformly dispersed within the
layer of postcombustion products (Figure Sab). By loading
different quantities of Al/Bi(IO;); thermite in the combustion
cell, the survival ratios of Bacillus thurigiensis spores on coupons
were measured after the thermite reactions (Figure Sc). Spores
exposed to 5.0 mg and 25.0 mg of thermite reaction products
had a 2 log or a >4 log reduction in their viability (ie., the
ability to form bacterial colonies), respectively. Alternatively,
similar tests by employing the reaction of 5.0 mg Al/Bi,O;
thermites show that the viability of spores decreased by 28%.
The major difference of these two thermite systems is that
iodate-based composites can generate free iodine through a
thermite reaction, which has been widely confirmed as a
biocidal agent. Therefore, except for the pressure and thermal

stresses which were also generated from the combustion of Al/
Bi,O; thermites, the combustion of Al/Bi(10;); thermites
exposes spores to the additional biocidal stress of iodine. We
estimated that the released iodine efficiently contributed to 27%
loss of spore viability (28% — 1%), while the other effects from
pressure, heat, and other reaction products such as Al,O; and
Bi contributed to the majority of the loss as confirmed by the
result after the Al/Bi,O; reaction (Figure Sc). Figure Sc shows
that the postreaction products of Al,O; and Bi induced viability
reduction of spores by 30%, implying that the other heat and
pressure stresses contributed to a 42% loss of spore viability
(72% — 30%). Given that other reactions of metal iodate
thermites (Al/Bi(10;); and Al/Cu(10;),) also led to uniform
iodine release (Supporting Information Figures S13 and S14)
and demonstrate higher sporicidal capabilities compared with
the corresponding oxide-based thermite reactions (Supporting
Information Figure S15), it is proposed that the metal iodate
thermite system can be recognized as an effective biocidal
agent.

The SEM images of spores (Figure Sd) further demonstrate
that fine particles were deposited on the spore surfaces after the
5.0 mg Al/Bi(10;), thermite reaction. There is some precedent
for cell death in the absence of morphological damage.”
However, interestingly, there is no gross morphological change
in the spores after the thermite reaction, suggesting that the
thermite reaction has not compromised the spore structure,
although the viability has been reduced by 2 orders of
magnitude (Figure Sc). Previously, we have shown that, during
rapid heating, spores maintained most of their viability until the
spore coat was melted.** Herein, it is further found that, by
applying iodine, the spores were killed before changing
morphologies, indicating the superiority in efficacy of the
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Bi(I10;);-based thermite complex in killing spores compared
with simple rapid heating,

4. CONCLUSION

This work reports the formation of metal-iodate-based
thermites which have superior performance as sporicidal
agents. Three different metal iodate nanoparticles were
synthesized and incorporated into energetic composites with
nanoaluminum by electrospray or physical mixing, forming
highly reactive nanothermites. We characterized the reactivity
using combustion cell and fast-heating wire experiments. The
pressure and pressurization rate of metal-iodate-based thermites
are several times higher than the corresponding oxide-based
thermites, and the reactivity could be further promoted by
using the electrospray technique to assemble the metal-iodate-
based thermites. The thermal decomposition properties of
metal iodates, as well as the reaction mechanisms of the related
thermites, were separately investigated by TGA/DSC, and
TOF-MS. The results show that the metal iodates decompose
into their corresponding metal oxide, oxygen, and iodine before
the aluminothermic reaction takes place. The sporicidal
performance of the metal-iodate-based thermites was also
assessed, and the results showed that they outperform the
corresponding metal-oxide-based thermites. The working
mechanism was proposed as a synergistic effect of heat/
pressure and iodine production from the highly reactive metal-
iodate-based thermite reaction. This combination has a much
higher sporicidal rate than the individual effect of either heat/
pressure (from the metal-oxide-based thermite reaction) or
iodine (from the burning residue of metal-iodate-based
thermite reaction).
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Characterization of the three different metal iodates nano-
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ABSTRACT

Improving the neutralization of bacterial spores is important in a variety of clinical, industrial,
and biodefense applications. In this study, we investigate the synergism between rapid heating
(~10* °C/s to ~10° °C/s) and chlorine gas in the neutralization of Bacillus thuringiensis (Bt)
spores — a close relative of B. anthracis (Ba), which is a known biowarfare agent. Bt spores were
heated in a gas chamber with defined concentrations of Cl, gas and relative humidity (RH). The
critical peak temperature (7,) of spores, which corresponds to 50% reduction in viability, was
decreased from 405 °C when heated at ~10* °C/s in air to 250 °C when heated at the same rate in
100 ppm Cl,. SEM results show no obvious difference between the morphologies of spores
heated in air or in Cl, at ~10* °C/s. These results indicate that Cl, gas acts in synergy with high
temperatures (>300 °C) to neutralize Bt spores. Similarly, the 7, for Bt spores heated at the faster
rate of ~10° °C/s was reduced from 230 °C when heated in air to 175°C when heated in 100 ppm
Cl,. At temperatures below 300 °C, Cl, treatment did not alter spore morphology. At
temperatures above 450 °C with Cl,, the spore coat detached from the underlying core. The effect
of Cl, was further examined by changing the RH of Cl, gas. The results show that highly
humidified Cl, (RH = 100%) reduced 7, by 170 °C and 70 °C at ~10* °C/s and ~10° °C/s,
respectively, as compared to dry Cl, (RH = 0%). Energy dispersive spectrometric (EDS) results
demonstrate that Cl, on the spore increased with elevated peak temperature, with the majority of
the Cl located in the shed spore coat. This study indicates that the major mechanism of spore
neutralization by the synergism of Cl, and rapid heat is chlorine reacting with the spore surface.

KEYWORDS

Bacterial spores; Neutralization; Ultrafast heating; Chlorine; Hydrogen Chloride
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1. Introduction

Bacterial spores are importance since they pose a risk to public health and military biodefense
[1-3]. Neutralization of spores is a significant challenge since they are much more resistant than
their vegetative counterparts to a variety of external stresses such as UV irradiation, extreme pH
values, chemicals, and temperature extremes [4-6]. Studies have shown that spore longevity and
resilience is correlated to physical features of spores, including a tight proteinaceous spore coat
that inhibits chemicals penetration, low water content in the spore core to reduce metabolism, as
well as the production of proteins for DNA stabilization (e.g. o/f-type small acid soluble
proteins (SASPs)) [6]. One of the primary strategies for spore neutralization is to expose them to
autoclaving heat (120-150 °C) for minutes to hours [7-9]; however, this approach is not
appropriate for the large-scale neutralization of spores. To further improve the killing efficacy,
aerosol based techniques are being developed to rapidly inactivate airborne bacterial spores by
rapid heating (>200 °C within a timescale of a second) [10-16]. At this timescale, more than 3-
logs reduction in spore population can be achieved when the peak temperature ranges from 200
to 400 °C. An analogous approach of spore inactivation by heat has been tested using heat
generated from exothermic reactions of energetic materials such as aluminum-based thermites
[17]. This approach is able to produce even higher peak temperatures (> 2200 °C) over a shorter
period (~0.1 s), and leads to a 7-log reduction of spore viability. Although these methods are
capable of neutralize spores, an accurate and quantitative relationship of time-temperature-kill
for spores is not available due to the variability in temperature distribution and the resident
exposure time of these heating schemes. Nevertheless, a precise time-temperature-Kkill
relationship is needed for predicting and ensuring a successful outcome of large-scale

neutralization events. In order to improve the accuracy of measurements of the temperature
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history on spores, an alternative approach has been developed by heating spores deposited on
conductive surfaces [18] that allows measurement of the transient temperature using the standard
electric resistance-temperature relationships [18]. Since the transient temperature of immobilized
spores can approximate that on the immobilizing surface [19], the time-temperature-kill
relationship for spores can be accurately measured. Results showed that a 6-log reduction in
spore counts could be achieved by rapidly heating spores to 600 “C within 50 ms at a heating rate
of ~10* °C/s. The neutralization mechanism was likely due to DNA damage as mutants in sspA
sspB are sensitized for killing [14]. Faster heating rates (~10° °C/s) also improved spore
neutralization, which was associated with increased structural destruction of spore coat through

increased pressure of vaporization [19].

In addition to heat, another commonly used disinfection procedure for spores utilizes biocidal
chemicals [20]. Commonly used biocides (antibiotics, detergents, alcohol) have little effect on
spore viability [21]. In contrast, strong oxidation agents, such as chlorine, iodine, sulfur, silver,
and compounds containing these elements, have demonstrated efficacy in spore inactivation [20].
Among these spore sterilants, Cl, is one of the few agents that is gaseous at room temperature.
The main advantage of Cl, over other aqueous sterilants is that gas provides greater coverage,
thus facilitating the neutralization of both airborne and surface-associated spores. Cl, can directly
chlonrinate functional groups on macromolecules in cells to damage proteins, nucleic acids and
lipids [22,23]. In addition, Cl, can react with water to form hypochlorous acid (HOCI) and
hydrogen chloride (HCl). Both compounds can also react with the spore to inactivate them

[24][25].
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The performance criteria of Cl, depends on two characteristic factors: concentration (“C”) and
inactivation time (“T”). The US Enivronmental Protection Agency and the water treatment
industry has set the units of Cl, concentration in parts per million (ppm) and the inactivation time
in minutes [26]. In general, the “CT” product is a constant for spores of a specific Bacillus strain
required to achieve a defined reduction of viability [27]. Table 1S presents some documented
“CT” results for different Bacillus spores [24, 26-38]. The “CT” product for a 4-log reduction in
spore viability is ~3x10* ppm'min (~100 mg-min/l) for most of Bacillus spores when the Cl,
concentration is below 3x10° ppm [26-30]. At much higher CI, concentrations (e.g. 7x10° ppm),
this “CT” value is significantly larger than ~3x10* ppm-min, and the minimum exposure time is
5 min [24, 31, 32]. In order to improve the neutralization efficiency at exposure times under a
second, which according to the “CT” rule would require concentrations of Cl, >10° ppm (close
to that of pure Cl, liquid). The use of these concentrations of Cl, would be impractical as a
method to safely neutralize spores [39]. To meet the guidelines set by the U.S. Food and Drug
Administration (FDA) for food and drinking water processing (Code of Federal Regulations Title
21 Part 173/178) [40, 41], new approaches are in development to combine heat with 100 - 2000

ppm Cl,.

One such potent, more environment-friendly and safer approach is to synergize the
neutralization of spores by Cl, with heat. Xu et al. [42] studied the inactivation of Bacillus spores
by Cl, (~1000 ppm) under high-temperature short-time pasteurization conditions (~80 °C,
~Imin), and found a viability reduction of 6-logs. Further tests using a higher temperature of 120
°C resulted in inactivation of spores by 6-logs within 16s, whereas it took >30 mins to achieve

viability reduction of 6-logs by employing either CI, gas (1000 ppm) (Table S1) or heat (120 °C)
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[7-9]. Based on these results, higher temperatures (>200 °C), and diluted Cl, gas (< 2000 ppm)

synergistically inactivated Ba spores.

In this work, we investigated the synergistic effects of ultrafast heating and Cl, gas on the
inactivation of Bt spores. Bt spores, while closely related to Bacillus anthracis (Ba) spores that
are considered as a serious bioterrorist weapon, is not pathogenic to humans. Both Bt and Ba
spores were reported to have similar sensitivity to biocides [43], so we expect the results in this
study can be utilized for the neutralization of Ba spores in the future. For these studies, Bt spores
were electrophoretically deposited onto a fine Pt wire [19]. By tuning the heat pulse time (2 ms
and 50 ms) and peak temperature (~1200 °C) for the Pt wire, the heating rate (~10* °C/s and ~10°
°C/s) and time-resolved temperature for individual spores were measured [19]. Using this
thermal approach, we evaluated the effect of 100 ppm (0.3 mg/l) Cl,, a concentration below the
FDA safety guidelines, in combination with different peak temperatures and heating rates, on the
neutralization of spores. Spore viability and morphology were assessed after these treatments by
determining the viable number of colony forming units (CFU) and scanning electron microscopy
(SEM). To investigate the neutralization mechanism of Cl,, spores were also heated in Cl, gas
with different relative humidities, to see the roles of the hydrolysis products of Cl, (hydrogen
chloride (HCI) and hypochlorous acid (HOCI)). Energy dispersive X-ray spectroscopy (EDS)

was employed to determine the elemental changes of Cl and carbon (C) in spores.

2. Materials and methods

2.1. Spore attachment on platinum wires
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Bt spores were sporulated in Difco Sporulation Medium (DSM) at 30 °C for 48 h. The 250 ml
of DSM included 2 g Bacto nutrient broth, 2.5 ml 10% KCl, 0.375 ml 1 M NaOH and 2.5 ml
1.2% MgSO,7H,0. The spore concentration was enumerated by plating to be 8x10° colony-
forming units per milliliter (CFU/ml). The purity of spores was found more than 99%. Bt spores
were electrophoretically immobilized onto a sterilized platinum (Pt) wire with a diameter of 76.8
pum (Omega Engineering, Inc.). The electroplating experiments were conducted in an in-house
spore deposition cell [44]. By controlling the biased deposition voltage, pulse frequency and
overall charging time (from a 6340 sub-femtoamp remote sourcemeter, Keithley), we are able to
prepare a uniform monolayer of Bt spores on the wire after 5 pulses [44]. More information of
the spore deposition cell and spore coating scenarios in detail can be found in our previous

studies [19, 44].

2.2. Wire heating test in Cl, gas filled chamber

The spore coated wire was connected to an in-house built power source, working as a
temperature jump probe (Fig. S1). The wire was then inserted into a gas chamber that is
connected to a vacuum pump and a Cl, gas tank (Fig. S1). Prior to the pulse heating of the wire,
the chamber was emptied by vacuum and replenish with the appropriate concentrations of Cl,
gas. For evaluating the effect of relative humidity (RH) of Cl, gas, the chamber is also connected
to a water bubbler that can supply water vapor into the chamber. RH was monitored using an
attached humidity meter. A defined thermal history for spores on wire during the heating period
was measured through the dynamic electric resistance-temperature relationship for Pt (Callendar-

Van Dusen equation [18]). The peak temperature (~200 °C to ~700 °C) and the heating rate (~10*
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°C/s to ~10° °C/s) can be precisely controlled by tuning the applied voltage and the pulse time (2
ms to 50 ms). The temperature-time profile for spores in the cooled region was calculated
according to an energy balance equation which was dominated by the heat conduction. It is
estimated that the cooling time scale is between ~300 ms and ~500 ms [19]. The detailed
description of the transient temperature measurement on spores can be found in our previous

study [19].

2.3. Determination of colony forming units

The viable spores after various heat and Cl, treatments were enumerated by determining CFUs.
Spore-coated wires were completely submerged in 1 ml of Lysogeny Broth (LB) media (10 g
tryptone, 5 g yeast extract and 5 g NaCl per liter) and placed on a shaker at the 37 °C for three
hours to allow for the germination and detachment of viable spores from the wire surface. After

incubation, samples were serially diluted and plated on LB agar plates to count viable CFUs.

2 4. Characterization of morphology of spores

The surface morphology of spores with or without treatment of Cl, and rapid heat was
investigated by SEM (Hitachi S-4700) using an accelerating voltage of 5 kV. Prior to imaging,

the spore-coated wire was attached to stubs and then sputtered with gold/palladium alloy.

2.5. Characterization of hydrocarbon and chlorine contents inside spores



171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

Quantitative EDS X-ray microanalysis using SEM was employed to analyze the elemental
contents (carbon, chlorine and calcium) inside spores. Since calcium will not escape from spores
by evaporation (boiling point at ~1500 °C) during the rapid heating in our temperature regimen
(<700 °C), the detected calcium content was used as a control to measure the relative Cl and C
contents. The tests were conducted in the line scan mode by detecting the elemental intensity
along a line drawn across one spore. The ratio of mass fractions of Cl/Ca or C/Ca was calculated
by comparing the integrated intensities of Cl/Ca or C/Ca along the line, respectively. For spores
with their coats detached, a line was across either the cracked coat or the exposed core, to
analyze the distribution of elemental masses in both compartments. Statistical analyses are based

on a spore population of ~10.

3. Results and discussion
3.1. Spore viability heated at two ramp rates in air and in Cl,

The neat effect of fast heating on the viability of Bt spores in air was determined and the
relationship between peak temperature and spore viability was plotted in Fig. 1. The viability

data fit a sigmoidal model [45] as:

S 1
1+exp(k(T -T.))

ey

where S is the survival ratio of spores (CFUy,,, / CFU,,...), T is the peak temperature, 7, is the
critical peak temperature to induce viability reduction by half, and k is the heat resistance

parameter. The fitted values of 7, and k are listed in Table 1. Compared to 7, (405 °C) at the
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temperature rate of ~10* °C/s, T, at ~10° °C/s decreases to 230 °C. In addition, a reduction of 6-
logs was achieved at the peak temperatures of 400 °C and 600 °C at ~10° °C/s and ~10* °C/s,
respectively. These neutralization data for Bt spores resemble those for Bs spores in our previous
studies [19], indicating that the faster heating rate of ~10° °C/s is able to effectively decrease the
peak temperature required for spore neutralization when compared to the heating rate of ~10*
°C/s. In addition, the k value of the neutralization curve at the higher heating rate (~10° °C/s) was
larger than that at the lower heating rate (~10* °C/s), indicating that Bt spores are more sensitive
to higher heating rates. These results show a better neutralization effect for Bt spores by higher

heating rates and higher peak temperatures.

The effect of Cl, gas and rapid heat was evaluated for their ability to synergistically neutralize
Bt spores. The resistance of Bt spores to Cl, gas at room temperature was first assessed. After 15
minutes of exposure, spore viability was not affected when exposed to 1 ppm (0.003 mg/l) to 100
ppm (0.3 mg/l) of Cl, (Fig. S2), whereas spores were completely neutralized by 1000 ppm of Cl,.
We used 100 ppm of Cl, for the rest of this study since this concentration did not neutralize Bt
spores in the absence of heat and is within the FDA guidelines (200 — 2000 ppm) [41, 42].
Heating to 250 °C at 10" °C/s, and 170 °C at 10° °C/s (Fig. 1) reduced spore viability. Compared
to the viability results by heat treatment alone, the critical peak temperatures 7, decrease by 150
°C and 50 °C at heating rates of 10* °C/s and 10’ °C/s, respectively (Table 1). In addition, a 6-log
viability reduction was achieved at lower temperatures of 300 °C at 10’ °C/s, and 450 °C at 10*
°C/s. These results show a synergistic effect of rapid heat pulses and Cl, gas in the neutralization
of Bt spores in both heating schemes. It should be noted that the k values for the neutralization

curves of spores treated with Cl, and without Cl, are similar at the same heating rate (> 0.1 for 50

10



213  ms pulse and < 0.1 for 2 ms pulse), indicating that the temperature sensitivity of spore

214 neutralization is primarily controlled by the heating rate instead of the addition of Cl,.
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216  Fig. 1. Survival curves of Bt spores versus peak temperature for 2 ms (10° °C/s) and 50 ms (10’
217  °C/s) heat pulses, and with or without the presence of Cl,(100 ppm). The relative humidity was
218  kept at 40%.

219

220 Table 1.

221  Fitting results for the variables in Eq. 1.

Heating conditions Cl, (+,-) RH k(CCh T.(°C)

50 ms heating pulse (~10* °C/s) - 40% 0.090 407
50 ms heating pulse (~10* °C/s) + 40% 0.065 252
50 ms heating pulse (~10* °C/s) + 0% 0.065 352
50 ms heating pulse (~10* °C/s) + 100% 0.083 180
2 ms heating pulse (~10° °C/s) - 40% 0.109 232
2 ms heating pulse (~10° °C/s) + 40% 0.146 176
2 ms heating pulse (~10° °C/s) + 0% 0.136 247

11
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2 ms heating pulse (~10° °C/s) + 100% 0.131 177

Note: “+” represents the presence of Cl, during heating of spores, while “-” represents no Cl, during heating of spores.

3.2. Spore viability heated in Cl, gas of different RH at two ramp rates

To understand the mechanism of spore inactivation by Cl,, different humidities were
supplemented to the 100 ppm of Cl, in the gas chamber used for heat inactivation of Bt spores.
The gas chamber for the results described in Section 3.1 has a relative humidity of ~40%, similar
to that of ambient air. At ~10* °C/s, the critical peak temperature for spores heated in dry Cl, (0%
RH) is 100 °C higher than that in moderately humidified CI, (40% RH), whereas the critical peak
temperature for spores heated in moist Cl, (100% RH) is 70 °C lower (Table 1). These results
show that the T, is reduced as the humidity of Cl, increases indicating that the synergistic effect

of Cl, and rapid heat is potentiated by high humidity.

When the heating rate for Bt spores increases to ~10° °C/s, T, increased for Bt spores treated
with dry Cl, (0% RH) (Fig. 2B), similar to spores heated at ~10* °C/s heating rate (Fig. 2A). In
contrast, moderately humidified Cl, (40% RH), and moist Cl, (100% RH) resulted in similar 7,
176 °C and 177 °C, respectively (Table 1). These ~10° °C/s results are distinct from those at ~10*
°C/s since there is minimal change of spore neutralization when RH of Cl, increases from 40% to
100% (Fig. 2B). Thus, the synergistic effect of Cl, in different humidities at 10° °C/s is reduced
as compared to the lower heating rates of ~10* °C/s. The reduction in the effect of humidity can
be in part attributed to the reduced change in 7, (~60 °C) for spores heated in air and in Cl, at

~10° °C/s, which is much smaller than that (~160 °C) at ~10* °C/s (Fig. 1 and Table 1). To
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evaluate the heating-rate-dependent synergistic effects of Cl,, we assessed the changes to Bt

spore morphology and composition in response to Cl, and rapid heat.
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Fig. 2. Survival curves of Bt spores versus peak temperature for 50 ms (10* °C/s) (A) and 2 ms
(10° °C/s) (B) heat pulses. The blue, red, and black curves fit the survival of spores in response to
ClL, and heat at 0%, 40%, and 100% relative humidities.

3.3. Spore morphology after treatment of rapid heat and Cl, gas

Cl, vapors in the chamber surround the immobilized spores and is in contact with the surface
of the spores. The effect of Cl, and heat on Bt spores was assessed by scanning electron
microscopy (SEM). The unheated spores had a general dimension of 1.5 ym (longitudinal) times
1.0 ym (transversal) with wrinkly protrusions along their surfaces (Fig. 3A and Fig. S2B). In the
absence of heat, treatment with Cl, gas up to 1000 ppm, which was sufficient to completely
inactivate Bt spores, did not alter spore morphology (Fig. S2C). The relationship between spore
morphology and peak temperature was investigated first for Bt spores exposed to the higher

heating rates (~10° °C/s). The spore coat remains unaffected when heated to a peak temperature
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of 200 °C at ~10° °C/s (Fig. 3B). When heated to 300 °C at ~10° °C/s, the spore surface started to
melt and the surface protrusions were reduced (Fig. 3C). Further increases in the peak
temperature to ~400 °C at ~10° °C/s caused the surfaces of Bt spores to melt (Fig. 3D). At higher
peak temperatures of >450 °C, the surface coat was completely melted and only the underlying
core remains (Fig. 3E and 3F). When 100 ppm Cl, was used, Bt spores were morphological
indistinguishable from the spores treated by heat alone when the peak temperature is below ~400
°C (Fig. 3G-3I and Fig. 3A-3C). However, a distinct morphology emerged after ~400 ‘C when
additional surface cracks were formed and the spore coat were detached from the underlying core
(Fig. 3J-3K) in contrast to the spore coat melting in the absence of Cl,. The disintegration of
spore coat was further deteriorated when the humidity of Cl, increased to 100% at 400 °C (Fig.
S3), suggesting that the effect of Cl, on the destruction of spore coat is associated with RH.
Together these results indicate that Cl, acts on the surface of the spore to alter the fluidity of the

spore coat.

The SEM images of Bt spores at a lower ramp rate of ~10* °C/s revealed similar
morphological changes (Fig. 4A-4D) as that at a higher ramp rate of ~10* °C/s (Fig. 3A-3D). Bt
spores started to melt at the peak temperature of ~300 °C, and completely melted at the peak
temperature of ~400 °C. The addition of Cl, did not alter Bt spore morphology (Fig. 4E-4H)
compared to the effect of heat alone (Fig. 4A-4D). These results indicate that the morphological

changes were determined by peak temperatures at ~10* °C/s.
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278

279  Fig. 3. Spore morphologies when heated to different peak temperatures at 10° °C/s without (A-F)
280  or with (G-L) the presence of Cl,. The relative humidity was kept at 40%. The red arrows and the
281  black arrows in image 4K and 4L designate detached spore coats and exposed inner spore
282  structures, respectively.
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Fig. 4. Spore morphologies when heated to different peak temperatures at 10° °C/s without (A-D)
or with (E-H) the presence of Cl,. The relative humidity is was kept at 40%.

3.4. Changes in C and Cl contents inside Bt spores exposed to rapid heat and Cl,

To evaluate the effect of Cl, on spores, the mass fractions of chlorine (CI) and carbon (C)
within spores treated by different heating schemes were measured using EDS. Calcium was used
in these experiments as a standard since the calcium content inside spores will not change within
our experimental temperature range (< 700 °C) (Fig. 5). The Cl content of the spores exposed to
Cl, at room temperature was low indicating that Cl, gas does not react readily with the spores at
ambient temperatures. The Cl content was increased as the peak temperature rose at ~10* °C/s,
with the mass concentration of Cl for spores heated to 400 °C ~50 folds higher than that at room
temperature. At the higher ramp rate of ~10° °C/s, a similar trend of increased Cl content was
observed for spores exposed to higher peak temperature. At each temperature, the Cl content of

spores exposed to ~10° °C/s heating rate was higher than spores exposed to the ~10* °C/s heating
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rate (Fig. 5B). These results demonstrate that both heat and heating rate enhance the reaction of
Cl, with the spores. To determine the location on the spore that is reacting with Cl,, we took
advantage of the SEM observation that the spore coat detaches from the core when heated to 500
°C at ~10° °C/s heating rate in the presence of Cl,. EDS of the detached spore coat revealed that
there is a Cl/Ca ratio of 0.335 as compared to 0.005 Cl/Ca ratio in the core (Fig 5B). The 70-fold
increase in Cl concentration in the spore coat indicates that Cl, is reacting primarily with the
surface of the spores during the rapid heating event.

Since SEM images reveal that the spores disintegrated at high temperatures, the carbon content
within spores was evaluated. Spores heated either in air or in Cl, at ~10* °C/s did not lose carbon
content (Fig. 5C). Given that the spore coat was not completely melted until 400 °C (Fig. 4), this
result shows that the intact spore surface inhibits the release of volatile carbons. When rapidly
heated at ~10° °C/s, the C content in spores decreased starting at 300 °C and 400 °C for Bt spores
heated in Cl, and in air, respectively (Fig. 5D). The decrease in carbon content correlates with
the SEM images of revealing damage to the Bt spores heated both in air and in Cl, at 400 °C (Fig.
3D and 3J). In addition, at 300 °C the remaining C content for spores heated in 100% RH Cl, is
40% less than that for spores heated in 0% RH Cl, (Fig. S4), indicating that the carbon release
increase at a higher RH. This is consistent with the fact that heating in the presence of Cl, gas at
a higher RH induces more damage to the spore surface (Fig. S3). The carbon release occurred at
peak temperatures that are higher than the corresponding 7, for Bt spores, indicating that release

of volatile carbons is not the primary factor for spore neutralization at both temperature rates.
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Fig. 5. EDS (energy dispersive spectroscopic) results on the chlorine (A and B) and carbon (C
and D) mass contents in spores heated at ~10° °C/s (A and C) and ~10° °C/s (B and D) rates. The
right side of the graph (B) shows the relative mass contents of Cl in the coat and core of spores
heated to 400 °C at 10° °C/s. The constant content of Ca inside spores is taken as a control and
normalized to 1. Both the relative contents of Cl and C are presented as the mass ratios of Cl/Ca
and C/Ca, respectively.

4. Discussion

4.1. Neutralization of Bt vs Bs spores at two heating rates without Cl,

Our results (Fig. 1 and Table 1) show that the neutralization of Bt spores by rapid heat
treatment alone is determined by the peak temperature and heating rate. The critical peak
temperatures for Bt spores heated at ~10* °C/s and at ~10° °C/s are 407 °C and 232 °C,

respectively (Table 1). Previously, we have also studied the neutralization of Bs spores under
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similar heating schemes [19]. The critical peak temperatures for Bs spores heated at these two
ramp rates are 20 - 30 °C lower, indicating that Bs spores are more sensitive to rapid heat than Bt
spores. SEM observations of Bs and Bt spores heated at ~10* °C/s show that spore coats melt at
410 °C [19] and 425 °C, respectively. When heated at ~10° °C/s, the coats of Bs spores started to
generate visible fissures at a peak temperature of 300 °C [19]. In contrast, at the same heating
rate and temperature, there are only very small pin holes observed on the surface of Bt spores
(Fig. 3C). Together, these results indicate that the spore coat of Bt is less temperature sensitive,

which corresponds to the fact that Bt spores possess a higher 7', to rapid heat.

The previously reported neutralization mechanisms for Bs spores depend on the heating rate
[19]. At ~10* °C/s, inactivation is likely due to the thermal damage to DNA since mutants
lacking small acid-soluble proteins that protect the DNA within spore showed enhanced
sensitivity to heat. At ~10° °C/s, the spore coat was compromised by elevated internal vapor
pressurization from rapid heating [19]. Since neutralization of Bt and Bs was increased at the
elevated ~10° °C/s heating rate, Bt spores likely undergo the same neutralization mechanism as
Bs spores. This is supported by the similarity of SEM morphological changes in response to
heating at ~10* °C/s. Furthermore, heating of Bt at ~10° °C/s to 300 °C caused the emergence of
holes on the surface of the spores indicating that the Bt spores experienced a similar
pressurization event as the Bs spores (Fig. 3C). Although the size of the holes on the surface of
Bt spores are reduced in size, heating of Bt spores at ~10° °C/s to > 400°C in the presence of Cl,
led to the entire spore coat detaching from the underlying core. This phenomenon also supports
the idea that internal pressure lead to rupture of the fixed spore coat. Results presented here and
in earlier studies demonstrate that Bs and Bt spores undergoing rapid heat treatments can be

neutralized through two different mechanisms depending on the rate of heating.
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4.2. The interaction of Cl, and spores

Cl, synergizes with rapid heat pulses to inactivate spores at both the ~10* °C/s and ~10° °C/s
heating rates (Fig. 1). Our results thus raise two central questions: 1) which form of Cl, is
enhancing the synergistic killing of Bt spores? 2) where is this form of Cl, acting on the spore?
The mechanism by which Cl, synergizes with heat pulses is not completely understood. Cl, gas,
in addition to being a potent oxidizer, can form chemical bonds with numerous organic and non-
organic molecules [23]. Our study has revealed several important findings regarding the form of
Cl, that is enhancing synergistic killing with heat. First, increased water vapor concentrations in
the chamber enhanced the potency of Cl, (Fig. 2). Cl, can readily react with H,O to form HCI
and HOCI [23]. Since Cl, synergizes with heat pulses minimally in the absence of humidity (Fig.
2), the compounds that actively enhance neutralization are likely HC1 or HOCI rather than Cl,
gas. Additional evidence for the higher neutralization activity of HCI/HOCI than Cl, is that when
the peak temperature increases from 100 °C to 300 °C, the molar ratio of Cl,/HCI decreases from
~4 to ~0.13 due to a biased reaction equilibrium from CL+H,O towards HCI+HOCI at high
temperatures (according to CEA (NASA Chemical Equilibrium with Applications) calculations
[46] given that the initial concentration of Cl, is 4.2x10° mol/m’ with a RH of 40 %).
Correspondingly, the spore viability reduced significantly as the temperature increased
suggesting that HCI/HOCI is more effective in spore neutralization. HCl and HOCI have unique
chemical properties. HCI is a strong acid that can act to denature proteins on the spore coat [47-
49]. In contrast, HOCI can react with organic molecules leading to chlorine covalently attached
to the molecules on and in the spores [23]. But neither at room temperature appears to be
efficient at neutralizing Bt spores (Fig. S2) suggesting that the reaction of HCI or HOCI with

spores is promoted by heat. For reasons described below, we believe that HOCI is likely the
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active form of chlorine. Nonetheless, future studies with HCl alone, HOCI alone, or the
combination of the two will provide definitive data regarding the specific form of chlorine that

promotes synergistic killing with rapid heat pulses.

The target of Cl, inactivation on the spore is also an area of interest since this can reveal
vulnerabilities of Bacillus spores that can be exploited in biodefense. The EDS data on Cl
support the idea that the heat treatment with Cl, leads to an accumulation of CI on the detached
spore coat (Fig. 5) indicating the chlorine is interacting primarily with the surface of the spore
during the heating pulse. The Cl detected in the spore coat by EDS is either deposited as CI
anion from deprotonated HCI or covalently attached through chemical reactions of HOCI to
cellular organic molecules. There are two reasons, one chemical and one biological, that favor
covalently attached chlorine through HOCI. Our observation that heat synergizes with the form
of chlorine that attacks the spore suggests that HOCI rather than HCI is the active agent. This is
because the electrophilic attack on biological molecules by CI°* (partially polarized chlorine)
from the HOCI molecule possesses a high reaction rate constant and is thus more temperature-
dependent, with an increased reaction rate in a high temperature range (> 100 °C) [23]. In
contrast, even though deprotonation of HCI occurs rapidly at room temperature, the electrophilic
attack by H+ is less dependent on temperature and more dependent on the pH value of the
system. Supporting the theory that HOCI rather than HCL is responsible is the observation that
spores are quite resistant to acid stress alone [6]. The observed synergistic effect of heat pulse
and Cl, only at elevated temperatures argues against the pH change caused by HCI, which would
occur even at ambient temperature. Future studies of the synergistic effect of HOCI with rapid

heat pulse would provide direct evidence to support the active compound that inactivates spores.
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Furthermore, future identification of the spore coat protein(s) that are covalently modified by

chlorine will reveal the bacterial target(s) that confers sensitivity.

4 3. Synergistic neutralization mechanisms for Bt spores by rapid heat and Cl,

There are two potential mechanisms for the observed synergistic effect in spore neutralization
between rapid heat and Cl,: 1). A chemical mechanism in which heat activates chlorine to
become a more potent biocide or 2). A biological mechanism in which chlorine and heat damage
different targets in the spores to enhance inactivation. Although these two potential mechanisms
are not mutually exclusive, the synergistic effect of heat and chlorine is at least in part due to the
heat pulse overcoming the activation energy of reactions between chlorine and the spore. The
EDS data shows that exposure to Cl, alone does not increase Cl content in the spore. Only when
heated does the Cl content of the spore increase, supporting the idea that heat enhances the
reactivity of chlorine. In addition to the increase in chlorine reactivity, the biological targets of
heat and chlorine act on different parts of the spore. Heat pulses at ~10* °C/s damage DNA [44],
whereas chlorine targets the spore coat. The combination of coat damage and DNA damage can
act synergistically neutralize spores. Support for this model of inactivation is that heat pulses at
~10° °C/s, which inactivates spores primarily through physical damage of the spore coat,
synergizes minimally with chlorine. Thus damaging different targets within the spores, rather
than the same target, enhances synergistic neutralization.

Another feature of the synergism of Cl, with heat pulses is that this effect occurs at peak
temperatures and heating rate far below what was required to fix and detach the spore coat (Fig

5). An open question is whether the effect observed at the higher peak temperature (>500°C) and

22



424

425

426

427

428

429

430

431

432

433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448

449

high heating rate (~10° °C/s) applies to the lower peak temperature and heating rates, which
nonetheless synergize with chlorine to neutralize Bt spores. Despite the lack of visual changes of
the spores as detected by SEM at peak temperatures of under 300 °C, the Cl content on the spore
increases as detected by EDS. One interpretation of these results is that at heat pulses between
200-300 °C activates chlorine to interact with spores. Even this lower level of chlorine
modification of the spore surface can negatively impact the function of the spore coat and

increase spore inactivation.

5. Conclusion

Surface immobilized Bt spores subjected to the synergistic effects of ultrafast heating and
biocidal chlorine gas were characterized by several observations including changes in viability,
morphology, and composition. At the heating rates of ~10*°C/s, the critical peak temperatures
for spore neutralization were reduced from 407 °C in air to 252 °C when exposed to 100 ppm Cl,.
At the higher heating rates of ~10° °C/s, the critical peak temperatures for spore neutralization
are decreased from 232 °C in air to 176 °C when exposed to 100 ppm Cl,. Cl, synergizes with
rapid heat pulse to enhance spore neutralization. Additional experiments revealed that the
synergistic effect of Cl, and heat was increased in high humidity, whereas the synergistic effect
decreased in low humidity. Cl, can react with water to generate HCl and HOCI, which in turn
react with the spore. Despite enhancing neutralization, Cl, and heat pulses under 300 °C did not
alter the morphology of the spores. However, treatment of spores at peak temperatures >450 °C
at ~10° °C/s caused the spore coat to detach completely from the endospore. EDS results showed
that Cl is present in heated spores and the majority of the chlorine is present in detached spore
coat indicating that chlorine is acting on the surface of the spores. Our results suggest that the
spore surface damage caused by Cl,, via HOCI and/or HCI, was found to be the major

mechanism in enhanced spore neutralization by rapid heat.
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616  Table S1.

617  Chlorine concentration-exposure time-kill relationships for Bacillus spores in solution. All

618  measurements were done at the room temperature.

Cl, concentration

Reference Bacillus spore Exposure time (min)  Viability reduction

(ppm)
Brazis et al. [27] B. anthracis 63-110 420 4-log
Brazis et al. [27] B. globigii 50-113 1080 4-log
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Rice et al. [28] B. anthracis 267 120 2-log
Fair et al. [29] B. anthracis 333 60 3-log
B. anthracis, B.
Rose et al. [26] cereus, B. 667 45-61 >4-log
thuringiensis
Hosni et al. [30] B. globigii 500-667 118-234 3-log
Brazis et al. [27] B. anthracis 767-800 49 4-log
Brazis et al. [27] B. globigii 833-867 82 4-log
Fair et al. [29] B. anthracis 1000 30 3-log
Szabo et al. [31] B. anthracis 3333 60 4-log
Kreske et al. [32] B. cereus 6.7x10* 5 >3.8-log
DeQueiroz et al. [24] B. subtilis 8.3x10° 5 4-log
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