IEEE TRANSACTIONS ON PLASMA SCIENCE, VOL. 28, NO. 1, FEBRUARY 2000 161

Pulsed Microwave Induced Bioeffects

Johnathan L. Kiel, Jill E. Parker, Pedro J. Morales, John L. Alls, Patrick A. Mason,
Ronald L. SeamarSenior Member, IEEESatnam P. MathyiMember, IEEEand Eric A. Holwitt

Invited Paper

Abstract—High-power pulsed microwave radiation, when 350
applied to solutions containing dissolved carbon dioxide (c_>r A
bicarbonate), hydrogen peroxide, and the soluble organic 300
semi-conductor diazoluminomelanin, generates sound, pulsed ._.\'_'_'_'\.\.
luminescence, and electrical discharge. Microbes exposed to
these phenomena experienced damage comparable to short-time, 250
high-temperature insults, even though the average and measur-
able localized temperatures were insufficient to cause the observed &
effects. - 200 ~
C
Index Terms—Anthrax, bacillus, high-power, microwaves, pulse. g 150 |
L
g
|. INTRODUCTION € 100
REVIOUSLY, we have reported the sensitization ofO
anthrax bacteriaBacillus anthraci$ to killing (a 5-log 50
reduction in viable cells) by continuous-wave 2450-MHz
radiation [1]. This effect was accomplished by growing the 0
bacteria on culture medium that induces the synthesis of tt
organic semi-conductor diazoluminomelanin (DALM) and . | | , ,
treating them with sodium bicarbonate and hydrogen peroxic 1 2 3 4 5 6 7
[1]. The temperature of the exposure was maintained &C37 Time (hrs)

well below the thermal kill temperature of anthrax, either its 30
vegetative or spore forms [see Fig. 1(a) and (b)]. Furthermor

we have shown that HL-60, a human leukemia cell line, can b B
induced to produce DALM and show enhanced absorption ¢ 257
continuous microwave radiation [2]. Last, we have conferre:

this property on several cell lines—bacterial, mouse, an 20 -
human—by introduction of a plant nitrate reductase gen
fragment into their genomes [3]-[5]. The nitrate reductase ger .
is responsible for the biosynthesis of DALM [6]. This polymer &
demonstrates thermochemiluminescence, continuous a @
pulsed, when peroxidizing solutions containing bicarbonate~ 10 -
or other sources of carbon dioxide, are exposed to microwa
radiation, continuous or pulsed, respectively [7]. Here wx
examine damage to anthrax spores with high-power pulsed
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Fig. 2. Single captured frames from integrating charged couple device (left) and nonintegrating black and white (inset flash) video cameeagesf fiiath
DALM solution absorbing 1.25-GHz radiation (6s pulsewidth, 10 pulses/s, 2-MW peak forward power).

crowave radiation in peroxidizing solutions of biosynthesizenitrated. Because nitrate reduction, under aerobic conditions, is
DALM and the mechanism thereof. The absorption is venmyecessary to the biosynthesis of DALM, nitration was consid-
small for microwave frequencies but is predicted to rise rapidgred an essential process for optimizing the pulse response.

in the infrared and visible wavelengths. However, by increasingNitration was achieved by mixing a solution containing 1.38
the number of redox activated molecules that are susceptiglef sodium nitrite in 20-ml water with 2.27 g of 30% hydrogen
to microwave absorption, the probability of enhanced mperoxide plus 0.33 ml of concentrated sulfuric acid in 20 ml of
crowave absorption is increased. This enhancement canweter at ice bath temperatures. As soon as the solution turned
accomplished by simultaneous exposure to microwave ayellow, 1.12 g of sodium hydroxide in 20 ml of water was added
shorter wavelength radiation (into the visible and ultravioletjo the previous mixture. Lyophilized synthetic DALM (2.5 g)
The thermally activated delayed fluorescence demonstrateds dissolved in 10 ml of the peroxynitrite solution (99 mM)
by DALM, when coated onto epoxy polymer, is supportive diormed as described above. The mixture was allowed to react
this mechanism [9]. It is induced by simultaneous exposure awernight at room temperature. It was then dialyzed against cold
366-nm wavelength (UVA) light and microwave radiation. Theeionized water with several changes and freeze-dried. Five mil-
delayed fluorescence is observed by a reexposing of the DALMiters of the nitro-DALM solution was placed in a 15-ml poly-
film to pulsed UVA and observing the afterglow. The intensitgtyrene conical tube and was activated by addition of saturated
of the delayed fluorescence is proportional to the period 8¢dium carbonate and luminol solution with 3% hydrogen per-
exposure or energy of radio-frequency exposure. Heating txide added.

film and exposing it to UVA simultaneously can also generate As previously described for other DALM solutions, the
the effect, but a higher level of conventional than microwavaitro-DALM peroxidizing solution was exposed to 10 pulses/s

heating is necessary [9]. (6-us pulse duration at 1/2 pulse height) of 1.25-GHz radiation
with a peak incident power of 2-MW forward power [7]. The
II. EXPERIMENTS sound and light produced were recorded with a RCA BK-6B

M-11017A microphone and low-light cameras (ITT model
#FA4577 black-and-white camera and an Optronics DEI-470
integrating color camera), respectively. The nitro-DALM
We previously reported the generation of light, sound, angégan pulsing with sound and light almost immediately and
electrical discharges in DALM solutions by exposure to pulsegiith greater intensity than that of the original DALM (1:100
microwave radiation [7]. A variety of mixtures were used, budilution of crude biosynthetic extract). Fig. 2 displays captured
the process was not optimized. The chemical structure of DALivames of the video from the Optronics and ITT cameras
and its relationship to its microwave radiation absorptive proghowing single-pulse results. The spark discharge extended
erties is an object of intense research and remains unresolvefl@h a point in the meniscus (the point is not at the same
this time [10]. In order to determine the basis for variable sulscation for each discharge) into the gas head space of the tube
ceptibility of DALM preparations to the generation of these rebut did not extend above the open mouth of the tube. Fig. 3
sponses, organically synthesized DALM was prepared and vamws a typical temperature profile (measured with Vitek)

A. Optimizing Focal Absorption of Pulsed Microwave
Radiation
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Fig. 3. Time/temperature profile of a pulsed microwave (1.25 GHzs@ulsewidth, 10 pulses/s, 2-MW peak power) exposed 5-ml sample of DALM. The top
curve is the air temperature above the meniscus, the middle curve is the temperature of the meniscus, and the bottom curve is the temperatisratahene liqu
bottom of the tube being exposed.

nonperturbing high-resistance thermal probes) of such Bnthe heating block of an electrotherrhalelting-point appa-
exposed tube. The solution in the bottom of the tube reachedus. Each set of exposures included a control, which was not
a thermal steady state, but the temperature of the menisbeated. The tubes were assayed for CFU’s by recovering the ex-
appeared to linearly increase over the time of the exposupesed material in 4501 of sterile PBS and plating to the blood
The air immediately above the meniscus rapidly becanoe 4X3AT agar, using the 14 loop or 5041 of the suspension.
about 40°C-50°C hotter than steady-state temperature of thEhe plates were incubated as described aBdvee 4X3AT agar
solution and then fluctuated wildly with the discharges. Nongas custom made by the same manufacturer using 55 g of tryp-
of these temperatures was sufficient to kill anthrax spores ticase soy agar base, 6 g of potassium nitrate, 50 mg of luminol,

the time frame of the exposure [Fig. 1(a) and (b)]. and 160 mg of three-amino-L-tyrosine HCI per liter of sterile
deionized water.
B. Determining Thermal Sensitivity of Anthrax Spores Fig. 4 shows that the 4X3AT medium displays no CFU’s

at about 225'C near 1 s of exposure to heat, and the growth
n lood agar drops to zero in 1-2 s at about 260 This
light phase shift in the kill curve for BA on the two media
lows for pinpointing the apparent temperature to which the
A was exposed during the pulsed microwave exposure. Figs. 5
nd 6, for comparison, show the surviving CFU’s Bacillus
uringiensis var. kurstakiandBacillus globigii var. nigefs re-
s;%ectively, exposed under the same conditions in the melting-
Roint apparatus and cultured as the BA was.

TheBacillus anthracigBA; Sterne strain) spore vaccineas
centrifuged, the supernatant decanted, and the button wasf
with chilled deionized water. Dilute powdered milk solution wag
made with chilled deionized water to a concentration of 26
of milk solids in 1 ml of solution and filtered through a O.2n
filter. The BA button was resuspended in 1 ml of the sterile mil
solution. Then, 5Q:l of this suspension were diluted in 450
of physiological phosphate buffered saline (PBS) and used
the source for colony forming unit (CFU) assays. The solutio

were transferred with a Lt calibrated loop to blood or 4X3AT I: (I)r(rllnerrtot gotlenera:te "’; r;rgr%ar?]téog gf smgI? Tp(r)resdratrhervtlhe;n
agar plates for incubation at 3C for 18-24 h. They were then conglomerated spores fo a » SPEcial procedures were

counted up to 300 colonies per plate. For thermal exposures, ﬁ’%// elli?1 p\zd. Ore-hgl:‘n?ramlgf :rr:le C?}??erc'?lbpreg?;?“?nm B;_
icone-coated [BDH Silicone Products, Repelcote (VS) solutio ave as place 0 & 15-mi centriiuge tWbe, orchifie

. L : ionized water was added, and the suspension was thoroughly
coated according to manufacturer directions] 5.75 in Pasmv%c}exed. It was then sonicated for 3_5 s. Next. 6 m! of chilled

pipettes were used. These pipettes were washed with deioniz | acetate was added to the suspension and the tube was
water, autoclaved, and oven dried. Each pipette was chargeg 4 P

the tip with 3.l of well-mixed skim milk/BA suspension. They fhfakeré i\::gorﬁﬁislyl forntlrifmln. fT?iSSrl:]Siﬁe?ﬁlon Wasnt(?edn ?en-
were then frozen. The frozen samples were lyophilized for fodt u9€ aclinical centrituge fo - [ne suspended piug

to five days. They were stored under vacuum at room temper2model 9300; Electrothermal Engineering Limited, Southend-on-Sea, Essex,
ature when not in use. The lyophilized spore samples were &xK.

posed to various temperatures for various times by placing therﬁThe blood agar was commercially obtained from Remel, Lenexa, KS.
4 BT, a close relative of anthrax bacteria that kills insects; Javelin, Sandoz

Agro, Inc., Des Plaines, IL.
1 Thraxol, Mobay Corp., Animal Health Division, Shawnee, KS. SBG; provided by Dr. R. Liebert, U.S. Army Dugway Proving Ground, UT.
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Fig. 4.  Anthrax bacterial growth on 4X3AT (square) and blood (circle) agarsg. 6. Bacillus globigii var. nigergrowth on 4X3AT (circles) and blood

following 1-s exposures of dry spores to various temperatures. The singdguares) agars following 1-s exposures of dry spores to various temperatures.
triangles indicate high-power, pulsed microwave data fitted to the thermal

response data for growth on blood (triangle pointing up) and 4X3AT (triangle

pointing down) agars, respectively. a sterile paper filter and funnel pulled through by vacuum. The
filtrate was placed in another sterile 15-ml centrifuge tube and
centrifuged for 15 min at maximum speed in & 4i%ed head

in a clinical centrifuge. A vertical streak of spores formed along
the length of the tube, and a button of debris was deposited in
the bottom. The supernatant was poured off and the button was
removed with a pipette. The streak was washed and centrifuged
three times with chilled deionized water. After the final wash,
the supernatant was removed and a 1-1 loopful of the streak was
removed and resuspended in 1 ml of sterile deionized water. The
samples were stored af@-8°C until used. The media did not
show differential growth for BT and BG like that seen with BA
but did display about the same thermal kill profile as for BA.
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C. Pulsed Microwave Effects on Anthrax Spore Viability

For pulsed microwave exposure, 0.5 ml of BA spore suspen-
sion was placed into 0.2m-filters centrifuge tubes. The spores
were then centrifuged onto the filter (16 000 g for 15 min). The
tubes were refilled with 1.5 ml of a reaction mixture consisting
of 0.9 ml of saturated sodium bicarbonate/luminol solution, 0.1
ml of 1:10 biosynthetic DALM, 0.6 ml of 1: 10 diazoluminol,

Temperature (°C) 0.33 ml of saturated sodium bicarbonate/luminol solution, and
Fig. 5. Bacillus thuringiensis var. kurstakgrowth on 4X3AT (squares) ,0'33 ml of 3% hydro-gen peroxme. Al the, dIIUtlons_ were ma_de
and blood (circles) agars following 1-s exposures of dry spores to variolis the saturated sodium bicarbonate/luminol solution. The final
temperatures. dilution of the DALM was 1:1000. A detailed description of

) o the reaction mixture has been previously published [6], [7]. The
was loosened with a sterile stick and poured off the spore buttﬁ{br' with the BA spores, was inserted into the tube to the level

with the supernatant. The button was washed three times Wi, po|q\y the meniscus of the fluid. The exposures were as de-

Chi"fd dtﬁio?_izeld wa';]er and c?gtriiugeld each tfiThe. After dgzrined above for the nitro-DALM. They were started at 3 min
canting the final wash, one calibrated loopu!) of the spore and 22 s after placing the reaction mixture in front of the mi-

buttondwasfpla;%d in1ml %f.ft.hz ?terlltatr]sk;mfné|lTk %olutmn. Th rowave wave guide. The microwave exposure was for 13 min
procedure for was modtied from that o -onegram ol og . Therefore, the total radiation exposure was for 48 ms

BG p(_)Wder was p_Iac_ed ina 15-ml centrifuge tybe, and the tu agduty factor of 0.000 06). The temperature of the sample was
was filled with deionized water. The suspension was vortex

and then sonicated for 5 s. The suspension was then filtered withiMicrofilterfuge, Rainin Instrument Co., Inc., Woburn, MA.

\ T \ T T
150 200 250 300 350 400 450
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Fig. 7. Recoverable colony forming units of anthrax bacteria following
exposure of spores to pulsed microwave radiation (1.25 GHz, 6 —s pulsewidi B
10 pulses/s, 2-MW peak power). BAC and 4XC are sham exposed spor

recovered onto blood and 4X3AT agars, respectively. BAE and 4XE 250
are microwave exposed spores recovered onto blood and 4X3AT aga
respectively.
200 ~

2]
continuously monitored with a nonperturbing, high—resistancg
temperature probe (Vitek). The temperature began at 25.3 > 450
and reached a high point, at the end of the exposure, 6€64 €

During the exposure, light and sound pulses were produced tr 2
correlated with the microwave pulses. Spores were recover g 100 -
fromthe filter by placing itin a 50-ml centrifuge tube containing 3

5-ml PBS and vortexing extensively. This solution was titeret  5q _|
ten- to 1-million-fold for colony count determination. The spore
suspension samples were transferred to 4X3AT or blood ag

with a 1l calibrated loop. The samples (exposed and sham e 07
posed) were assayed as described above.

Fig. 7 displays the CFU counts for sham exposed (to reactic . ] ‘ | I :
mixture but no radiation) and exposed samples. The respecti 0 1 2 3 4 5 6
survivability points for the pulsed microwave exposure, whel Time (min)
assayed on the 4X3AT agar and blood agar media and imposed
on the heat-kill curve in Fig. 4, indicate an apparent effect corfig. 8. Effect of the presence of carbon dioxide on the recovery of anthrax
parable to that of heating for 1 s at about Z0 This effect colony forming units on 4X3AT (squares) and blood (circles) agars after

o . exposure of the dry spores to 126 for various lengths of time. (A) is without
greaﬂy exc'eeds that_ expected for_ the’@maximum observed carhon dioxide present and (B) is with carbon dioxide.
in the meniscus during the experiment.

D. Biological Mechanism of Pulsed Microwave Effect on

X days and passaged to new medium every 24 h, the stimulation
Anthrax Bacteria

of growth by CQ is lost along with the pXO1 plasmid (data not

Fig. 8(a) and (b) indicates that when carbon dioxide is addetiown). Because a transactivating factor for gene expression,
to the growth conditions (Marion Scientific G@as generator sensitive to CQ levels, appears to reside on the pXO1 plasmid
placed in a zip-lock bag with the culture medium plates durirfgr toxin production [16], the C@enhanced growth on 4X3AT
incubation), the growth of BA on 4X3AT plates was greatly ermedium appears to be controlled by this plasmid. The plasmid
hanced. The CFU’s rose to the level of those on blood agar, aredides in Sterne strain as well as pathogenic strains of BA. Even
the blood agar showed no enhancement in growth with the adeugh growth on the 4X3AT agar was restricted after either suf-
dition of CO;. NeitherBacillus globigii var. nigemor Bacillus ficient thermal or microwave exposure, polymerase chain reac-
thuringiensis var. kurstaldisplayed this differential growth be- tion amplification of a target sequence on the pXO1 plasmid,
tween 4X3AT and blood agars (Figs. 5 and 6). Furthermoregwever, revealed that it was still present in these treated bac-
when BA is grown at an elevated temperature {@2for ten teria (data not shown).
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I1l. CONCLUSION [3] J. G. Bruno, J. E. Parker, and J. L. Kiel, “Plant nitrate reductase gene
. . fragments enhance nitrite production in activated murine macro phage
The comparison of the pulsed microwave effects on the cell lines,” Biochem. Biophys. Res. Commuol. 201, pp. 284—289,
viability of anthrax spores compared to standard thermal insult 1994

-~ - . 4] J. L Kiel, J. L. Alls, E. A. Holwitt, L. J. V. Stribling, and J. E. Parker,
indicate that the spores perceive much hlgher temperature “Thermochemiluminescence as a technique for radio frequency radia-

than were measured during the exposures. The results indicate tion dosimetry, Bioelectrochem. Bioenergol. 47, pp. 253-257, 1998.
thermal damage to the plasmid, but not its thermal destruction[5] J. L. Kiel, J. E. Parker, E. A. Holwitt, and H. A. Schwertner, “Biosyn-

: : : : thesis of Diazomelanin and Diazoluminomelanin and methods thereof,”
which occurred with the short-time, high-temperature (200 US Patent 5856 108, Jan 5, 1999,

“C-225°C) exposures and the pulsed microwave exposuresig] J. L. Kiel, J. L. Alls, P. A. Mason, and D. N. Erwin, “Luminescent
These results strongly suggest that the plasmid expression was radio frequency radiation dosimetryBloelectromagnetics/ol. 20, pp.

affected and that the same thermal mechanism was operational 3‘6E5iiellggg-l_ Seaman, S. P. Mathur, J. E. Parker, 3. R. Wright, 3. L

in both type_s of in_SU“- _ Alls, and P. J. Morales, “Pulsed microwave induced light, sound, and
The physical evidence, otherthan directtemperature measure- electrical discharge enhanced by a biopolym&igelectromagnetics
_ti inh- vol. 20, pp. 216-223, 1999.
ments, a.'lso supports the L.”traShort time, very high temperat.ur?S] E. A. Holwitt, J. L. Kiel, and D. N. Erwin, “Microwave sensitive article,”
mechanism for pul_sed_ microwave effects. The (_alectncal dis-"" y.s. patent 5658673, Aug. 19, 1997.
charges above the liquid surface, and the pulsed light and sounf$] K. B. Wagner-Brown, K. F. Ferris, J. L. Kiel, and R. A. Albanese, “Mor-
that correlated with the microwave pulses support this mecha- ~ Phology dependence of the optical properties of DALM related mate-

. E th h th dt t rials,” in Proc. Mat. Res. Soc. Sympol. 488, 1998, pp. 909-914.
n'snl' ven thoug € meéasured temperatures never regc J. M. Bartkus and S. H. Leppla, “Transcriptional regulation of the pro-
200 °C, the fact that the gas temperature above the meniscus tective antigen gene @acillus anthracis’ Infect. Immun.vol. 57, pp.
was at least 30C hotter than the meniscus and %D hotter I §2%512300,(129i39. 43 K. Hurt. “Mechanism of carbon dioxid

R . V. Lymar, Q. Jiang, an . K. Hurst, echanism ol carpon dioxide-
than the bulk of the fluid in the tu bes_ Squ,e‘Q‘ts that a hot gfis Wéjs catalyzed oxidation of tyrosine by peroxynitrit®3fochem, vol. 35, pp.
produced and ejected from the fluid. This gas was obviously  7855-7861, 1996.
not in thermodynamic equilibrium with the surrounding fluid. [12] j Kht«)‘sm, 2-NM- Brennan, N. Eradley|_B- Gfa;]), R. Brulckdorf%h and_M-d

H H H acobs, “3- ItI’OterSII’]e in the protelns O human plasma etermine
,OAIso, |f.the. temperature of the bacterial spores did approaqh 200 by an ELISA method. 7. Biochem.vol. 330, pp. 795-801, 1998,

C, as indicated by the assay responses, then the bacteria mus{ L. A. MacMillan-Crow, J. P. Crow, and J. A. Thompson, “Peroxyni-
have been in contact with a hot gas, not the aqueous solution trite-mediated inactivation of manganese superoxide dismutase involves
that could not have exceeded 100 and remained a quuid nitration and oxidation of critical tyrosine residueBfochem, vol. 37,

: pp. 1613-1622, 1998.

Therefore, gas must have beentrapped or generated atthe surfacg 3. p. Eiserich, M. Hristova, C. E. Cross, A. D. Jones, B. A. Freeman, B.
of the bacterial spores and transferred some of its energy to the  Halliwell, and Van Der Vliet, “Formation of nitric oxide-derived inflam-
bacterial spores. The physical and biological evidence presented matg%o’ég?ﬁ‘”;zr?yzgyig’ggerox'dase in neutrophifggiture vol. 391,
here suggests thataspnoluminescent—like mechanism co.uld b 2 S)P'Byun, J.'P. Henderson, D. M. Mueller, and J. W. Heinecke,
work. The hot plasma involved could be generated by the intense  “8-Nitro-2'-deoxyguanosine, a specific marker of oxidation by reactive
thermal gradient, pulsed microwave induced sound (ShOCk) nitrogen species, is generated by the myeloperoxidase-hydrogen

. . . peroxide-nitrite system of activated human phagocyt®mthem, vol.
wave, cavitation, and collapse of gas. The chemical reactionon 3¢ 0p. 25902600, 1999.
or in the DALM molecules facilitated this process. A very high, [16] C. Daveu, C. Servy, M. Dendane, P. Marin, and C. Ducrocg, “Oxidation

very localized temperature effect on the spores is compatible and nitration of catecholamines by nitrogen oxides derived from nitric
. . oxide,” Nitric Oxide Biol. Chem.vol. 1, pp. 234-243, 1997.

with Su,Ch,a m_e_Chamsm' . [17] J. Kalns, J. Parker, J. Bruno, E. Holwitt, E. Piepmeier, and J. Kiel, “Ni-
Atthistime itis notknown how the redox chemistry of DALM trate reductase alters 3-nitrotyrosine accumulation and cell cycle pro-

brings about the process. What is known is that DALM is a ni-  gression in LPS + IFN(-stimulated RAW 264.7 cellsNftric Oxide:
tration product of luminol and three-amino-L-tyrosine and that ~ Bi°l- Chem vol. 2, pp. 366-374, 1998.

the latter is an analog of a natural amino acid tyrosine. Tyrosi
and other biomolecules are nitrated in animal and human tiss
[12]-[17]. Therefore, nitrated proteins, lipids, catecholamine
and nucleic acids could possibly participate inan energy focus
reaction comparable to the one involving DALM.
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