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The growing use of carbon nanotubes (CNTs) in industrial and consumer products raises

important questions about their environmental fate and impact on prokaryotes. In the

environment, CNTs are exposed to a variety of conditions (e.g. UV light) that could lead to

decomposition and changes in their chemical properties. Therefore, the potential cytotoxic

effect of both pristine and artificially aged carboxyl functionalized CNTRENE® C100LM

CNTmaterial at neutral and acidic conditions on Escherichia coli K12 was analyzed using a

minimal inhibitory concentration (MIC) assay, which also allowed monitoring of non-lethal

growth effects. However, there were no observable MIC or significant changes in growth

behavior in E. coli K12 when exposed to pristine or aged CNTs. Exposure to pristine

CNTRENE® C100LM CNT material did not appear to influence cell morphology or damage

the cells when examined by electron microscopy. In addition, RNA sequencing revealed no

observable regulatory changes in typical stress response pathways. This is surprising

considering that previous studies have claimed high cytotoxicity of CNTs, including

carboxyl functionalized single-walled CNTs, and suggest that other factors such as trace

heavy metals or other impurities are likely responsible for many of the previously reported

cytotoxicity in E. coli and possibly other microorganisms.
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11 Abstract

12 The growing use of carbon nanotubes (CNTs) in industrial and consumer products raises 

13 important questions about their environmental fate and impact on prokaryotes. In the 

14 environment, CNTs are exposed to a variety of conditions (e.g. UV light) that could lead to 

15 decomposition and changes in their chemical properties. Therefore, the potential cytotoxic effect 

16 of both pristine and artificially aged carboxyl functionalized CNTRENE® C100LM 

17 CNT material at neutral and acidic conditions on Escherichia coli K12 was analyzed using a 

18 minimal inhibitory concentration (MIC) assay, which also allowed monitoring of non-lethal 

19 growth effects. However, there were no observable MIC or significant changes in growth 

20 behavior in E. coli K12 when exposed to pristine or aged CNTs. Exposure to pristine 

21 CNTRENE® C100LM CNT material did not appear to influence cell morphology or damage the 

22 cells when examined by electron microscopy. In addition, RNA sequencing revealed no 

23 observable regulatory changes in typical stress response pathways. This is surprising considering 

24 that previous studies have claimed high cytotoxicity of CNTs, including carboxyl functionalized 

25 single-walled CNTs, and suggest that other factors such as trace heavy metals or other impurities 

26 are likely responsible for many of the previously reported cytotoxicity in E. coli and possibly 

27 other microorganisms.

28 Introduction

29 Carbon nanotubes (CNTs) are a type of nanoparticle with the potential for many technological 

30 applications, but many CNTs have unknown cytotoxicity. CNTs are cylinders of various lengths 

31 composed of single layers of carbon, called graphene, and can be single-walled (SWCNTs) or 

32 multi-walled (MWCNTs). CNTs can be modified with functional groups, increasing their 

33 potential applications by allowing them to bind macromolecules (Kolosnjaj-Tabi, Szwarc & 

34 Moussa, 2012; Chen et al. 2011). Consequently, the industrial and commercial usage of CNTs 

35 has increased several fold over the past decade, and the research and development of new 

36 products incorporating CNT materials is rapidly growing. CNTs are used as additives in 

37 composite materials, such as CNT resins, that are used for a variety of products from wind 

38 turbine blades to sporting good equipment (De Volder et al., 2013). CNTs have also been used as 

39 additives in different types of coatings and films, such as protective paints containing MWCNTs, 

40 used in the marine industry and solar cells (Köhler et al., 2008; De Volder et al., 2013). Recent 

41 development of flexible touch screen displays that include SWCNTs have the potential to replace 

42 traditional indium tin oxide coated displays, and 60% of cell phone and tablet devices on the 
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43 consumer market already use lithium ion batteries containing CNTs (De Volder et al., 2013; 

44 Köhler et al., 2008). There is also interest in the use of CNTs in biosensors and drug delivery 

45 systems based on functionalization (De Volder et al., 2013). 

46 Despite the broad applications of CNTs, many questions remain about environmental and 

47 biological safety because materials at the nanoscale have physiochemical properties that differ 

48 from their bulk material (Environmental Protection Agency, 2010, Reinhart et al., 2010). As of 

49 2013 the EPA has implemented a Significant New Use Rule (SNUR) under the Toxic Substance 

50 Control Act which specifically refers to CNTs (Environmental Protection Agency, 2008; 

51 Environmental Protection Agency, 2015). This SNUR allows the EPA to track and review 

52 chemicals before manufacturing or importing and make decisions based on potential impacts to 

53 humans and ecosystems (Environmental Protection Agency, 2015), demonstrating the need for 

54 further research on the impact CNTs. Of particular interest is lifecycle analysis, which looks at 

55 impacts of a chemical and potential release points from production of the raw materials, use in 

56 products, end of life recycling and disposal methods, and waste produced at any step in the life 

57 cycle (Köhler et al., 2008; Environmental Protection Agency, 2010). As part of a lifecycle 

58 analysis it is important to consider various environmental conditions that a chemical may 

59 experience. When materials are deposited in the environment they are exposed to weathering 

60 processes that can be mimicked with the use of a UV accelerated weathering chamber (Grujicic 

61 et al., 2003). UV-light exposure has been shown to cause physical changes in CNT shape and 

62 chemical changes, including changes in the way oxygen associates with the CNT wall surfaces 

63 (Grujicic et al., 2003). The alterations in physiochemical properties of these aged CNTs leads to 

64 the question of whether environmental induced changes could affect cytotoxicity of CNTs. 

65 However, no studies on the effects of aged carboxyl functionalized CNTs on bacterial 

66 cytotoxicity have been done to date. The effect of CNTs on the growth and viability on the 

67 bacterial community is a key part of an environmental life cycle assessment of chemicals as 

68 bacteria are important factors in nutrient cycling and community structure.

69 The toxicity of various CNTs has been studied, yet research is often contradictory. This is often 

70 due to insufficient characterization of the nanoparticles. During synthesis, carbon sources are 

71 used along with metal catalysts, such as cobalt, yttrium, iron, and nickel, which can lead to metal 

72 impurities in raw CNTs and often contributes to or enhances toxicity (Johnston et al., 2010; 

73 Köhler et al., 2008; Kolosnjaj-Tabi, Szwarc & Moussa, 2012; Puretzky et al., 2000). Small 

74 variations in the physiochemical characteristics and the type and level of metal contamination of 

75 the CNT can influence cytotoxicity, leading to conflicting results in toxicity studies (Horie et al., 

76 2012). Physiochemical differences resulting in conflicting toxicity studies highlights the 

77 importance of evaluating the impact of CNTs. The growth behavior, metabolism, and gene 

78 regulation of the model organism Escherichia coli K12 is well established, making it a common 

79 first choice microbe for cytotoxicology studies. In this study, the ability of pristine and 

80 artificially aged carboxyl functionalized CNTs to inhibit E. coli K12 growth was examined using 

81 a range of commercial Brewer Science® CNTRENE® C100LM carbon nanotube material 

82 (hereafter referred to as CNTRENE material). Gene expression of E. coli K12 exposed to 

83 CNTRENE material was evaluated and compared to native gene expression by RNA sequencing. 

84 These results provide insights into the microbiological safety of this commercially available 
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85 CNTRENE® product currently used in advanced memory devices for computers, tablets, smart 

86 phones, and digital cameras.

87 Materials and Methods

88 2.1 Bacterial growth and media

89 Escherichia coli K12 strain SMG 123 (ATCC PTA-7555) was grown in lysogeny broth (LB) or 

90 M9 minimal salts medium with the addition of 1 mM thiamine and 2% glucose (hereafter M9 

91 medium) at 37 °C and 200 rpm in a Thermo Scientific MaxQ 400 incubator unless stated 

92 otherwise.

93 2.2 Carbon Nanotubes

94 Pristine carboxyl functionalized CNTRENE® C100LM CNT material, supplied by Brewer 

95 Science, Inc., was suspended in distilled water at 135 μg/mL (pH 7.0) and were of the same lot 

96 as previously used by Woodman et al., 2016, wherein the physical characterization was 

97 described. Briefly, the CNTs had a total metal ion content of less than 25 ppb. Carboxyl 

98 functionalization was estimated to be at 2-6% and mainly observed at the open ends of the 

99 CNTs. The CNTs had a length range of 0.3- 1.5 μm (90% of CNTs) and a diameter range of 0.7- 

100 3 nm (95% of CNTs), with the average length of 0.87 µm and width of 1.56 nm. The pristine 

101 product was made up of SWCNT, DWCNT, and MWCNT at 70%, 25%, and 5%, respectively. 

102 2.3 Carbon Nanotube Aging Process and Spectroscopic Characterization

103 To simulate environmental weathering, pristine CNTRENE material was aged as supplied in 

104 distilled water in a QUV Accelerated Weathering chamber (Q-Lab Corp, Cleveland, OH) as 

105 previously described (Woodman et al., 2016). Briefly, 14 mL pristine CNTRENE material was 

106 exposed to 3-4 hrs alternating ultraviolet and condensation cycles for 12 days. The UV cycle and 

107 condensation cycle temperatures were 68 ± 0.5°C and 47 ± 0.5°C, respectively. The current of 

108 the lamps were 0.5-0.6 amperes and the condensation cooling fan set point was 15. Distilled 

109 water was used to provide moisture and served as temperature control bath. The Raman, FTIR, 

110 and UV-vis spectra of both pristine and aged CNT material were quantified after sonication for 

111 one minute to disperse the CNTs. For Raman spectroscopy, 2 – 10 µL of the sample was dropped 

112 onto an aluminum foil wrapped around a microscope glass slide. The sample was air-dried in a 

113 clean environment free from any dust or other contaminants. A Horiba LabRAM HR800 

114 spectrometer equipped with a 50 mW 532 nm excitation laser with a detection capability in the 

115 range of 200 to 4000 nm was used for Raman Photoluminescence spectroscopy at ambient 

116 temperature. For FTIR spectroscopy, 20 µL of the CNTs were put into separate pre-cleaned dry 

117 mortars preheated at 80 oC. The sample was dried on the mortar and approximately 400 µg of 

118 dry potassium bromide was added and ground into fine powder to make a KBr pellet. The pellet 

119 was used for IR measurements using a Bruker IR spectrophotometer. The background data was 

120 obtained using a KBr pellet without CNTs. For UV-Vis analysis, CNTs were diluted 10-fold 

121 with deionized water and spectra taken with a PerkinElmer Lambda 650 UV-Vis spectrometer at 

122 room temperature.

123 2.4 Minimal Inhibitory Concentration (MIC)
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124 A broth microdilution MIC assay on a 96-well transparent C-bottom plate was performed with a 

125 standard inoculum of 5.0 x 105 CFU/mL in a final reaction volume of 200 μL as previously 

126 described (Wiegand, Hilpert & Hancock, 2008). The MIC was determined for CNT 

127 concentrations from 1.05 μg/ml to 6.44 x 10-5 μg/ml and were assayed using a minimum of three 

128 replicates from three independent cultures (n=9). Plates were incubated at 37 oC in a BioTek 

129 EL808 plate reader with shaking at the medium shake rate and optical density at 595 nm was 

130 monitored for 24 hrs. The Gen5 software (BioTek, Winooski, VT) was used for data collection 

131 and growth curves and doubling times were used to evaluate growth effects of CNT exposure.

132 2.5 Antibacterial Plate Counts

133 The effect of pristine CNTRENE material concentrations greater than 5 μg/mL on the growth of 

134 E. coli K12 was evaluated by the spot-plate technique using a modified method of Gaudy, Abu-

135 Niaaj & Gaudy, 1963. E. coli K12 was inoculated to 5.0 x 105 CFU/ml in 96-well transparent C-

136 bottom plates and grown in LB (pH 7) with addition of pristine CNTRENE material (0 μg/mL, 
137 8.44 μg/mL, 16.88 μg/mL, and 33.75 μg/mL) in a final volume of 200 μL in triplicate. Plates 

138 were incubated for 24 hrs as described above. After incubation, serial ten-fold dilutions of the 

139 overnight cultures were performed in 96-well plates and 10 μl of the dilutions were spotted in 

140 triplicate on LB plates and incubated at 37 oC for 16-18 h. Colony forming units per milliliter 

141 were calculated for each concentration of CNTs and compared to that of the unexposed control 

142 group.

143 2.6 Electron Microscopy

144 Morphological change of bacterial cells exposed to CNTs was evaluated by scanning electron 

145 microscopy (SEM) and atomic force microscopy (AFM). E. coli K12 was inoculated to a 

146 concentration of 5.0 x 105 CFU/ml in a 200 µl LB culture in a 96-well transparent C-bottom 

147 plate containing 0 μg/mL, 33.75 μg/mL, 16.88 μg/mL, and 1.05 μg/mL pristine CNTRENE 

148 material. E. coli K12 was grown at each CNT concentration in triplicate for 24 h at 37 oC. 

149 Replicates were combined, pelleted by centrifugation at 5,000 x g for 5 minutes, and then 

150 washed three times in 0.1 M phosphate buffer (pH 7.2) to remove growth medium. Cells were 

151 dehydrated by an ascending ethanol wash series (50%, 70%, 80%, 90%, 95%, 100%, and 100%) 

152 with a 5 min exposure to each concentration of ethanol. Samples were transferred onto silicon 

153 wafers in 10 μL volumes and either frozen in liquid nitrogen and freeze dried overnight for SEM 

154 or allowed to air dry overnight for AFM. SEM was done with a JEOL JSM-7600F field emission 

155 scanning electron microscope under vacuum (9.6 x 10-5 Pascal). SEM images were captured 

156 using an accelerating voltage of 1.00 kV and a working distance (WD) between 5.1 mm and 5.2 

157 mm at total magnification ranging from 10,000x to 20,000x. AFM imagines were captured 

158 utilizing the Veeco Dimension 3100 with a Nanoscope IIIA Controller under atmospheric 

159 conditions (1.01 x 105 Pascal). AFM imagines were captured on tapping mode (scan size 5.000 

160 μm or 20.0 μm, scan rate 1.001 Hz, 512 samples) using a silicon tip with a nominal radius of 8.0 

161 nm.

162 2.7 RNA Sequencing
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163 Differential gene expression of CNTRENE material−exposed bacterial cells was evaluated with 

164 RNA sequencing. An overnight E. coli K12 culture was inoculated 1:100 in 5 mL of M9 

165 medium. Pristine CNTRENE material was added at 1.05 μg/mL to experimental cultures, with 

166 all cultures set up in triplicate and incubated to mid-log phase. RNA was extracted using the 

167 Qiagen RNeasy Plus Mini Kit (Qiagen, Hilden, Germany), including an on-column DNase 

168 treatment (Qiagen RNase-Free DNase Set) according to the manufacturer’s instructions. 

169 Extracted RNA was initially quantified using an IMPLEN nanophotometer followed by analysis 

170 with an Agilent Technologies 2100 Bioanalyzer system and 2100 Expert software to confirm 

171 RNA quality. High integrity samples (RIN > 8) were depleted of ribosomal rRNA using the 

172 bacterial Ribo-Zero rRNA Removal Kit (Illumina, San Diego, Ca, USA) according to the 

173 manufacturer’s instructions. The SMARTer Stranded RNA-Seq kit (Clontech, Mountain View, 

174 Ca, USA) was used to prepare cDNA from RNA samples according to the manufacturer’s 

175 instructions. An Illumina MiSeq instrument (single-end 50 bp read length) was used for RNA 

176 sequencing and sequencing data was analyzed using the DNAstar Lasergene Suite Qseq software 

177 by the University of Wisconsin- Milwaukee Great Lakes Genomics Center. Sequencing was 

178 done from three independent RNA preparations for each sample type. The sequence reads were 

179 mapped and analyzed using the RNA-Seq pipeline default parameters using E. coli K12 MG1655 

180 as a reference genome. Differential gene expression was analyzed using the student t-test with 

181 the false discovery rate restricted to 0.05 as the p-value adjustment method (Benjamini & 

182 Hochberg 1995).

183 2.8 Data Analysis

184 All statistical analyses were done in using the GraphPad Prism 5.0 software. 

185 Results

186 3.1 Effect of Aging on CNTRENE® C100LM CNT Material

187 Exposure to environmental conditions is known to change the physiochemical properties of 

188 CNTs, which has the potential to influence toxicity (Valsami-Jones & Lynch, 2015). To mimic 

189 the effect of weathering on CNTs, the pristine CNTRENE material was aged by exposure to 

190 UVA at 340 nm using a QUV Accelerated Weathering chamber that has been used previously to 

191 simulate outdoor weathering. Accelerated aging of materials in the QUV Accelerated Weathering 

192 chamber for between 1000 hrs - 1800 hrs has been equated to a year of Florida summer sunlight 

193 exposure (University of Delaware, C.f.C.M.) and has been used to investigate the stability of 

194 polymers such as polymer-bound hindered amine light stabilizers (Macleay 1989), to predict the 

195 service life of exterior automotive coatings (Shanbhag 2012), the photodegradation of wood-

196 plastic composites (Peng et al., 2014), and carbon fiber-reinforced polymer composites (Tcherbi-

197 Narteh, Hosur & Jeelani, 2013), among others. The UV-Vis spectra of pristine CNTRENE 

198 material had a peak at about 250 nm that is due to the first interband transition of the nanotubes 

199 (Fig. 1). As the nanotubes age, the above peak appears to experience a redshift to 270 nm. 

200 Additionally, another peak emerges at about 210 nm. This is attributed to the loss of π-structure 

201 of the nanotubes in the aging process. In the Raman spectra, the major observation is the 

202 difference in the ratios of characteristic CNT bands (Fig. 2). In general, the aged CNTRENE 
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203 material exhibited lower D/G and RBM/G band ratios compared to pristine CNTs. The 

204 decreasing ratio of bands, especially RBM/G, implies diminishing CNT character as the CNTs 

205 age. Previous research on aging of nanocarbons under ambient conditions indicated a decrease in 

206 the net structural defects with aging (Yang et al., 2009). This is in line with the results observed 

207 from the decrease in the intensity of the D band compared to the G band, leading to a decrease in 

208 the D/G ratio giving an indication of decreased disorder or defects in the CNTs with aging. From 

209 the FTIR spectra, it can be inferred that there is an O-H peak (~3430 cm-1), C-H stretching as 

210 observed in alkanes (and possibly aldehydes or carboxylic acids), and a carbonyl stretch at 1653 

211 cm-1 - 1701 cm-1 confirmed the presence of a carboxylic acid group (-COOH) (Chen et al., 1998; 

212 Liao & Zhang 2012) (Fig. 3). Deviations were observed for the intensities of the C=O (with a 

213 likelihood of H-bonding as that observed for diketones) and O-H peaks for the aged CNTs being 

214 higher than those of pristine CNTs. It can be further inferred that the diketone functionalities are 

215 dominant in the aged CNTs compared to the pristine CNTs based on the intensities of the peaks. 

216 The band at ~1653 cm-1 may be attributed to C=C stretching (Chang et al., 2006). The peaks at 

217 1385 cm-1 and 1090 cm-1 correspond to the expected C-O-H and the C-C-C bending. The peaks 

218 at ~2920 cm-1 suggest the presence of a C-H stretch in C-CH3 that can be attributed to 

219 protonation of the CNTs as a result of their interactions with water in extreme aging conditions. 

220 It is possible that such interactions could occur in the environment because of exposure to 

221 favorable reaction conditions such as humidity, presence of hydrogen, oxygen, and heat. The 

222 differences in peak intensities suggest probable oxidation of the CNTs with aging, especially 

223 evident from the increase in O-H groups. Additionally, aged CNTs had increased coiling and 

224 bundling compared to pristine CNTs (Fig. 4). Together these data imply morphological and 

225 functional changes as the CNTs are aged in conditions that mimic prolonged environmental 

226 exposure. 

227 3.2 Cytotoxicity of CNTRENE® C100LM CNT material exposure

228

229 The inhibition and cytotoxicity of an increasing gradient of CNTRENE material up to 1.05 µg/ml 

230 on E. coli K12 was examined by a MIC assay. Growth curves for E. coli K12 in LB (pH 7) in the 

231 presence of pristine CNTRENE material over the tested concentration range were very similar to 

232 the growth observed in the unexposed control group, with all growth curves overlaying (Fig. 

233 5A). The same trend was observed for E. coli K12 in LB (pH 7) in the presence of aged 

234 CNTRENE material (Fig. 5B). Cultures grown in LB (pH 7) had an average doubling time of 

235 22.4 min (± 1.2 min) after exposure to pristine CNTs, and an average doubling time of 22.3 min 

236 (± 1.1 min) after exposure to aged CNTs (Fig. 6A). In comparison, the unexposed control groups 

237 in the pristine and aged CNT assays had doubling times of 22.7 min (± 0.8 min). Doubling times 

238 observed for E. coli K12 in LB (pH 7) were similar between pristine and aged CNTRENE 

239 material concentrations regardless of the concentration used. Indeed, doubling times were not 

240 correlated to increasing exposure to either pristine (r = 0.0995, n = 9 for each concentration, p = 

241 0.4873) or aged (r = 0.2581, n = 9 for each concentration, p = 0.0675) CNTRENE material.

242 The influence of CNTRENE material on E. coli growth was analyzed in M9 medium, in which 

243 E. coli have a slower growth rate and a lower final cell density. In this minimal medium, growth 

244 with pristine or aged CNTRENE material was similar to the unexposed control group (Figs. 5C-

245 5D). Unexposed cells had an average doubling time of 60.7 min (± 0.7 min). In comparison, E. 
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246 coli exposed to pristine CNTRENE material had an average doubling time of 60.4 min (± 2.3 

247 min), and when exposed to aged CNTRENE material an average doubling time of 59.9 (± 0.7 

248 min) was observed (Fig. 6B). Considering these data, it is not surprising that there was not a 

249 correlation between doubling times and the concentration of pristine (r = 0.0109, n = 9 for each 

250 concentration, p = 0.9414) or aged (r = -0.2688, n = 9 for each concentration, p = 0.1381) 

251 CNTRENE material exposure. 

252 Lastly, the effect of pH on CNTRENE material toxicity was examined using LB medium at pH 

253 of 5. As for the other conditions, the growth of E. coli was not inhibited by either pristine or aged 

254 CNTRENE material exposure, having growth curves that superimposed (Figs. 5E-5F). For 

255 pristine CNTRENE material treatment, an average doubling time of 30.3 min (± 0.8 min) was 

256 observed. Similarly, aged CNTRENE material treatment produced an average doubling time of 

257 29.6 (± 0.9 min) upon exposure of up to 1.05 µg/ml CNTRENE material. These doubling times 

258 are similar to that of the untreated cells of 30.3 ± 0.5 min (Fig. 6C). Again, no correlation was 

259 seen between doubling time and treatment with increasing concentrations of pristine (r = -

260 0.1103, n = 9 for each concentration, p = 0.5490) or aged (r = 0.2342, n = 9 for each 

261 concentration, p = 0.1896) CNTRENE material. 

262

263 3.3 Antibacterial Plate Counts 

264

265 Significant optical interference was observed at CNTRENE material concentrations over 1.05 

266 μg/ml, making MIC microtiter assays infeasible for the assessment of cytotoxic effects. 

267 Therefore, growth effects of pristine CNTRENE material at concentrations higher than 1.05 

268 μg/mL on E. coli K12 were evaluated by a modified spot plate technique (see Methods). The 

269 CFU/mL were calculated after 24 h of exposure to pristine CNTRENE material at final 

270 concentrations of 0 μg/ml (control), 8.44 μg/ml, 16.88 μg/ml, and 33.75 μg/ml. The calculated 

271 CFU/mL were 1.47 x 109 ± 7.87 x 108 CFU/ml (n = 9), 1.24 x 109 ± 9.26 x 108 CFU/ml (n = 9), 

272 1.20 x 109 ± 6.24 x 108 CFU/ml (n = 9), and 1.87 x 109 ± 5.00 x 108 CFU/ml (n = 9), respectively 

273 (Fig. 7). These data were found to be Gaussian by a D’Agostino-Pearson normality test, and the 

274 differences between groups were not significant as determined by one-way ANOVA (p = 

275 0.2138). Taken together with the MIC assays described above, these data imply that CNTRENE 

276 material exposure up to 33.75 μg/ml does not significantly impact the growth of E. coli. 

277

278 3.4 Electron Microscopy Imagining

279  

280 Morphological changes of E. coli K12 grown in LB pH 7 and exposed to pristine CNTRENE 

281 material at concentrations at and above 1.05 μg/mL were evaluated by electron microscopy. With 

282 SEM, control cells visualized at 10,000x and 25,000x appeared as morphologically normal 

283 bacilli, with intact outer membranes and lengths ranging between 1 μm and 2 μm (Figs. 8A-8B). 

284 After 24 h exposure to pristine CNTRENE material (33.75 μg/mL and 16.88 μg/mL), cells had 

285 similar morphologies to control samples were within the typical 1 μm to 2 μm length range of E. 

286 coli (Figs. 8C-8F).  

287

288 As was observed with SEM, AFM images of control E. coli K12 cells appeared as 

289 morphologically normal bacilli with intact outer membranes, lengths between 1 μm to 2 μm, and 

290 diameters of 0.5 μm (Fig. 9A). After 24 h exposure to pristine CNTRENE material (33.75 
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291 μg/mL, 16.88 μg/mL, and 1.05 μg/mL), cells had normal morphological features including cell 

292 length (1 μm – 2 μm) and diameter (0.5 μm), similar to control cells (Figs. 9B-9D). 

293

294 In SEM images, CNTRENE material was primarily observed to be adjacent to bacterial cells and 

295 not in direct contact with the cell surface. Although, some CNTRENE material was in direct 

296 contact with outer membranes of the cells, no damage to outer membranes, such as physical 

297 puncturing, was observed. Due to the resolution limitations of the instrument, no CNTRENE 

298 material structures could be positively identified in AFM images, so no association between cells 

299 and CNTRENE material was directly observable. However, cells appeared intact, without 

300 abnormalities in cell morphology, which corresponds to the SEM images. Taken together, these 

301 data suggest that these CNTRENE material does not physically damage E. coli, which is in 

302 agreement with the data demonstrating normal growth upon CNTRENE material exposure.  

303

304 3.5 RNA Sequencing 

305

306 Global transcriptional changes were examined by RNA sequencing to examine if any regulatory 

307 changes were responsible for the tolerance of E. coli to CNTRENE material. E. coli K12 cultures 

308 were grown to mid-log phase in M9 medium containing 1.05 μg/ml CNTs and compared to 

309 cultures without CNTRENE material exposure. Control samples had an average of 2,199,975 

310 reads (6,599,925 total reads) and experimental samples had an average of 2,592,180 reads 

311 (7,776,541 total reads). All control and experimental samples had sequence lengths of 35-51 bp 

312 with a GC content of approximately 54%, closely mirroring the genomic GC percentage of 

313 50.8% (Riley et al., 2005). Gene expression of E. coli K12 exposed to pristine CNTRENE 

314 material was compared to native gene expression with the E. coli K12 MG1655 reference 

315 genome used for mapping sequencing reads. Of the 4464 open reading frames (ORFs) (NCBI 

316 accession NC_000913), 4314 genes were mapped indicating that 96.6% of all genes were 

317 expressed. Of the 4314 genes mapped, 186 genes were differentially expressed using a 2-fold 

318 change between control and experimental samples as a threshold. Of these 186 genes, 26 genes 

319 were upregulated in the experimental CNT exposed samples, and 160 genes were downregulated 

320 (Fig. S1). However, only three genes (pptA, alpA, and mgtL) were expressed at a significantly 

321 different level in the experimental samples after correcting for false discovery rate of 0.05 using 

322 the Benjamini-Hochberg method (Benjamini & Hochberg 1995). The pptA and alpA genes were 

323 considered significantly downregulated with a 2.5-fold change (p = 0.0272) and 35.1-fold change 

324 (p = 0.0227), respectively. The mgtL gene was the only gene to be upregulated, with an 85.3-fold 

325 increase in expression in experimental samples (p = 1.87 x 10-7). The pptA gene (COG 1942) is 

326 predicted to encode a 4-oxalocrotonate tautomerase that functions in degradation pathways for 

327 xenobiotic aromatic compounds (Kanehisa & Goto 2000). The alpA gene (COG 3311) is 

328 prophage regulatory protein that is part of a group of DNA transcription regulators within the 

329 MerR superfamily, and regulators within this family have been shown to regulate in response to 

330 environmental stressors, such as heavy metals (Marchler-Bauer et al., 2015). However, the genes 

331 downstream of this ORF encode proteins associated with the cryptic prophage CP4-57 and are 

332 not known to be associated with stress responses. The mgtL gene acts as a leader sequence to the 

333 downstream mgtA gene (COG 0474), which is a Mg2+ transport protein (Park et al., 2010). The 

334 mgtL leader sequence serves a riboswitch for the Mg2+ porin, which allows expression of the 

335 porin to be regulated by the availability of proline and Mg2+ (Park et al., 2010). Regardless, the 

336 role of all three genes identified by RNA-seq in response to CNTRENE material exposure is 
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337 unclear as all three genes have dissimilar function and are not part of a general stress response 

338 that would be expected from known mechanisms of CNT toxicity, such as physical interaction 

339 (e.g. cell envelope damage), ROS generation, or oxidative stress (Nel et al., 2006; Kang et al., 

340 2008).

341

342 Discussion

343

344 With the emergence of nanotechnology and the growing number of applications for CNTs, such 

345 as biosensors (Wang, Musameh & Lin, 2003; Chen et al., 2003; Huang et al., 2004; Trojanowicz, 

346 2006; Timur et al., 2007; Yun et al., 2007) and vaccine/drug delivery systems (Kam et al., 2005; 

347 Cai et al., 2005; Bianco, Kostarelos & Prato, 2005; Liu et al., 2007), it is important that the 

348 safety and potential impacts of nanoparticles on environmental communities are fully evaluated. 

349 The potential cytotoxic effects on microbial communities is an important consideration during a 

350 chemical life cycle analysis, as microorganisms play a vital role in environmental nutrient 

351 cycling, are essential for the maintenance of animal life, and play a role in health and disease. 

352 Disruption of the microbiota of an ecosystem has wide reaching consequences. However, 

353 evidence that exposure to realistic doses of nanomaterials causes acute toxicity is limited. 

354 Analysis of toxicity is also complicated by the lack of correlation between toxicity and 

355 nanoparticle size (Valsami-Jones & Lynch, 2015). Further complicating assessment of 

356 nanoparticle toxicity is the issue of aging (i.e. weathering upon environmental exposure), which 

357 can alter the physiochemistry and resulting toxicity of the material. This makes examining the 

358 effect of aging vital to the assessment of nanotoxicity. 

359

360 In this study, the growth of E. coli K12 was not inhibited by pristine or aged CNTRENE material 

361 over the tested concentration range of up to 33.75 μg/ml under any growth conditions tested. 

362 Furthermore, no morphological changes were observed by SEM or AFM in which E. coli were 

363 exposed to CNTRENE material. It may be that the negatively charged carboxyl functional 

364 groups of CNTRENE material CNTs are partially repelled by the net negative charge of the 

365 bacterial cell, which could account for the lack of toxicity observed. This is in agreement with 

366 studies examining the cytotoxicity of fullerenes on bacteria. Fullerenes are a carbon nanomaterial 

367 consisting of a cage-like sphere of carbon boned in hexagonal or pentagonal arrangements, and 

368 CNTs can be considered a cylindrical form of a fullerene with similar surface and atomic 

369 structure and composition. In fullerenes, cationic functionalization (e.g. -NH3) is generally 

370 associated with increased cytotoxicity compared to anionic functionalization (e.g. -COOH) 

371 (Jensen, Wilson & Schuster, 1996; Bosi et al., 2003; Oberdörster, Oberdörster & Oberdörster, 

372 2005). Regardless of the mechanism, these data suggest that CNTRENE material exposure is 

373 benign to E. coli. 

374

375 Despite the lack of physical alteration or growth effect of CNTRENE material exposure, three 

376 genes (pptA, alpA, and mgtL) were identified as differentially regulated in CNTRENE 

377 material−exposed cells. However, the role of these three genes is enigmatic because of their 

378 unrelated cellular roles and lack of a link to known stress response pathways associated with 

379 CNT exposure (Nel et al., 2006; Kang et al., 2008). Yet, the lack of large changes in gene 

380 expression is not surprising given that growth was not significantly impacted by CNT exposure. 

381 It would be expected that gene regulation may play a role in normalizing growth behavior in 

382 CNTRENE material−exposed cells if the CNTs were at sub-toxic concentrations. However, 
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383 almost no gene regulation was seen and the three genes that were regulated were not 

384 differentially expressed to a large extent (i.e. > 100-fold). Interestingly, CNT exposure has been 

385 previously reported to influence gene regulation in bacteria. For example, CNT exposure to non-

386 functionalized single-walled CNTs and multi-walled CNTs was reported to activate genes 

387 associated with membrane and oxidative stress (Kang et al., 2008). Recently, exposure of 

388 Paracoccus denitrificans to carboxyl-functionalized single-walled CNTs (10- µg/ml - 50 µg/ml) 

389 inhibited cell growth by reducing the expression of genes involved in DNA repair, glucose 

390 metabolism, and energy production. (Zheng et al., 2014). The CNTRENE material used here has 

391 been recently associated in gene regulation in Saccharomyces cerevisae (Woodman et al., 2016). 

392 Here, they report 82 genes differentially expressed upon, of which 56 were up-regulated and 26 

393 were down-regulated. Approximately 20% of the genes were implicated in increasing the rate of 

394 membrane transport, suggesting a detoxification route. This correlated to an observed increase in 

395 growth rate and decreased cell density of CNTRENE material−exposed cells. Yet, none of these 

396 previously reported alterations in gene expression were observed in CNTRENE 

397 material−exposed E. coli. This may be due to disparate CNT toxicity mechanisms in bacteria and 

398 eukaryotes. For example, CNT toxicity in eukaryotes is often attributed to their uptake, 

399 especially by phagocytic cells, resulting in frustrated phagocytosis leading to the production of 

400 reactive oxygen species and release pro-inflammatory cytokines (Brown et al., 2007; Johnston et 

401 al., 2010). To our knowledge, bacteria are not known to uptake CNTs. Taken together, these data 

402 suggest that CNTRENE material exposure does not cause cell damage, death, or influence 

403 growth of E. coli K12, and that exposure to elevated levels up to 33.75 µg/ml CNTRENE 

404 material is innocuous to E. coli K12. 

405

406 The lack of a deleterious effects CNTRENE material exposure is somewhat surprising given that 

407 many CNTs have been reported as having cytotoxic effects on bacteria, including E. coli. 

408 However, it should be addressed that there are many contradictory findings about the bacterial 

409 cytotoxicity of CNTs, which have been attributed to the variety of CNTs available including 

410 differences in purity and heavy metal content left over from CNT production (Yang et al., 2010). 

411 While some studies have found strong cytotoxic activity with carboxyl-functionalized CNTs 

412 (Arias & Yang, 2009), others have reported the opposite finding (Lewinski, Colvin & Drezek, 

413 2008). Most studies examine cytotoxicity of CNTs that are artificially coated onto membranes by 

414 filtering. This procedure often is used to concentrate CNTs, likely providing exposure 

415 concentrations above those that would be obtained naturally. It also forces a CNT-cell interaction 

416 that may not accurately reflect planktonic bacterial cytotoxicity or cytotoxicity in biofilms. 

417 Moreover, many cytotoxicity studies that do report CNTs as highly toxic in planktonic cell 

418 cultures only report toxicity associated with the CNT-cell aggregates (Kang et al., 2007; Kang et 

419 al., 2008). This also artificially inflates toxicity because the majority of the cells are suspended 

420 and not in association with CNTs or CNT aggregates. For example, non-functionalized SWCNTs 

421 were reported to cause 80% loss of E. coli K12 viability in liquid cultures. However, this was 

422 only for CNT-bacterial aggregates, while the viability for cells in free suspension without CNT-

423 association was only reduced by 8%. This was equivalent to the loss of viability of untreated 

424 cells (Kang et al., 2008). This suggests that a physical interaction is necessary for CNT 

425 cytotoxicity. Most cells grown in liquid culture are planktonic and not CNT-associated. 

426 Consequently, studies that only examine these associations and ignore the majority of the cells 

427 (i.e. cells in bulk solution) likely greatly overestimate the cytotoxic effect of the CNT in 

428 question. Due to the variation in reported effects and the variety of potential applications, it is 

PeerJ reviewing PDF | (2016:11:14799:1:1:NEW 13 Jul 2017)

Manuscript to be reviewed



429 imperative that the effects of each distinctive type of CNT and their characterization is 

430 adequately evaluated using standardized methods to obtain a clear picture of toxicity. 

431

432 In summary, we have shown that pristine and aged CNTRENE® C100LM CNT materials are not 

433 deleterious to the growth of E. coli at environmentally relevant concentrations up to 33.75 µg/ml. 

434 Furthermore, gene expression is not altered in a significant way, indicating that there is no need 

435 for E. coli to adapt to exposed conditions. It should be mentioned that other microorganisms may 

436 respond differently. Therefore, it may be useful to examine microbial communities, natural or 

437 artificial (e.g. microcosms), that are exposed to CNTRENE material to more completely 

438 understand its microbial cytotoxicity. This study highlights the importance of the continued 

439 toxicity screening of nanomaterials which is especially important in light of contradicting reports 

440 of nanomaterial cytotoxicity.  Furthermore, there has been no physical or chemical parameter 

441 (e.g. functionalization) that has been shown to be predictive of cytotoxicity (Valsami-Jones & 

442 Lynch, 2015). Standard methods for nanoparticle cytotoxicity also do not appear to exist and 

443 must be developed. Current studies evaluating cytotoxic effects of CNTs on bacterial cells 

444 demonstrate the need for adequate characterization of the CNT materials tested, because physical 

445 and chemical properties of CNTs, including length, diameter, functionalization, and metal 

446 contamination have shown an effect on cell viability observed in bacterial cells. Furthermore, the 

447 degree of CNT dispersion in the solution can often impact toxicity, with dispersed CNTs being 

448 more toxic to bacterial cells than aggregated CNTs (Kang, Mauter & Elimelech, 2008; Liu et al., 

449 2009). For example, surfactants used to suspend single-walled CNTs also affect microbial cell 

450 viability and demonstrates that there are compounding factors when evaluating cytotoxicity of 

451 nanomaterials (Dong, Henderson & Field, 2012). Interpretation of data across labs will continue 

452 to be problematic until these standard practices are developed. Here we have described a set of 

453 simple standard assays that may be done to establish microbial cytotoxicity of nanomaterials.

454

455 Acknowledgements

456

457 We would like to thank Brewer Science, Inc. for the generous gift of the CNTs. Rishi Patel for 

458 training and help gathering SEM and AFM data, and for providing information regarding 

459 physical characteristics of the CNT material. Dr. Wenping Qiu in the School of Agriculture for 

460 use of Agilent Technologies 2100 Bioanalyzer. Angela Schmoldt and Raymond Hovey at the 

461 University of Wisconsin- Milwaukee for their assistance with RNA sequencing and 

462 bioinformatic analysis. 

463

464 References

465

466 Arias LR, Yang L. 2009. Inactivation of Bacterial Pathogens by Carbon Nanotubes in 

467 Suspensions. Langmuir 25(5):3003-3012

468 Benjamini Y, Hochberg Y. 1995. Controlling the false discovery rate: a practical and powerful 

469 approach to multiple testing. J R Stat Soc Series B Stat Methodol 57:289-300

470 Bianco A, Kostarelos K, Prato M. 2005. Applications of carbon nanotubes in drug delivery. 

471 Curr Opin Chem Biol 9(6):674-679

472 Bosi S, Da Ros T, Spalluto G, Balzarini J, Prato M. 2003. Synthesis and anti-HIV properties 

PeerJ reviewing PDF | (2016:11:14799:1:1:NEW 13 Jul 2017)

Manuscript to be reviewed



473 of new water-soluble bis-functionalized[60]fullerene derivatives. Bioorg Med Chem Lett 

474 13(24):4437-4440

475 Brown DM, Kinloch IA, Bangert U, Windle AH, Walter DM, Walker GS, Scotchford CA, 

476 Donaldson K, Stone V. 2007. An in vitro study of the potential of carbon nanotubes and 

477 nanofibres to induce inflammation mediators and frustrated phagocytosis. Carbon 45:1743–1756

478 Cai D, Mataraza JM, Qin ZH, Huang Z, Huang J, Chiles TC, Carnahan D, Kempa K, Ren 

479 Z. 2005. Highly efficient molecular delivery into mammalian cells using carbon nanotube 

480 spearing. Nat Methods 2(6):449-454

481 Chang WH, Cheong IW, Shim SE, Choe S. 2006. The dispersion stability of multi-walled 

482 carbon nanotubes in the presence of poly(styrene/α-methyl styrene/acrylic acid) random 

483 terpolymer. Macromol Res 14(5):545-551

484 Chen J, Hamon MA, Hu H, Chen Y, Rao AM, Eklund PC, Haddon RC. 1998. Solution 

485 Properties of Single-Walled Carbon Nanotubes. Science 282(5386):95-98

486 Chen L, Xie H, Yu W. 2011. Functionalization methods of carbon nanotubes and its 

487 applications, p 213-232. In Marulanda, J M (ed), Carbon Nanotubes Applications on Electron 

488 Devices. InTech, New York. 

489 Chen RJ, Bangsaruntip S, Drouvalakis KA, Kam NWS, Shim M, Li Y, Kim W, Utz PJ, Dai 

490 H. 2003. Noncovalent functionalization of carbon nanotubes for highly specific electronic 

491 biosensors. Proc Natl Acad Sci USA 100(9):4984-4989

492 Dai H. 2002. Carbon nanotubes:  synthesis, integration, and properties. Accounts Chem Res 

493 35:1035–1044

494 De Volder MF, Tawfick SH, Baughman R H, Hart AJ. 2013. Carbon nanotubes: present and 

495 future commercial applications. Science 339(6119):535-539

496 Dong L, Henderson A, Field C. 2012. Antimicrobial activity of single-walled carbon nanotubes 

497 suspended in different surfactants. J Nanotechnol 2012:Article ID 928924. DOI: 

498 10.1155/2012/928924

499 Environmental Protection Agency. 2008. TSCA inventory status of nanoscale substances- 

500 general approach. United States Environmental Protection Agency. 

501 https://www.epa.gov/sites/production/files/2015-10/documents/nmsp-inventorypaper2008.pdf

502 Environmental Protection Agency. 2010. Emerging contaminants- nanomaterials. United 

503 States Environmental Protection Agency. 

504 https://archive.epa.gov/region9/mediacenter/web/pdf/emerging_contaminant_nanomaterials.pdf

505 Environmental Protection Agency. 2015. Significant new use rules on certain chemical 

506 substances. pp 5457 -5471. https://federalregister.gov/a/2015-01721

507 Gaudy Jr. AF, Abu-Niaaj F, Gaudy ET. 1963. Statistical Study of the Spot-Plate Technique 

PeerJ reviewing PDF | (2016:11:14799:1:1:NEW 13 Jul 2017)

Manuscript to be reviewed



508 for Viable-Cell Counts. Appl Microbiol. 11(4):305–309

509 Grujicic M, Gao G, Rao AM, Tritt TM, Nayak S. 2003. UV-lightenhanced oxidation of 

510 carbon nanotubes. Appl Surf Sci 214:289– 303 

511 Horie M, Kato H, Fujita K, Endoh, S, Iwahashi H. 2011. In vitro evaluation of cellular 

512 response induced by manufactured nanoparticles. Chemical research in toxicology 25(3):605-

513 619. DOI: 10.1021/tx200470e.

514

515 Huang TS, Tzeng Y, Liu YK, Chen YC, Walker KR, Guntupalli R, Liu C. 2004. 

516 Immobilization of antibodies and bacterial binding on nanodiamond and carbon nanotubes for 

517 biosensor applications. Diam Relat Mater 13(4):1098-1102

518

519 Jensen AW, Wilson SR, Schuster DI. 1996. Biological applications of fullerenes. Bioorg Med 

520 Chem 4(6):767-779

521 Johnston HJ, Hutchinson GR, Christensen FM, Peters S, Hankin S, Aschberger K, Stone 

522 V. 2010. A critical review of the biological mechanisms underlying the in vivo and in vitro 

523 toxicity of carbon nanotubes: The contribution of physico-chemical characteristics. 

524 Nanotoxicology 4(2): 207-246. DOI: 10.3109/17435390903569639

525 Kam NW, O’Connell M, Wisdom JA, Dai H. 2005. Carbon nanotubes as multifunctional 

526 biological transporters and near-infrared agents for selective cancer cell destruction. Proc Natl 

527 Acad Sci USA 102(33):1160-11605

528 Kanehisa M, Goto S. 2000. KEGG: Kyoto Encyclopedia of Genes and Genomes. Nucleic Acids 

529 Res 28(1):27–30. DOI: 10.1093/nar/28.1.27

530 Kang S, Herzberg M, Rodrigues DF, Elimelech M. 2008. Antibacterial effects of carbon 

531 nanotubes: size does matter! Langmuir 24(13):6409-6413

532 Kang S, Mauter MS, Elimelech, M. 2008. Physicochemical determinants of multiwalled 

533 carbon nanotube bacterial cytotoxicity. Environ Sci Technol 42(19):7528-7534. DOI: 

534 10.1021/es8010173. 

535

536 Kang S, Pinault M, Pfefferle LD, Elimelech M. 2007. Single-walled carbon nanotubes exhibit 

537 strong antimicrobial activity. Langmuir 23:8670–8673

538 Köhler AR, Som C, Helland A, Gottschalk F. 2008. Studying the potential release of carbon 

539 nanotubes throughout the application life cycle. J Clean Prod 16(8):927-937

540 Kolosnjaj-Tabi J, Szwarc H, Moussa F. 2012. In vivo toxicity studies of pristine carbon 

541 nanotubes: a review. Del Nanoparticles 2000:37-58

542 Lewinski N, Colvin V, Drezek R. 2008. Cytotoxicity of nanoparticles. Small 4(1):26-49

543 Liao X and Zhang X. 2012. Preparation, characterization and cytotoxicity of carbon nanotube-

PeerJ reviewing PDF | (2016:11:14799:1:1:NEW 13 Jul 2017)

Manuscript to be reviewed



544 chitosan-phycocyanin complex. Nanotechnol 23(3): 035101

545 Liu S, Wei L, Hao L, Fang N, Chang MW, Xu R, Yang Y, Chen Y. 2009. Sharper and faster 

546 “nano darts” kill more bacteria: a study of antibacterial activity of individually dispersed pristine 

547 single-walled carbon nanotube. ACS Nano 3:3891–3902

548 Liu T, Tang H, Zhao J, Li D, Li R, Sun X. 2007. A study on the bactericidal properties of Cu-

549 coated carbon nanotubes. Front Mater Sci China 1(2):147-150

550 Macleay RE. 1989. Process for producing polymer bound hindered amine light stabilizers. 

551 EP0303281A1.

552 Marchler-Bauer A, Derbyshire MK, Gonzales NR, Lu S, Chitsaz F, Geer LY, Geer RC, He 

553 J, Gwadz M, Hurwitz DI, Lanczycki CJ, Lu F, Marchler GH, Song JS, Thanki N, Wang Z, 

554 Yamashita RA, Zhang D, Zheng C, Bryant SH. 2015. CDD: NCBI's conserved domain 

555 database. Nucleic Acids Res. 43:D222-6. DOI: 10.1093/nar/gku1221.D222-6

556 Nel, A, Xia T, Mädler, L, Li N. 2006. Toxic potential of materials at the nanolevel. Science 

557 311(5761):622-627. DOI: 10.1126/science.1114397

558

559 Oberdörster G, Oberdörster E, Oberdörster J. 2005. Nanotoxicology: an emerging discipline 

560 evolving from studies of ultrafine particles. Environ Health Perspect 113(7):823-839

561 Park SY, Cromie MJ, Lee EJ, Groisman EA. 2010. A bacterial mRNA leader that employs 

562 different mechanisms to sense disparate intracellular signals. Cell 142(5):737-748

563 Peng Y, Liu R, Cao J, Luo S. 2014. Antiweathering effects of vitamin E on wood 

564 flour/polypropylene composites. Polym Compos 35(11):2085-2093

565 Petersen EJ, Zhang L, Mattison NT, O’Carroll DM, Whelton AJ, Uddin N, Nguyen T, 

566 Huang Q, Henry TB, Holbrook RD, Chen KL. 2011. Potential release pathways, 

567 environmental fate, and ecological risks of carbon nanotubes. Environ Sci Technol 45:9837–

568 9856

569 Puretzky AA, Geohegan DB, Fan X, Pennycook SJ. 2000. Dynamics of single-wall carbon 

570 nanotube synthesis by laser vaporization. Appl Phys A 70:153-160

571 Reinhart DR, Berge ND, Santra S, Bolyard SC. 2010. Emerging contaminants: Nanomaterial 

572 fate in landfills. Waste Manag 30(11):2020-2021

573 Riley M, Abe T, Arnaud MB, Berlyn MK, Blattner FR, Chaudhuri RR, Glasner JD, 

574 Horiuchi T, Keseler IM, Kosuge T, Mori H, Perna NT, Plunkett G 3rd, Rudd KE, Serres 

575 MH, Thomas GH, Thomson NR, Wishart D, Wanner BL. 2006. Escherichia coli K-12: a 

576 cooperatively developed annotation snapshot—2005. Nucleic acids res 34(1):1-9

577 Shanbhag DH. 2012. "Accelerated weathering" The need of OEMs. Paintindia 62(1):98.

578 Tcherbi-Narteh A, Hosur M, Jeelani S. (2013) Influence of Nanoclay on the Durability of 

PeerJ reviewing PDF | (2016:11:14799:1:1:NEW 13 Jul 2017)

Manuscript to be reviewed



579 Woven Carbon/Epoxy Composites Subjected to Ultraviolet Radiation. Mech Adv Mater Struc 

580 21(3): 222-236

581 Timur S, Anik U, Odaci D, Gorton L. 2007. Development of a microbial biosensor based on 

582 carbon nanotube (CNT) modified electrodes. Electrochem Commun 9(7):1810-1815

583 Trojanowicz M. 2006. Analytical applications of carbon nanotubes: a review. Trac-Trend Anal 

584 Chem 25(5):480-489

585 University of Delaware, C. f. C. M. 2002.Accelerated Aging Tests of Fiberglass-Reinforced 

586 Composite Utility Poles. International, F. P., Ed. University of Delaware: University of 

587 Delaware, Center for Composite Materials

588 Valsami-Jones E, Lynch I. 2015. How safe are nanomaterials? Science 350(6259):388-389. 

589 DOI: 10.1126/science.aad0768

590

591 Wang J, Musameh M, Lin Y. 2003. Solubilization of carbon nanotubes by Nafion toward the 

592 preparation of amperometric biosensors. J Am Chem Soc 125(9):2408-2409

593 Wiegand I, Hilpert K, Hancock REW. 2008. Agar and broth dilution methods to determine the 

594 minimal inhibitory concentration (MIC) of antimicrobial substances. Nat Protoc 3:163–175

595 Woodman S, Short JC, McDermott H, Linan A, Bartlett K, Gadila SKG, Schmelzle K, 

596 Wanekaya A, Kim K. 2016. Carbon Nanomaterials Alter Global Gene Expression Profiles. J 

597 Nanosci Nanotechnol 16(5):5207-5217. DOI: http://dx.doi.org/10.1166/jnn.2016.12165

598

599 Yang L, Kim P, Meyer HM, Agnihotri S. 2009. Aging of nanocarbons in ambient conditions: 

600 Probable metastability of carbon nanotubes. J Colloid Interface Sci 338(1):128-134

601 Yang C, Mamouni J, Tang Y, Yang L. 2010. Antimicrobial activity of single-walled carbon 

602 nanotubes: length effect. Langmuir 26(20):16013-16019

603 Yun Y, Dong Z, Shanov VN, Schulz MJ. 2007. Electrochemical impedance measurement of 

604 prostate cancer cells using carbon nanotube array electrodes in a microfluidic channel. 

605 Nanotechnol 18(46):465505. DOI:10.1088/0957-4484/18/46/465505

606

607 Zheng X, Su Y, Chen Y, Wan R, Li M, Wei Y, Huang H. 2014. Carboxyl-modified single-

608 walled carbon nanotubes negatively affect bacterial growth and denitrification activity. Sci Rep 

609 4:5653. DOI: 10.1038/srep05653.

PeerJ reviewing PDF | (2016:11:14799:1:1:NEW 13 Jul 2017)

Manuscript to be reviewed



Figure 1

Comparison of UV-Vis spectra of pristine and aged CNTRENE C100LM CNT material.

PeerJ reviewing PDF | (2016:11:14799:1:1:NEW 13 Jul 2017)

Manuscript to be reviewed



Figure 2

Comparison of Raman spectra of pristine and aged CNTRENE C100LM CNT material.

(A) Pristine CNTRENE. (B) CNTRENE artificially aged in a QUV Accelerated Weathering

chamber for 12 days.
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Figure 3

FTIR Spectra of Pristine (green, solid) and aged (red, dotted) CNTRENE CL100LM CNT

material.
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Figure 4

SEM of aged and pristine CNTRENE C100LM CNT material.

(A) CNTRENE artificially aged in a QUV Accelerated Weathering chamber for 12 days. (B)

Pristine CNTRENE Images from JEOL JSM-7600F field emission SEM under vacuum (9.6 x 10-5

Pascal) with accelerating voltage of 5.0 kV (A) and 10.0 kV (B). Total magnification was

100,000x.
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Figure 5

Comparison of E. coli growth when exposed to pristine or aged CNTRENE C100LM CNT

material.

Controls cells were grown in medium without CNT treatment. E. coli K12 were grown in the

presence of 0-1.05 µg/ml pristine or aged CNTRENE C100LM. (A) E. coli exposed to pristine

CNTRENE C100LM and grown in LB at a pH of 7. (B) E. coli exposed to aged CNTRENE

C100LM and grown in LB at pH 7. (C) E. coli exposed to pristine CNTRENE C100LM and grown

in M9 medium at a pH of 7. (D) E. coli exposed to aged CNTRENE C100LM and grown in M9

medium at pH 7. (E) E. coli exposed to pristine CNTRENE C100LM and grown in LB at a pH of

5. (F) E. coli exposed to aged CNTRENE C100LM and grown in LB at pH 5. Error bars have

been omitted for clarity.
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Figure 6

Comparison of doubling times (td) of E. coli K12 exposed to pristine or aged CNTRENE

C100LM CNT material.

Treatment with either pristine (dark gray) or artificially aged (light gray) CNTRENE C100LM .

Controls (unfilled bar) were grown in medium without CNTRENE C100LM . (A) E. coli grown in

LB at pH 7. For pristine CNTRENE C100LM treatment td ranged from 20.3 min - 25.3 min with

an average of 22. 4 min (± 1.2 min). Aged CNTRENE C100LM treatment td ranged from 20.1

min - 24.7 min with an average of 22.3 min (± 1.1 min). Untreated cells had a td of 22.7 min

(± 0.8 min). (B) E. coli grown in M9 medium. For pristine CNTRENE C100LM treatment td

ranged from 54.5 min – 65.4 min with an average of 60.4 min (± 2.3 min). Aged CNTRENE

C100LM treatment td ranged from 59.0 min – 61.6 min, with an average of 59.9 (± 0.7 min).

Untreated cells had a td of 60.7 min (± 0.7 min). (C) E. coli grown in LB at pH 5. For pristine

CNTRENE C100LM treatment td ranged from 29.1 min – 31.9 min with an average of 30.3 min

(± 0.8 min). Aged CNTRENE C100LM treatment td ranged from 27.3 min – 31.1 min, with an

average of 29.6 (± 0.9 min). Untreated cells had a td of 30.3 min (± 0.5 min). For all

treatment groups (pristine or aged CNTRENE C100LM exposure) doubling times mirrored that

of the untreated control, regardless of medium or pH used.
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Figure 7

Box-and-Whisker of antibacterial plate counts.

CNTRENE C100LM exposure in E. coli K12 grown in LB pH 7. Data were determined to

Gaussian by a D’Agostino-Pearson normality test. Differences were not significant between

groups as determined by one-way ANOVA (p = 0.2138, n = 9).
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Figure 8

Scanning electron microscopy (SEM) images of E. coli K12 after 24 hour exposure to

pristine CNTRENE C100LM.

Images from JEOL JSM-7600F field emission SEM under vacuum (9.6 x 10-5 Pascal) with

accelerating voltage of 1.00 kV. The scale bar is 1 µm. (A-B) 0 µg/mL (control), (C-D) 16.88

µg/mL, (E-F) 33.75 µg/mL pristine CNT exposure. Total magnification was 10,000x (A, C, E),

25,000x (B), and 20,000x (D, F).
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Figure 9

Atomic force microscopy (AFM) images of E. coli K12 after 24 hour exposure to pristine

CNTRENE C100LM.

Three dimensional images from Veeco Dimension 3100 with a Nanoscope IIIA Controller using

tapping mode and a silicon tip (radius of 8.0 nm) under atmospheric conditions. All images

captured with a scan rate of 1.001 Hz and 512 samples. Data scale for all images was 2.000

µm with X position of -19783.4 µm and Y position of -42151.3 µm. (A) 0 µg/mL (control), (B)

1.05 µg/mL, (C) 16.88 µg/mL, (D) 33.75 µg/mL pristine CNTRENE C100LM exposure.
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