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10 Abstract—Non-thermal dielectric barrier discharge plasma is
11 being developed for a wide range of medical applications,
12 including wound healing, blood coagulation, and malignant
13 cell apoptosis. However, the effect of non-thermal plasma on
14 the vasculature is unclear. Blood vessels are affected during
15 plasma treatment of many tissues and may be an important
16 potential target for clinical plasma therapy. Porcine aortic
17 endothelial cells were treated in vitro with a custom non-
18 thermal plasma device. Low dose plasma (up to 30 s or
19 4 J cm�2) was relatively non-toxic to endothelial cells while
20 treatment at longer exposures (60 s and higher or 8 J cm�2)
21 led to cell death. Endothelial cells treated with plasma for
22 30 s demonstrated twice as much proliferation as untreated
23 cells five days after plasma treatment. Endothelial cell release
24 of fibroblast growth factor-2 (FGF2) peaked 3 h after plasma
25 treatment. The plasma proliferative effect was abrogated by
26 an FGF2 neutralizing antibody, and FGF2 release was
27 blocked by reactive oxygen species scavengers. These data
28 suggest that low dose non-thermal plasma enhances endo-
29 thelial cell proliferation due to reactive oxygen species
30 mediated FGF2 release. Plasma may be a novel therapy for
31 dose-dependent promotion or inhibition of endothelial cell
32 mediated angiogenesis.

33 Keywords—Angiogenesis, Plasma medicine, Reactive oxygen

34 species, Apoptosis, Wound healing.
35

3637 INTRODUCTION

38 Non-thermal dielectric barrier discharge (DBD)

39 plasma has recently emerged as a novel tool in medi-

40 cine. DBD occurs at atmospheric pressure in air or

41 other gases when high voltage of sinusoidal waveform

42 or short duration pulses is applied between two

43electrodes, with at least one electrode being insu-

44lated.10,35 The insulator prevents current build-up

45between the electrodes, creating electrically safe plasma

46without substantial gas heating. This approach allows

47direct treatment of biological systems without the

48thermal damage observed in conventional thermal

49plasma.38 Non-thermal plasma can kill bacteria or

50induce apoptosis in malignant cells.2,15,17,27 It can be

51applied in sub-lethal doses for gene transfection,7,8 cell

52detachment,26,27 wound healing,2,21,34 and blood

53coagulation.2,25 In recent studies of plasma blood

54coagulation2,25 and bacteria deactivation,2,15 plasma

55did not demonstrate measurable toxicity in the sur-

56rounding living tissue.2,7

57Non-thermal plasmas can be used in medicine for

58either direct or indirect treatment.15 Plasma is com-

59posed of charged particles (electrons, ions), electroni-

60cally excited atoms and molecules, radicals, and

61ultraviolet photons. Both direct and indirect plasma

62expose cells or the tissue surface to short and long lived

63neutral atoms and molecules, including ozone (O3),

64NO, OH radicals, and singlet oxygen (O2
1
Dg). How-

65ever, direct plasma allows a significant charged particle

66flux, including electrons and positive and negative ions

67like superoxide radicals O2
�, to reach the surface.

68Non-thermal plasma temperature and composition can

69be changed to control plasma products.

70Non-thermal plasma interaction with the vascula-

71ture must be understood prior to treating vascularized

72tissue. We hypothesize that plasma can grow or regress

73blood vessels in a dose-dependent manner. Endothelial

74cells control many aspects of the vasculature from

75vascular tone to coagulation to inflammation. Endo-

76thelial cells also play a guiding role in angiogenesis.13

77Endothelial cells produce and secrete angiogenic

78growth factors such as fibroblast growth factor-2

79(FGF2), which in conjunction with many other signals
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80 induces cells to invade the surrounding tissue, prolif-

81 erate, and develop into new blood vessels.32 Angio-

82 genesis can be both helpful and harmful. In wound

83 healing, angiogenesis is required at the wound site for

84 healing, whereas in cancer, angiogenesis blockade may

85 prevent tumor growth.12

86 Using an in vitro model, we investigated the effect of

87 non-thermal DBD plasma on endothelial cells. Endo-

88 thelial cell proliferation and death following plasma

89 were measured. FGF2 release from endothelial cells

90 and its effect on cell proliferation were quantified.

91 Finally, mechanisms of non-thermal plasma effects

92 were explored. We now show that while high dose

93 non-thermal plasma induces endothelial cell death,

94 lower doses induce endothelial cell proliferation. This

95 proliferative effect is likely related to FGF2 release due

96 to plasma-produced reactive oxygen species.

97 METHODS

98 Endothelial Cell Culture

99 Porcine aortic endothelial cells (PAEC) were iso-

100 lated from porcine aortae by the collagenase dispersion

101 method and used between passages 4 and 9.40 PAEC

102 were maintained in low glucose Dulbecco’s Modified

103 Eagle’s Medium (DMEM) (Mediatech) with 5% fetal

104 bovine serum (Hyclone), 1% L-glutamine, and 1%

105 penicillin-streptomycin (Invitrogen). Medium was

106 changed every two days. For plasma treatment, cells

107 were washed with phosphate buffered saline, detached

108 with 0.1% trypsin (Invitrogen), and seeded near con-

109 fluence (4 9 105 cells per well) on 18 mm uncoated

110 glass cover slips (VWR) in 12-well plates (Corning).

111 PAEC adhere well to bare glass, with close to 100%

112 seeding efficiency. Cells were incubated for 24 h prior

113 to plasma treatment in 1.5 mL supplemented medium

114 at 37 �C and 5% CO2.

115 Porcine tumor necrosis factor-a (TNF-a) was from

116 R&D Systems. Recombinant human FGF2 was

117 from Peprotech, and neutralizing FGF2 antibody was

118 from Upstate Biotechnology. N-Acetyl-L-cysteine

119 (NAC, Sigma), an intracellular reactive oxygen species

120 (ROS) scavenger and sodium pyruvate (Sigma), an

121 extracellular ROS scavenger, were used to block

122 plasma-produced ROS.

123 Endothelial Cell Plasma Treatment

124 Non-thermal DBD plasma was produced using the

125 device in Fig. 1 (Fig. 1a shows the device schematic

126 and Fig. 1b shows the actual device).2,17 Plasma was

127 generated by applying alternating polarity pulsed

128 (500 Hz to 1.5 kHz) voltage of ~20 kV magnitude

129(peak-to-peak) between the insulated high voltage

130electrode and the sample using a variable voltage and

131frequency power supply (Quinta). A 1 mm thick clear

132quartz was the insulating dielectric barrier covering the

1331 in. diameter copper electrode. The discharge gap

134between quartz and the sample was fixed at 2 mm. The

135pulse waveform was 20 kV, 1.65 ls width, with rise

136time 5 V ns�1 (Fig. 1c). Discharge power density was

1370.13 W cm�2 (500 Hz) and 0.31 W cm�2 (1.5 kHz)

138using electrical characterization and a custom calori-

139metric system.1 The plasma treatment dose in J cm�2

140was calculated by multiplying the plasma discharge

141power density by the plasma treatment duration. The

142non-thermal DBD plasma has a g-factor (number of

143ROS generated per electron volt or eV) of between 0.3

144and 0.5.14 For a plasma dose of 3.9 J cm�2,

1457.32 9 1016–1.22 9 1017 ROS are generated. The val-

146ues for specific plasma parameters are provided in

147Fig. 1d.

148PAEC on glass cover slips were exposed to plasma

149for 5–120 s. Each cover slip was removed from the

15012-well plate and placed on a microscope slide, which

151was positioned on the plasma device grounded base.

152A 50 lL serum free medium was added to the sample

153to prevent drying. Following plasma, the cover slip was

154immediately placed in a new 12-well plate, 1.5 mL

155supplemented medium was added, and the samples

156were returned to the incubator.

157Three approaches were used for plasma-treatment

158of cells: direct, indirect and separated. In direct treat-

159ment, the sample was one of the electrodes creating the

160plasma (Figs. 1a and 1b). Plasma discharge occurred

161between the quartz and the sample, which exposed the

162sample directly to neutral reactive species and charged

163particles. For indirect treatment, a grounded mesh was

164placed between the high voltage electrode and the

165sample to eliminate charged particles. In separated

166plasma treatment, medium was plasma treated sepa-

167rately from cells and then immediately applied to cells.

168In this case, cells were not in direct contact with any

169plasma component.

170Non-Thermal Plasma Induced Cell Death

171Non-thermal plasma endothelial cell cytotoxicity

172was measured via cell counts and Live/Dead assay. For

173cell counts, PAEC were plasma treated as described.

174Three and twenty-four hours following plasma treat-

175ment, attached (live) cells were trypsinized and counted

176using a Coulter counter (Beckman Coulter). These

177time points were selected to examine immediate and

178medium-term plasma toxicity effects. Since no change

179was detected between 3 and 24 h, no longer time points

180were investigated. For the Live/Dead assay, 3 and 24 h

181post treatment cells were labeled with 1 lM ethidium
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182 homodimer and 0.25 lM calcein (Invitrogen), incu-

183 bated at room temperature for 45 min, and imaged

184 by fluorescent microscopy (Olympus, USA) with a

185 digital high performance CCD camera (Diagnostic

186 Instruments). Live cells convert cell-permeant calcein

187 to a FITC fluorescent form via intracellular ester-

188 ases, whereas cell impermeant ethidium homodimer

189 binds nucleic acids in membrane damaged dead cells to

190 enhance TRITC fluorescence. Dead cells were manu-

191 ally counted in five distinct sample areas.

192 Endothelial cell apoptosis was measured via

193 annexin V-propidium iodide labeling. Annexin V

194 binds phosphatidylserine translocated from the inner

195 to the outer cell membrane. Cells in early apoptosis

196 are identified as annexin V-positive and propidium

197 iodide-negative. PAEC were prepared by combining

198 floating and trypsin-released attached cells. Samples

199 were centrifuged to pellet cells, washed thoroughly,

200resuspended in annexin binding buffer, and labeled

201with annexin V-fluorescein and propidium iodide as

202per manufacturer instructions (BD Pharmingen).

203Samples were analyzed immediately by flow cytome-

204try (BD FACScanto).

205Endothelial Cell Membrane Damage and FGF2 Release

206Endothelial cell membrane damage following

207non-thermal plasma was quantified through lactase

208dehydrogenase (LDH) release. PAEC were plasma

209treated as described, however DMEM without sodium

210pyruvate was used since sodium pyruvate interferes

211with the LDH assay. TNF-a (10 ng mL�1) was the

212positive control. A 0.5 mL conditioned medium was

213collected 2, 4, 6, 8, 12, and 24 h after plasma, and LDH

214was quantified using the Cyototox-ONE Homoge-

215neous Membrane Integrity Assay (Promega) as per

FIGURE 1. DBD plasma (a) schematic and (b) device. (c) Voltage (top) and current (bottom) waveforms. (d) DBD plasma operating
parameters.
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216 manufacturer instructions. FGF2 release from plasma

217 treated cells was measured in collected medium 0.5 to

218 24 h after plasma treatment. FGF2 levels were quan-

219 tified via FGF ELISA (R&D Systems).

220 Non-Thermal Plasma Induced Cell Proliferation

221 Endothelial cell proliferation was measured through

222 cell counts and BrdU incorporation on treated cells or

223 using conditioned medium. For cell counts, 10,000

224 PAEC were seeded on coverslips and plasma treated as

225 described. Cell number was quantified on days 1, 3, 5,

226 and 7 by counting trypsin-detached cells using a

227 Coulter counter, with medium changes on days 2, 4,

228 and 6. For directly treated cells, fold proliferation was

229 determined by comparing cell number on day five to

230 day one. For conditioned medium, confluent PAEC

231 were plasma treated as described and incubated for 3 h

232 in 1 mL serum-free DMEM. Conditioned medium was

233 collected and centrifuged to remove dead cells. A

234 0.5 mL conditioned medium, along with 1 mL sup-

235 plemented medium, was added to subconfluent PAEC

236 (10,000 cells per well) on days 2, 4, and 6 and cell

237 proliferation was assessed. Conditioned medium from

238 untreated cells and serum-free medium were controls.

239 FGF2 effects were blocked by pre-incubating condi-

240 tioned medium with FGF2 neutralizing antibody

241 (1 lg mL�1) for 30 min prior to adding it to cells.

242 DNA synthesis induced by plasma-treated cell

243 conditioned medium was determined by BrdU incor-

244 poration. Thymidine analogue 5-bromo-2-deoxyuri-

245 dine (BrdU) is incorporated instead of thymidine into

246 newly synthesized DNA. 10,000 cells per well were

247 seeded in a 96-well plate in supplemented medium.

248 Conditioned medium was collected from plasma-

249 treated cells as described and added to each well in a

250 1:2 ratio with supplemented medium. After 18 h,

251 20 lL BrdU labeling solution (Chemicon) was added

252to each well for 3 h. Cells were fixed and incubated

253with anti-BrdU conjugated with peroxidase. The

254optical density (450/570), which was directly propor-

255tional to DNA synthesis level, was determined using a

256microplate reader (TECAN).

257Statistical Analysis

258Statistical analyses were performed with Prism

259software (Graphpad). Data were normally distributed

260and expressed as the mean ± SD. Comparisons

261between two groups were analyzed by Student’s t test,

262and comparisons between more than two groups

263were analyzed by ANOVA. A value of p £ 0.05 was

264considered statistically significant and is indicated

265with a pound sign (#). p £ 0.01 is indicated with an

266asterisk (*).

267RESULTS

268Endothelial Cell Proliferation in Response

269to Non-Thermal Plasma

270Endothelial cell proliferation is enhanced by low

271dose non-thermal plasma treatment. Five days after

272treatment, cells treated with plasma showed greater

273viable cell number than control up to 30 s of plasma.

274PAEC exposed to 30 s of plasma demonstrated twice

275as many viable cells as untreated controls (Fig. 2a).

276However, plasma beyond 30 s decreased cell number.

277A similar increase in cell number with 30 s of plasma

278treatment was observed for cells growth on collagen

279coated coverslips (data not shown). To determine if

280increased cell number was related to a cell-secreted

281soluble factor, PAEC were incubated in conditioned

282medium from untreated or plasma treated cells

283(3.9 J cm�2, 30 s) (Fig. 2b). Serum-free media, which

284does not contain soluble growth factors, was the

FIGURE 2. Plasma induces endothelial cell proliferation by direct treatment and through conditioned medium from treated cells.
(a) PAEC were plasma treated on day 0, and counted on days 1 and 5, with medium changes on days 1 and 3. Data are presented as
fold change, since plasma leads to some cell death on day 1. * p< 0.01 compared to untreated cells. (b) Conditioned medium was
collected after 3 h from untreated or plasma-treated cells and applied to untreated PAEC. Serum-free media, which does not
contain soluble growth factors, was the negative control. Cell number was counted with a Coulter counter. * p< 0.01 compared to
day 1; #

p< 0.01 comparing untreated cells with 30 s plasma.
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285 negative control. Plasma dose was selected based on

286 maximal observed effect. Viable cell number was

287 twice as high in cells incubated with plasma-treated

288 cell conditioned medium on days 3, 5, and 7 compared

289 to cells incubated with untreated cell conditioned

290 medium.

291 Endothelial Cell Death in Response

292 to Non-Thermal Plasma

293 Decreased viable cell number was observed at high

294 non-thermal plasma levels; therefore we investigated

295 endothelial cell death in response to plasma. Plasma

296 was relatively non-toxic to PAEC up to 60 s. While the

297 number of live, attached cells decreased as plasma

298 exposure increased, more than 75% of cells remained

299 viable up to 60 s plasma (Fig. 3a). There was no sig-

300 nificant difference in cell viability 3 and 24 h following

301 plasma exposure, suggesting no long term plasma

302 toxicity effects. A Live/Dead assay was used to confirm

303cell count results. Endothelial cells treated with plasma

304for short exposure times (up to 30 s) showed few dead

305cells (Fig. 3b, quantified in Fig. 3c), confirming that

306plasma is relatively non-toxic at short exposures. Dead

307cell number increased with increasing plasma exposure

308time (p< 0.01 by ANOVA). While dead cell number

309increased slightly with 60 s plasma, at 120 s a signifi-

310cant number of dead cells and few live cells were evi-

311dent. This extensive cytotoxicity may be related to

312sample drying. Therefore, 120 s plasma was not used

313for subsequent assays.

314To determine the endothelial cell death mechanism

315induced by plasma, PAEC were analyzed 24 h post-

316plasma for apoptosis (Fig. 3d). Apoptosis increased

317with plasma treatment (p< 0.01 by ANOVA). At 30

318and 60 s plasma, 20% of cells were apoptotic com-

319pared to 10% of untreated cells. At 120 s, nearly 60%

320of cells were apoptotic. These data confirm that shorter

321plasma exposures are non-toxic, and apoptosis is one

322mechanism of plasma-induced cell death.

FIGURE 3. Low dose plasma is relatively non-toxic to cells, but high dose induces apoptotic cell death. (a) Attached cells,
confirmed as alive by Trypan blue, were counted 3 and 24 h after plasma (p< 0.01 by ANOVA). (b) Endothelial cell death was
measured by Live/Dead assay. Live cells appear green, whereas dead cells appear red. Scale bar is 200 lm. (c) Quantified Live/
Dead images (n 5 5). (d) Apoptosis was measured by Annexin V-propidium iodide 24 h after plasma.
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323 Endothelial Cell FGF2 Release Post Plasma

324 We next considered whether FGF2 was released

325 from endothelial cells following plasma, and whether

326 released FGF2 contributed to enhanced cell prolifer-

327 ation. FGF2 has no signal sequence for secretion, and

328 therefore is primarily thought to be released during

329 sub-lethal cell membrane damage. Cell-released FGF2

330 increased up to 3 h after plasma treatment (3.9 J cm�2,

331 30 s) and then rapidly decreased up to 24 h after

332 plasma (Fig. 4a). In contrast, FGF2 levels for cells

333 treated with 10 ng mL�1 TNF-a as a positive control

334 rose more slowly but continued to rise up to 24 h.

335 Endothelial cell membrane damage was assessed

336 by LDH release following plasma. Medium LDH

337 increased significantly by 4 h after plasma and con-

338 tinued to rise throughout the first 24 h (Fig. 4b,

339 p< 0.01 by ANOVA), comparable to TNF-a positive

340 control.

341The role of released FGF2 in plasma-enhanced

342endothelial cell proliferation was investigated by

343treating conditioned medium from plasma-treated cells

344with an FGF2 neutralizing antibody to block FGF2

345effects. Serum free media, which does not contain

346FGF2, was the negative control. The FGF2 neutral-

347izing antibody significantly suppressed proliferation in

348PAEC exposed to plasma-treated cell conditioned

349medium (Fig. 4c). Viable cell number for samples

350with FGF2 blocked was similar to untreated cell

351conditioned medium. These data were confirmed

352with a BrdU assay (Fig. 4d). BrdU incorporation was

353enhanced for cells incubated in plasma-treated cell

354conditioned medium, but the FGF2 neutralizing

355antibody abrogated the effect. These data suggest

356that plasma leads to FGF2 release, which contributes

357to enhanced endothelial cell proliferation following

358plasma.

FIGURE 4. Endothelial cells release FGF2 after plasma, and cell-released FGF2 enhances proliferation. (a) FGF2 was quantified in
cell medium after plasma by ELISA. Inset shows medium FGF2 up to 3 h after treatment. (b) LDH release was measured in cell
medium post-plasma. (c) FGF2 effects were blocked by incubating plasma-treated cell conditioned medium with FGF2 neutralizing
antibody. (d) FGF2 blockade reduced DNA synthesis in response to plasma-treated cell conditioned medium, measured by BrdU
incorporation. Serum free media, which does not contain FGF2, was the negative control.
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359 Mechanism of Release of FGF2 from Endothelial

360 Cells Following Plasma Exposure

361 Plasma produces neutral short and long lived reac-

362 tive species and charged particles like ions and elec-

363 trons, yet which plasma component led to endothelial

364 cell FGF2 release was unknown. To better understand

365 FGF2 release mechanisms, PAEC were exposed to

366 plasma directly, indirectly, or in a separated configu-

367 ration. There was no statistically significant difference

368 in FGF2 release between direct and indirect treatment

369 (Fig. 5a). Both direct and indirect cell plasma treat-

370 ment induced significantly greater endothelial cell

371 FGF2 release as compared to separated treatment,

372 however separated treatment still produced signifi-

373 cantly more FGF2 release than untreated control.

374 Non-thermal plasma produces large amounts of

375 ROS. These ROS may interact with endothelial cells,

376 leading to FGF2 release. To determine the role of ROS

377 in plasma-induced cell FGF2 release, endothelial cells

378 were pre-incubated in 4 mM NAC (intracellular ROS)

379 and then plasma-treated in supplemented medium with

380 or without 10 mM sodium pyruvate (extracellular

381 ROS). Both NAC and sodium pyruvate significantly

382 suppressed FGF2 release from plasma treated cells

383 (Fig. 5b), suggesting that intracellular and extracellu-

384 lar ROS may contribute to plasma effects.

385 DISCUSSION

386 Non-thermal plasma interacts with the vasculature

387 during tissue treatment, and plasma may be able to

388 induce dose-dependent blood vessel growth and

389 regression. We now show that high dose plasma

390 induces endothelial cell death, whereas low dose

391 enhances endothelial cell proliferation. The plasma

392 proliferative effect is likely related to sub-lethal cell

393membrane damage by ROS, which leads to FGF2

394release. FGF2, together with vascular endothelial

395growth factor and other critical signals, induces

396endothelial cell proliferation, migration, and tube

397formation.32 Angiogenesis is a complicated process,

398and endothelial cell proliferation plays only a small

399initial role.13 However, our data suggest that low-dose

400plasma could promote angiogenesis to accelerate

401wound healing, whereas high-dose plasma could in-

402hibit angiogenesis to prevent cancer growth. In cases

403where plasma cannot be used directly, fluid from

404plasma treated cells could also be used.

405While FGF2 alone will likely not complete the

406angiogenic process, additional subsequent plasma

407treatments could be tuned to induce other angiogenic

408signals. For example, ROS play an important role in

409vascular endothelial growth factor signaling, and

410thermal plasmas that produce nitric oxide could also

411promote angiogenesis. Thus repeated plasma treat-

412ments of different doses or with different plasma types

413could be timed to maximize the angiogenic response.

414During these repeated treatments, plasma effects on

415the surrounding tissue must also be considered. In our

416previous work, high plasma doses did not induce

417gross or histological skin damage in an animal model,

418and malignant epithelial cells were more sensitive to

419plasma-induced apoptosis.16,17 These data suggest that

420plasma may induce angiogenesis without harming the

421surrounding tissue, whereas plasma inhibition of angi-

422ogenesis may synergistically kill malignant cells. How-

423ever, since each of these studies were performed under

424slightly different plasma and cell or tissue conditions,

425additional studies should be performed to directly

426compare plasma sensitivity of various cell types.

427Non-thermal plasma can induce endothelial cell

428death via the apoptotic pathway. In our previous work

429on ROS and endothelial cells, we showed that low

FIGURE 5. Endothelial cell FGF2 release is linked to neutral ROS (a) PAEC were plasma treated directly, with a grounded mesh to
remove charged particles (indirect), or medium was plasma treated and then applied to cells (separated). Medium FGF2 was
measured by ELISA 3 h after plasma. #

p< 0.05 compared to direct (b) PAEC were pretreated with 4 mM (NAC, intracellular) or
10 mM sodium pyruvate (SP, extracellular), or both ROS scavengers (NSP). Samples were directly plasma treated, and cells
pretreated with ROS scavengers were compared to cells directly treated with plasma alone (D). Medium FGF2 was quantified by
FGF ELISA 3 h after plasma.
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430 ROS levels induce sub-lethal cell membrane damage,

431 higher ROS levels induce apoptosis, and extremely

432 high ROS levels induce non-specific cell death which is

433 likely necrosis.30 Our data suggest that plasma dose

434 can similarly be used to modulate the cell death

435 mechanism, which is an important consideration both

436 in vivo and in vitro. Apoptosis is programmed cell

437 death initiated by physiological or pathological signals.

438 Apoptotic cells are broken up into apoptotic bodies,

439 which are engulfed by neighboring cells, leading to

440 clean cell death without significant inflammatory

441 response.11,29 On the contrary, necrosis is cell death

442 accompanied by swelling, blebbing and increased

443 membrane permeability leading to cytosolic content

444 spillage. This typically leads to inflammation in sur-

445 rounding tissue.11,29 By controlling plasma dose, we

446 may be able to kill endothelial cells without significant

447 necrosis and subsequent inflammation.

448 Plasma induces endothelial cell FGF2 release.

449 FGF2 is thought to be released only at cell injury or

450 death, since it has no signal sequence for secretion.32

451 Since plasma effects occur shortly after treatment,

452 plasma may induce sub-lethal endothelial cell mem-

453 brane damage, rendering the cells leaky to intracellular

454 contents like FGF2. Other stimuli which induce cell

455 membrane damage lead to FGF2 release. Biochemical

456 changes, such as high glucose, enhance FGF2 release

457 also through ROS.30 Transient plasma membrane

458 disruption by mechanical forces leads to rapid cyto-

459 solic FGF2 release. This FGF2 release initiates growth

460 required for tissue integrity maintenance and/or repair

461 after injury.31 Mechanical strain also stimulates a

462 proliferative response in coronary vascular smooth

463 muscle cells via FGF2 release, and strain can even

464 enhance endothelial cell FGF2 mRNA expression.28,36

465 In vivo, FGF2 released into the coronary circulation

466 after vascular injury promotes human vascular smooth

467 muscle cell proliferation.4

468 Similar to mechanical damage, cell membrane

469 injury from ionizing radiation induces FGF2 expres-

470 sion and release in endothelial and epithelial cells

471 in vitro5,23,24 and in vivo.41 FGF2 enhances endothelial,

472 epithelial, and hematopoetic cell survival after ionizing

473 radiation,18,19,22,23 and FGF2 release is critical to

474 radiation damage repair.23 Pulsed electromagnetic

475 fields can stimulate endothelial cell growth, angiogen-

476 esis, and wound healing through endogenous FGF2

477 release.3,37,42 Non-thermal plasma differs from irradi-

478 ation and electromagnetic fields in that the latter are

479 penetrating and injure surrounding tissue, or they need

480 an expensive setup to be generated safely. Plasma

481 provides a novel and safer means to induce FGF2

482 release and angiogenesis since it provides precise con-

483 trol of treatment area and depth. Non-thermal plasma

484 devices are also small and relatively simple to produce.

485When endothelial cells are exposed to plasma, the

486conditioned medium FGF2 level peaks three hours

487after treatment and then declines. In contrast, cells

488treated with TNF-a show a gradual increase in med-

489ium FGF2. Thus plasma FGF2 release kinetics are

490essentially different from TNF-a. One possible reason

491is that TNF-a remains in the medium continuously,

492whereas plasma treatment occurs over a short, finite

493time. An alternative is that while both plasma and

494TNF-a likely release FGF2 related to ROS, TNF-a

495takes longer to produce ROS. While TNF-a activates a

496variety of biochemical signaling pathways in endothe-

497lial cells, the most likely path for TNF-a FGF2 release

498is cell membrane damage, since FGF2 has no known

499signal sequence for secretion. TNF-a must bind the

500membrane-bound TNF receptor, which activates

501intracellular signaling cascades leading to ROS.33,39

502Thus the indirect and extended FGF2 release from

503TNF-a cell damage differs greatly from the finite and

504direct nature of plasma-induced rapid FGF2 release.

505The released FGF2 may then be bound by remaining

506viable cells, which explains the drop in medium FGF2

507level after 3 h and enhanced endothelial cell prolifer-

508ation. This brief and defined FGF2 release may be

509critical to angiogenesis, since timing and local bio-

510chemical environment play important roles in FGF2

511signaling.6

512Both FGF2 and LDH are released from cells due to

513cell membrane damage, yet in our experiments, FGF2

514and LDH release from plasma treated cells followed

515different trends. Whereas FGF2 release peaked 3 h

516post-plasma and then declined, LDH release became

517significant only 4 h after plasma treatment but then

518increased up to 24 h. This difference may be related to

519the relative LDH (134 kDa) and FGF2 (18 kDa) sizes.

520FGF2 may be released after early sub-lethal plasma

521membrane damage, whereas LDH release occurs

522gradually after more extensive cell membrane damage.

523Additionally the gradual post-plasma LDH release

524may indicate that non-thermal plasma does not lead to

525immediate irreversible membrane integrity loss nor-

526mally associated with severe trauma or cell death.

527Viable cells release low LDH amounts without ham-

528pering cell function.9 LDH also has no extracellular

529function, whereas FGF2 binds to cell membrane

530receptors, thus cell-released LDH is not metabolized

531by other cells whereas FGF2 is. This correlates with

532FGF2 decrease up to 24 h after plasma. Non-thermal

533plasma may lead to sub-lethal membrane damage

534which is gradually repaired as living cells uptake

535released FGF2 and remain viable.

536Plasma-induced FGF2 release is likely related to

537neutral ROS. Non-thermal plasmas produce long lived

538(O3, NO, HO2, H2O2) and short lived (OH, O, elec-

539tronically excited O) neutral particles and charged
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540 particles (ions and electrons). Both charged and neu-

541 tral particles can lead to ROS in treated fluid. When

542 endothelial cells were treated directly or indirectly

543 (excluding charged particles), endothelial cell FGF2

544 release was not significantly different. However, FGF2

545 release decreased in separated treatment, in which

546 medium was treated prior to applying it to cells. The

547 time required to collect separately treated medium and

548 apply it to untreated cells eliminated short lived neutral

549 species and direct contact between plasma and cells.

550 Direct plasma effects could include local heating by

551 plasma streamers or UV radiation. Since separated

552 treatment decreased FGF2 release by 50%, and FGF2

553 release remained significantly greater than in control

554 cells, we believe that both short and long lived neutral

555 species play a major role in plasma-induced FGF2

556 release. While a wide variety of plasma-produced ROS

557 could affect cells, both atomic and singlet oxygen are

558 short lived and therefore highly likely to recombine

559 before reaching the sample surface during treatment.

560 The plasma-produced ROS most likely to contribute to

561 endothelial cell FGF2 release are OH radicals, hydro-

562 gen peroxide, and HO2.

563 Non-thermal plasma produces a large ROS con-

564 centration in extracellular medium during treatment.

565 However, it is unclear if these ROS go inside cells.

566 Both intracellular and extracellular ROS scavengers

567 decreased FGF2 release following plasma. Combined

568 scavengers reduced FGF2 release more than either

569 scavenger alone. ROS produced by plasma extracel-

570 lularly may move across the cell membrane through

571 lipid peroxidation, opening transient cell membrane

572 pores, or signaling pathways which modify ROS inside

573 cells. Active species produced by plasma may also

574 modify the cell medium, which in turn interacts with

575 cells. Since many of active species have a short life

576 span, they may immediately interact with medium

577 components including amino acids and proteins,

578 leading to production of long lived reactive organic

579 hydroperoxides.20 These hydroperoxides may then

580 induce lipid peroxidation and cell membrane damage,

581 or they may bind to cell membrane receptors and

582 activate intracellular signaling pathways leading to

583 FGF2 expression and release.

584 We believe that non-thermal plasma could be used

585 in vitro and in vivo to stimulate angiogenesis. Potential

586 plasma applications include vascularizing tissue engi-

587 neering structures, enhancing transplanted tissue

588 incorporation, and accelerating wound healing. Our

589 two-dimensional treatment model—an endothelial cell

590 monolayer on a glass substrate covered with a thin

591 medium film (~100 lm)—is likely more severe than

592 what would be experienced by cells either in vivo or in

593 three-dimensional in vitro models. Both sample geom-

594 etry and the amount of liquid covering the sample are

595crucial to plasma treatment efficacy. We previously

596showed that increasing media depth over malignant

597epithelial cells decreased plasma-induced cell death.17

598ROS are highly reactive and may be inactivated prior

599to reaching cells if the distance between the plasma and

600the cells is too great. In these situations, a higher

601plasma dose could be used to maintain plasma effects.

602In the future, we will examine plasma penetration

603depth variation with environmental conditions by

604treating endothelial cells within three-dimensional

605collagen gels. We observed similar plasma-induced

606proliferation results for cells seeded on uncoated and

607collagen-coated substrates in two dimensions, sug-

608gesting that plasma effects will be similar in a more

609tissue-like environment.

610

611ACKNOWLEDGMENT

612We would like to thank Gregory Fridman for

613building the plasma device.

614

615REFERENCES

6161Ayan, H., G. Fridman, D. Staack, A. F. Gutsol, V. N.
617Vasilets, A. A. Fridman, and G. Friedman. Heating effect
618of dielectric barrier discharges for direct medical treatment.
619IEEE Trans. Plasma Sci. 37(1):113–120, 2009.
6202Balasubramanian, M., A. Sebastian, M. Peddinghaus,
621G. Fridman, A. Fridman, A. Gutsol, G. Friedman, and
622B. Ari. Dielectric barrier discharge plasma in coagulation
623and sterilization. Blood 108(11):89b-89b, 2006.
6243Callaghan, M. J., E. I. Chang, N. Seiser, S. Aarabi,
625S. Ghali, E. R. Kinnucan, B. J. Simon, and G. C. Gurtner.
626Pulsed electromagnetic fields accelerate normal and
627diabetic wound healing by increasing endogenous FGF-2
628release. Plast. Reconstr. Surg. 121(1):130–141, 2008.
6294Caplice, N. M., C. N. Aroney, J. H. N. Bett, J. Cameron,
630J. H. Campbell, N. Hoffmann, P. T. McEniery, and M. J.
631West. Growth factors released into the coronary circula-
632tion after vascular injury promote proliferation of human
633vascular smooth muscle cells in culture. J. Am. Coll. Car-
634diol. 29(7):1536–1541, 1997.
6355Chang, P. Y., K. A. Bjornstad, E. Chang, M. McNamara,
636M. H. Barcellos-Hoff, S. P. Lin, G. Aragon, J. R. Polansky,
637G. M. Lui, and E. A. Blakely. Particle irradiation induces
638FGF2 expression in normal human lens cells. Radiat. Res.
639154(5):477–484, 2000.
6406Clyne, A. M., H. Zhu, and E. R. Edelman. Elevated
641fibroblast growth factor-2 increases tumor necrosis factor-
642alpha, induced endothelial cell death in high glucose.
643J. Cell. Physiol. 217(1):86–92, 2008.
6447Coulombe, S. Live cell permeabilization using the APGD-
645t. 1st International Conference on Plasma Medicine
646(ICPM), Corpus Christi, TX, 2007.
6478Coulombe, S., V. Leveille, S. Yonson, and R. L. Leask.
648Miniature atmospheric pressure glow discharge torch

Plasma Endothelial Cell Proliferation

Journal : ABME MS Code : 10439 PIPS No. : 9868 h TYPESET h DISK h LE h CP Dispatch : 8-12-2009 Pages : 104 4

A
u

th
o

r
 P

r
o

o
f



U
N
C
O
R
R
E
C
T
E
D
P
R
O
O
F

649 (APGD-t) for local biomedical applications. Pure Appl.
650 Chem. 78(6):1147–1156, 2006.
651 9Danpure, C. J. Lactate-dehydrogenase and cell injury. Cell
652 Biochem. Funct. 2(3):144–148, 1994.
653 10Eliasson, B., W. Egli, and U. Kogelschatz. Modeling of
654 dielectric barrier discharge chemistry. Pure Appl. Chem.
655 66(8):U1766–U1778, 1994.
656 11Fiers, W., R. Beyaert, W. Declercq, and P. Vandenabeele.
657 More than one way to die: apoptosis, necrosis and reactive
658 oxygen damage. Oncogene 18(54):7719–7730, 1999.
659 12Folkman, J. Angiogenesis in cancer, vascular, rheumatoid
660 and other disease. Nat. Med. 1(1):27–31, 1995.
661 13Folkman, J. Angiogenesis. Annu. Rev. Med. 57:1–18, 2006.
662 14Fridman, A. Plasma Biology and Plasma Medicine.
663 New York: Cambridge University Press, 2008.
664 15Fridman, G., A. D. Brooks, M. Balasubramanian,
665 A. Fridman, A. Gutsol, V. N. Vasilets, H. Ayan, and
666 G. Friedman. Comparison of direct and indirect effects of
667 non-thermal atmospheric-pressure plasma on bacteria.
668 Plasma Processes Polym. 4(4):370–375, 2007.
669 16Fridman, G., M. Peddinghaus, H. Ayan, A. Fridman,
670 M. Balasubramanian, A. Gutsol, A. Brooks, and
671 G. Friedman. Blood coagulation and living tissue sterili-
672 zation by floating-electrode dielectric barrier discharge in
673 air. Plasma. Chem. Plasma Process. 26(4):425–442, 2006.
674 17Fridman, G., A. Shereshevsky, M. M. Jost, A. D. Brooks,
675 A. Fridman, A. Gutsol, V. Vasilets, and G. Friedman.
676 Floating electrode dielectric barrier discharge plasma in air
677 promoting apoptotic behavior in melanoma skin cancer cell
678 lines. Plasma. Chem. Plasma Process. 27(2):163–176, 2007.
679 18Fuks, Z., R. S. Persaud, A. Alfieri, M. Mcloughlin,
680 D. Ehleiter, J. L. Schwartz, A. P. Seddon, C. Cordoncardo,
681 and A. Haimovitzfriedman. Basic fibroblast growth-factor
682 protects endothelial-cells against radiation-induced pro-
683 grammed cell-death in-vitro, and in-vivo. Cancer Res.
684 54(10):2582–2590, 1994.
685 19Gallicchio, V. S., N. K. Hughes, B. C. Hulette, R.
686 Dellapuca, and L. Noblitt. Basic fibroblast growth-factor
687 (B-Fgf) induces early-stage (Cfu-S) and late-stage hema-
688 topoietic progenitor-cell colony formation (Cfu-Gm, Cfu-
689 Meg, and Bfu-E) by synergizing with Gm-Csf, Meg-Csf,
690 and erythropoietin, and is a radioprotective agent in vitro.
691 Int. J. Cell Cloning 9(3):220–232, 1991.
692 20Gebicki, S., and J. M. Gebicki. Formation of peroxides in
693 amino-acids and proteins exposed to oxygen free-radicals.
694 Biochem. J. 289:743–749, 1993.
695 21Gostev, V., and D. Dobrynin. Medical microplasmatron.
696 3rd International Workshop on Microplasmas (IWM-2006),
697 Greifswald, Germany, 2006.
698 22Haimovitzfriedman, A., N. Balaban, M. Mcloughlin,
699 D. Ehleiter, J. Michaeli, I. Vlodavsky, and Z. Fuks.
700 Protein-kinase-C mediates basic fibroblast growth-factor
701 protection of endothelial-cells against radiation-induced
702 apoptosis. Cancer Res. 54(10):2591–2597, 1994.
703 23Haimovitzfriedman, A., I. Vlodavsky, A. Chaudhuri,
704 L. Witte, and Z. Fuks. Autocrine effects of fibroblast
705 growth-factor in repair of radiation-damage in endothelial-
706 cells. Cancer Res. 51(10):2552–2558, 1991.
707 24Houchen, C. W., R. J. George, M. A. Sturmoski, and S. M.
708 Cohn. FGF-2 enhances intestinal stem cell survival and its
709 expression is induced after radiation injury. Am. J. Physiol.
710 Gastrointest. Liver Physiol. 276(1):G249–G258, 1999.
711 25Kalghatgi, S. U., G. Fridman, M. Cooper, G. Nagaraj,
712 M. Peddinghaus, M. Balasubramanian, V. N. Vasilets,
713 A. F. Gutsol, A. Fridman, and G. Friedman. Mechanism

714of blood coagulation by nonthermal atmospheric pressure
715dielectric barrier discharge plasma. IEEE Trans. Plasma
716Sci. 35(5):1559–1566, 2007.
71726Kieft, I. E., D. Darios, A. J. M. Roks, and E. Stoffels.
718Plasma treatment of mammalian vascular cells: a quanti-
719tative description. IEEE Trans. Plasma Sci. 33(2):771–775,
7202005.
72127Kieft, I. E., M. Kurdi, and E. Stoffels. Reattachment and
722apoptosis after plasma-needle treatment of cultured cells.
723IEEE Trans. Plasma Sci. 34(4):1331–1336, 2006.
72428Ku, P. T., and P. A. Damore. Regulation of basic fibroblast
725growth-factor (Bfgf) gene and protein expression following
726its release from sublethally injured endothelial-cells. J. Cell.
727Biochem. 58(3):328–343, 1995.
72829Majno, G., and I. Joris. Apoptosis, oncosis, and necro-
729sis—an overview of cell-death. Am. J. Pathol. 146(1):3–15,
7301995.
73130Morss, A. S., and E. R. Edelman. Glucose modulates
732basement membrane fibroblast growth factor-2 via altera-
733tions in endothelial cell permeability. J. Biol. Chem.
734282(19):14635–14644, 2007.
73531Muthukrishnan, L., E. Warder, and P. L. Mcneil. Basic
736fibroblast growth-factor is efficiently released from a
737cytolsolic storage site through plasma-membrane disrup-
738tions of endothelial-cells. J. Cell. Physiol. 148(1):1–16, 1991.
73932Nugent, M. A., and R. V. Iozzo. Fibroblast growth factor-
7402. Int. J. Biochem. Cell Biol. 32(2):115–120, 2000.
74133Rath, P. C., and B. B. Aggarwal. TNF-induced signaling in
742apoptosis. J. Clin. Immunol. 19(6):350–364, 1999.
74334Shekhter, A. B., V. A. Serezhenkov, T. G. Rudenko, A. V.
744Pekshev, and A. F. Vanin. Beneficial effect of gaseous nitric
745oxide on the healing of skin wounds. Nitric Oxide Biol.
746Chem. 12(4):210–219, 2005.
74735Siemens, C. W. On the electrical tests employed during the
748construction of the Malta and Alexandria Telegraph, and
749on insulating and protecting submarine cables. J. Franklin
750Inst. 74(3):166–170, 1862.
75136Sudhir, K., K. Hashimura, A. Bobik, R. J. Dilley, G. L.
752Jennings, and P. J. Little. Mechanical strain stimulates a
753mitogenic response in coronary vascular smooth muscle
754cells via release of basic fibroblast growth factor. Am. J.
755Hypertens. 14(11):1128–1134, 2001.
75637Tepper, O. M., M. J. Callaghan, E. I. Chang, R. D.
757Galiano, K. A. Bhatt, S. Baharestani, J. Gan, B. Simon,
758R. A. Hopper, J. P. Levine, et al. Electromagnetic fields
759increase in vitro and in vivo angiogenesis through endo-
760thelial release of FGF-2. FASEB J. 18(9):1231, 2004.
76138Vargo, J. J. Clinical applications of the argon plasma
762coagulator. Gastrointest. Endosc. 59(1):81–88, 2004.
76339Wajant, H., K. Pfizenmaier, and P. Scheurich. Tumor
764necrosis factor signaling. Cell Death Differ. 10(1):45–65,
7652003.
76640Wong, M. K. K., and A. I. Gotlieb. In vitro reendotheli-
767alization of a single-cell wound—role of microfilament
768bundles in rapid lamellipodia-mediated wound closure.
769Lab. Invest. 51(1):75–81, 1984.
77041Yamada, H., E. Yamada, N. Kwak, A. Ando, A. Suzuki,
771N. Esumi, D. J. Zack, and P. A. Campochiaro. Cell injury
772unmasks a latent proangiogenic phenotype in mice with
773increased expression of FGF2 in the retina. J. Cell. Physiol.
774185(1):135–142, 2000.
77542Yenpatton, G. P. A., W. F. Patton, D. M. Beer, and B. S.
776Jacobson. Endothelial-cell response to pulsed electromag-
777netic-fields—stimulation of growth-rate and angiogenesis
778in vitro. J. Cell. Physiol. 134(1):37–46, 1988.

779

KALGHATGI et al.

Journal : ABME MS Code : 10439 PIPS No. : 9868 h TYPESET h DISK h LE h CP Dispatch : 8-12-2009 Pages : 104 4

A
u

th
o

r
 P

r
o

o
f




