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8 Abstract These studies were undertaken in order to

9 propose and test new methods for the assessment of the

10 acute hazard of ZnO nanoparticles (NPs) to the sediment

11 dwelling oligochaete worm Lumbriculus variegatus. In

12 order to support the developing nanotechnology sector,

13 comprehensive studies must be conducted to assess the

14 toxicity of nanomaterials (NMs) using environmentally

15 relevant organisms. An important part of such studies will

16 entail characterising and understanding the physicochemi-

17 cal properties of these NMs. In this study NMs were

18 characterised using a range of techniques, in order to assess

19 agglomeration/aggregation and dissolution. Toxicology

20 studies included a behavioural assay and the measurement

21 of oxidative stress. When considering the toxicology

22 results from all experiments using L. variegatus within this

23 paper ZnO NPs (0–10 mg/l) were found to cause acute

24 toxicity in terms of behavioural response, but not to cause

25 acute oxidative stress in terms of glutathione (GSH)

26 depletion. It was also concluded that the behavioural assay

27 and the GSH assay were both suitable techniques for

28 assessing the acute hazard of NMs to L. variegatus.29

30 Keywords Nanoparticles � Lumbriculus variegatus �
31 Zinc oxide � Ecotoxicology

32Introduction

33Since the 1990s there has been a rapid increase in both the use

34of engineered nanomaterials (NMs) and the implementation

35of nanotechnologies. Nanomaterials are particulate matter

36with at least one dimension on the nanoscale (1–100 nm)

37whereas nanoparticles (NPs) have 3 dimensions in the

38nanoscale. Terrestrial and aquatic environments are thought

39to be where releases of NMs may end up since ultimately

40they both receive run off and wastewater inputs from both

41domestic and industrial sources and so the investigation into

42the effects of NMs on the environment (water column, sed-

43iment and soils) is of utmost importance. NMs can enter the

44environment through a number of routes including both

45intentional and unintentional releases. Unintentional relea-

46ses can result from atmospheric emissions, solid or liquid

47waste streams from industrial facilities or transport accidents

48and spillages. NMs will also enter the environment through

49the manufacture and use of cosmetics, paints, sunscreens,

50fabrics, food packaging and medical products, in between

51others. Deliberate releases of NMs include those of envi-

52ronmental remediation activities (e.g. Fe NPs—Zhang and

53Elliot 2006) and the use of potentially NM-contaminated

54sewage sludge derived from wastewater treatment (Tourinho

55et al. 2012). The physicochemical properties of NMs will

56determine their bioavailability and toxicity (Powers et al.

572006). The physical and chemical properties of the receiving

58environment play a critical role in determining the fate of the

59NMs in the environment and this will affect their behaviour

60and toxicity (USEPA 2007). NMs are also prone to aggre-

61gation/agglomeration and sorption onto organic and inor-

62ganic material and so this will also change their fate in the

63environment (Holsapple et al. 2005).

64Zinc oxide NMs have a variety of applications, such as

65optoelectronics, cosmetics, catalysts, ceramics, pigments

A1 & Teresa F. Fernandes

A2 t.fernandes@hw.ac.uk

A3 1 The School of Life Sciences, Heriot Watt University,

A4 Riccarton, Edinburgh EH14 4AS, UK

A5 2 FENAC, The University of Birmingham, Edgbaston,

A6 Birmingham B15 2TT, UK

123

Ecotoxicology

DOI 10.1007/s10646-015-1515-8

Journal : Large 10646 Dispatch : 7-7-2015 Pages : 13

Article No. : 1515
h LE h TYPESET

MS Code : ECTX-D-14-00100 h CP h DISK4 4

http://crossmark.crossref.org/dialog/?doi=10.1007/s10646-015-1515-8&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10646-015-1515-8&amp;domain=pdf


R
E

V
IS

E
D

PR
O

O
F

66 (Bai et al. 2010) and personal care products (Blinova et al.

67 2010), due to their unique properties and diverse nanos-

68 tructures. The properties of ZnO, e.g. UV absorption and

69 specific surface area, are improved at the nanoscale. Nat-

70 ural zinc NPs exist in ecosystems and play an important

71 role in biogeochemical processes as zinc is an essential

72 micronutrient (Wigginton et al. 2007), however the

73 potential impact of engineered ZnO NMs on the environ-

74 ment has yet to be fully evaluated. The findings of a lit-

75 erature review for ZnO NMs suggest that they can be both

76 toxic and non-toxic in vitro and in many environmental

77 studies. The range of ZnO NM concentrations that are

78 considered toxic vary across these studies and the results

79 are species specific. Some environmental studies found no

80 or little difference between the toxicity of micro- and nano-

81 scale ZnO particles (Aruoja et al. 2009; Zhu et al. 2008),

82 some found that ZnO NMs had less of a detrimental effect

83 than zinc ions (Hooper et al. 2011), some found no effect

84 (Mortimer et al. 2008; Adams et al. 2006) whereas others

85 found that development, reproduction and survival were

86 affected after exposure to ZnO NMs (Blinova et al. 2010;

87 Heinlaan et al. 2008; Huang et al. 2008). Some of the ZnO

88 NM studies which have used crustaceans (Blinova et al.

89 2010), protozoa (Blinova et al. 2010) and algae (Franklin

90 et al. 2007; Aruoja et al. 2009) as test species, have stated

91 that the toxicity observed in their studies was down to ions

92 rather than NMs. Some studies, however, in human toxi-

93 cology (cell lines; Xia et al. 2008), mammalian toxicology

94 (adult mice; Wang et al. 2008) and ecotoxicology (crus-

95 taceans and bacteria; Heinlaan et al. 2008) have also shown

96 nano-specific toxicity. Generalisations cannot be made to

97 state that ZnO NM toxicity is ultimately solely down to

98 zinc ion release (Wong et al. 2010) and the dissolution of

99 NMs may result in an additional layer of complexity when

100 examining their potential toxicity (Xia et al. 2008).

101 There appears to be a significant gap in the literature

102 dealing with the effects of ZnO NMs on sediment dwelling

103 organisms such as Lumbriculus variegatus. L. variegatus

104 have been widely used to test potentially harmful sub-

105 stances since the early 1970s (e.g. Alekseev and Uspen-

106 skaya 1974). Since then, L. variegatus have been the most

107 widely used oligochaete to test the toxicity of a number of

108 chemical substances, particularly given its status as stan-

109 dard OECD test species. This work has included metals

110 (e.g. Schubauer-Berigan et al. 1993; Chapman et al. 1999),

111 metal oxides (e.g. Stanley et al. 2010), various chemicals

112 (e.g. ammonia: Schubauer-Berigan et al. 1995; PCB: Fisher

113 et al. 1999; PAHs: Monson et al. 1995; chlorophenols:

114 Nikkilä et al. 2003) and more recently NMs (e.g. Petersen

115 et al. 2008; Stanley et al. 2010; Pakarinen et al. 2011). L.

116 variegatus is an OECD test species particularly selected for

117 their specific characteristics, such as being widely avail-

118 able, being easily cultured and having a known chemical

119exposure history. Advantages of their use include their

120widespread distribution, availability of adequate amount of

121tissue for chemical analysis, high tolerance for a wide

122variety of exposure scenarios, can be exposed via all

123important routes of concern, and are suitable for both long-

124and short-term exposures (Brunson et al. 1998). L. varie-

125gatus feeding and locomotion behaviour are relevant in

126potential exposures to NMs given that they are deposit

127feeders which do not selectively ingest specific particles

128and swim/burrow within sediments or live at the interface

129water–sediment (Ding et al. 2001). In addition, they have

130been used in the testing of a wide range of chemicals

131substances which means that there is a large data set that

132can be used for comparison purposes.

133In this study two endpoints were selected to test the

134potential toxicity of ZnO NPs, a behavioural endpoint and

135an oxidative stress endpoint. The behavioural endpoint was

136chosen as the locomotive behaviours of L. variegatus are

137significant indicators of the physical, chemical and bio-

138logical properties of sediments and water bodies (Drewes

1391997). The behaviours of L. variegatus are well docu-

140mented and so are very useful as a biomarker for toxicity.

141Drewes (1999) hypothesised that since L. variegatus tend

142to feed en masse, when a negative stimulus occurs the

143worms will execute body reversal behaviours which rapidly

144disaggregate the assembled mass and this can confuse or

145startle a predator. The body reversal behaviour positions

146the head of the worm away from the predator or negative

147stimulus and swimming behaviour allows for rapid, short

148distance retreats from threats, where the worm does not

149have the benefit of protection or traction (Drewes 1999). A

150number of papers have used this behaviour of L. variega-

151tus. Some authors have employed electro-physical tech-

152niques to test the conductivity of neural pathways (Rogge

153and Drewes 1993; Lesiuk and Drewes 2001; Sardo and

154Soares 2010), while others have used touch-evoked

155response techniques (Lesiuk and Drewes 2001; Ding et al.

1562001; O’Gara et al. 2004, 2006). This behavioural endpoint

157has not been used yet to assess toxicity of NMs and

158therefore it is important to evaluate its use in this context.

159The oxidative endpoint was chosen as oxidative stress is

160known to play a major role in the toxicity mechanism of

161ZnO NMs (e.g. Johnston et al. 2012). The method

162employed in this study was adapted from a cell line pro-

163tocol and has not been used with L. variegatus previously.

164This research was conducted in order to address a gap in

165the literature on the ecotoxicity of ZnO NPs, particularly in

166benthic systems and using a novel method. Hazard infor-

167mation on the toxic effects of ZnO NPs on L. variegatus is

168limited. The aim of this study was to investigate the effects

169of ZnO NPs and larger (‘bulk’) particles on the behaviour

170of L. variegatus and whether these particles would induce

171oxidative stress during acute 96 h toxicity tests, with and
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172 without the addition of dissolved organic matter. This aim

173 was achieved using a well-documented behavioural assay

174 and the measurement of glutathione (GSH) fluctuations in

175 the tissues of the worms, both of which are sublethal assays

176 that have not been used with this species before in the

177 investigation of NM toxicity.

178 Materials and methods

179 Characterisation

180 The United States Environmental Protection Agency Hard

181 Water (EPA HW) medium was prepared according to the

182 published method (USEPA 2002). The ZnO NPs (‘‘Zinc

183 oxide Nanogard’’) and bulk (‘‘Zinc oxide ACS 99 % min.’’)

184 were sourced from Alfa Aesar, Germany.

185 Dynamic light scattering

186 Dynamic light scattering (DLS) was used to examine the

187 hydrodynamic diameter (HD) and zeta potential (ZP) of the

188 particles immediately after suspensions were made, using

189 Malvern recommended minimum concentrations (Malvern

190 User Manual 2008), and also across a 96 h period using a

191 wide range of concentrations considered to incorporate

192 environmentally relevant concentrations. From a sonicated

193 stock suspension (30 min at 20 �C) of 0.5 mg/ml NPs in

194 filtered EPA HW suspensions of 0.1 and 0.01 mg/ml ZnO

195 NP (immediate HD/ZP measurement) and from a sonicated

196 stock suspension (30 min at 20 �C) of 0.5 mg/ml NPs in

197 unfiltered EPA HW, 0–10 mg/l ZnO NP (96 h study) sus-

198 pensions of different concentrations were made. Suwannee

199 River humic acid (HA) (International Humic Substances

200 Society, USA) was added to the stock suspensions as

201 required, after sonication. Stock suspensions of humic acid

202 at 5 mg/l were prepared by adding 5 mg humic acid to 1 l of

203 EPA HW medium and stirring (with a magnetic stirrer) for

204 15 min. The humic acid was added after sonication as

205 sonication can cause the acid to change via oxidation,

206 pyrolysis or mechanical degradation (Naddeo et al. 2007).

207 For the initial size study the HD and ZP was read imme-

208 diately and for the 96 h study both HD and ZP readings

209 were taken at 0, 24, 48, 72 and 96 h. Samples were taken

210 from the top 1–2 cm of suspensions at each time point using

211 a 2 ml syringe, with care not to disturb the suspension to

212 prevent the re-suspension of any settled particles. This

213 method was repeated with the bulk particles of ZnO.

214 Transmission electron microscopy

215 Dispersions of 0.1 and 1 mg/l ZnO NPs were prepared in

216 milli-Q water, EPA HW medium and EPA HW medium

217with 5 mg/l humic acid. Freshly cleaved sheets of mus-

218covite (around 50 9 50 mm) and 300 mesh Formvar/car-

219bon coated Cu TEM grids were placed in flat bottomed

220ultracentrifuge tubes, 10 ml of the ZnO-particle suspen-

221sions were added to the tubes, and the NPs were deposited

222onto the muscovite and TEM-grids by 30,000 rpm ultra-

223centrifugation (Beckman L-75) during 60 min. The mus-

224covite and TEM-grids were cleaned from salt and un-

225adsorbed particles by gentle immersion in milli-Q water,

226and were thereafter dried under cover overnight. The same

227method was used to prepare samples after worm exposures,

228but 2.5 and 10 mg/l ZnO particle suspensions and 300

229mesh carbon coated Cu grids were used.

230Dissolution

231The production of soluble Zn (\1 kDa species e.g. Zn2?)

232from dissolution of ZnO particles was assessed using

233dialysis. ZnO particle suspensions (10 mg/l, 2 l each)

234were prepared in EPA HW medium and EPA HW medium

235with 5 mg/l humic acid. Dialysis bags of regenerated

236cellulose (SnakeSkin, 1 kDa molecular weight cut off)

237were filled with 100 ml of medium without ZnO particles,

238closed with specially designed clips (SnakeSkin, 50 mm)

239and immersed in the suspensions with ZnO particles. Two

240replicate bags were used for each ZnO particle suspen-

241sion. Samples of 5 ml were withdrawn from the bags on

24217 occasions over a period of 33 days and were imme-

243diately acidified by adding 100 ll of concentrated ultra-

244pure HNO3 to each 5 ml sample. The samples were

245diluted 100 times with milli-Q water and again acidified

246to 1 % with ultrapure HNO3, before analysis of Zn con-

247centrations using ICP-MS (Agilent 7500ce with collision

248cell).

249Surface area

250The total surface area of ZnO NPs and bulk particles was

251assessed using the Brunner–Emmett–Teller (BET) gas

252adsorption method. Amounts of 0.1–0.3 g of ZnO NPs and

253bulk particles were outgassed under vacuum at 200 �C in

254BET-vials for 12 h. Following this the samples were

255weighed precisely (±1 mg precision) and analysed using a

256SA 3100 Surface area analyzer (Beckman Coulter). The

257temperature was controlled by immersing the vials in liquid

258nitrogen. The gas was used to determine the free space in

259the vials and adsorption isotherm of N2 gas to determine

260the total surface area of the sample (0.05–0.2 relative

261pressure range). The correlation coefficients of the

262adsorption isotherms were always [0.999. The BET sur-

263face area was calculated by dividing the total surface area

264by the sample mass.
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265 Toxicology

266 Toxicology studies were undertaken in several steps; firstly

267 a pilot study investigated the behavioural impact of feeding

268 the worms prior to exposing them to ZnO NPs, secondly a

269 full study investigated the behavioural impact of ZnO NPs

270 and bulk particles on L. variegatus and finally an oxidative

271 stress study. The cultures of L. variegatus were held in

272 EPA HW medium (USEPA 2002). L. variegatus cultures

273 were maintained according to a protocol that was adapted

274 from the OECD Guideline 225 (2007). Twelve days prior

275 to testing, worms were artificially fragmented according to

276 the OECD Guideline 225 (2007). Posterior parts of the

277 worms were transferred to a 1 l beaker containing EPA

278 HW medium and shredded, unbleached, prewashed and

279 autoclaved paper towels. The beakers were then placed in

280 an incubator (20 ± 1 �C) covered with parafilm and with

281 aeration provided via a pump that circulated filtered air.

282 For all studies, except the pilot study, at day 7 of regen-

283 eration the beaker of worms were fed 0.35 g pre-powdered

284 aquaria tropical flake food (‘‘TetraMin’’, Tetra, Germany).

285 After regeneration, worms that were actively swimming or

286 crawling upon gentle stimulus (delivered using a metal

287 pick) were used in testing. Full details of these tests are

288 provided below.

289 Pilot study: assessing the effect of particle exposure on fed

290 versus unfed worms

291 Twelve days prior to testing worms were artificially frag-

292 mented according to a protocol adapted from the OECD

293 Guideline 225 (2007). Large worms, that did not show

294 signs of natural fragmentation, were chosen and transferred

295 from the culture aquarium to a glass petri dish which

296 contained a small amount of EPA HW medium. The worms

297 were dissected along the median body region using a

298 scalpel. Care was taken that the posterior ends were of

299 similar size. Posterior parts of the worms were transferred

300 to a 1 l beaker containing EPA HW medium and shredded

301 unbleached, prewashed and autoclaved paper towels. The

302 beakers were then placed in an incubator (at 20 ± 1 �C)

303 covered with parafilm and with aeration. At day 7 of

304 regeneration one beaker of worms were fed 0.35 g pre-

305 powdered aquaria tropical flake food (‘‘TetraMin’’, Tetra,

306 Germany). After regeneration, worms that were actively

307 swimming or crawling upon gentle stimulus were used in

308 testing. A further beaker of synchronised worms were kept

309 under the same incubation conditions but were not fed

310 during the synchronisation. Stock suspensions of NPs

311 (0.5 mg/ml) in EPA HW medium were sonicated in a

312 sonication bath (Ultrawave Q series, 400 W) for 30 min at

313 20 �C. Suspensions of 1.25, 2.5, 5, and 10 mg/l ZnO NP

314 were made up in EPA HW medium from the sonicated

315stock. Following this, 20 ml of the required concentration

316was added to each glass vial followed by one worm per

317vial. There were a total of ten worms per concentration.

318The vials were then moved to the 20 ± 2 �C controlled

319temperature room and arranged at random under a light

320regime of 16:8 h light:dark for 96 h. Upon completion of

321the 96 h period organisms were checked for mortality.

322Following this, the behavioural assay was performed

323(Drewes 1999). Worms were gently removed from the vials

324using a pastette and transferred to a glass petri dish along

325with some liquid from the vial to allow the free movement

326of the worm. Touch stimuli were delivered via the tip of a

327pastette. The anterior portion of the worm was gently

328touched to evoke a behavioural response. The flexibility of

329the pastette tip ensured the worm was not injured during

330stimulation. The worm was touch stimulated a total of ten

331times and the behavioural response was recorded in terms

332of the total number of body reversal movements that

333occurred. To avoid observer bias only completed 180�
334turns were accepted to be counted. The results of this study

335were used to determine whether worms in subsequent tests

336should be fed during regeneration.

337Nanoparticle and bulk particle studies

338Twelve days prior to testing, worms were artificially

339fragmented according to the protocol, as described Sect.

340Pilot study: assessing the effect of particle exposure on fed

341versus unfed worms. The same concentrations of bulk

342particles and NPs were used as described for the feeding

343pilot study, both with and without the addition of 5 mg/l

344humic acid. Humic acid was added to the dilutions after

345sonication. There were a total of ten worms per concen-

346tration and the study was replicated three times. Upon

347completion of the 96 h period the vials were removed from

348incubation and assessed for mortality and behavioural

349response according to Drewes (1999). Positive controls

350were set up using CuSO4 at 0.2 and 0.4 lM and ZnSO4 at

3512.5 and 10 mg/l, in the presence and absence of 5 mg/l

352humic acid. Again the experiment was conducted with ten

353worms per concentration and the study was performed

354three times.

355Oxidative stress study

356Oxidative stress was assessed using the ‘‘GSH-Glo Glu-

357tathione Assay’’ kit from Promega, U.K. Worms were

358removed from culture 12 days prior to testing and were

359physiologically synchronised as described in Sect. Pilot

360study: assessing the effect of particle exposure on fed

361versus unfed worms. Worms were then exposed in 20 ml to

3620, 2.5 and 10 mg/l ZnO NPs and bulk particles (±5 mg/l

363humic acid) as described above in the previous studies. At
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364 0, 4, 8, 24, 48, 72 and 96 h 5 worms were removed from

365 each concentration. Worms were transferred using a metal

366 pick to minimise the transfer of any liquid into plastic vials

367 containing 1 ml of PBS ? 2 mM EDTA and weighed.

368 After weighing, the worms and liquid were transferred into

369 a round bottom tube using a plastic pastette. They were

370 homogenised using a hand held homogeniser (PowerGen

371 125, Fisher Scientific) until no visible remains were left in

372 the tube. Following homogenisation the suspension was

373 transferred into a 15 ml falcon tubes using a pipette. The

374 tubes were centrifuged for 10 min at 800 rpm (136 g) and

375 4 �C. The Promega ‘‘GSH-Glo Glutathione Assay’’ kit

376 protocol was followed. This study was replicated three

377 times.

378 Data analyses

379 All results were analysed statistically using PASW soft-

380 ware 17.0. For the DLS studies the significance value P

381 was set at 0.05 for all studies. A Kolmogorov–Smirnov test

382 (KS) was performed to check for normality. Data were

383 found to be noncompliant with requirements of parametric

384 tests and so were transformed via log transformation. After

385 transformation data were found to be compliant and a

386 general linear model (GLM) was performed to analyse the

387 data. Tukey tests were performed in order to ascertain

388 where these differences lay. For the pilot study data were

389 normalised to the control behavioural response by dividing

390 the percent behavioural response by the mean of each test

391 and multiplying by 100. Data were then tested using a KS

392 test, and a Scheirer-Ray-Hare test (SRH), followed by

393 Mann–Whitney tests, with a Bonferroni correction. For the

394 NP/bulk behavioural study data were again normalised to

395 the control behavioural response. Data were then tested

396 using a KS test, a 2 way ANOVA with post hoc Tukey tests

397 (parametric) or a SRH test with Mann–Whitney tests and a

398 Bonferroni correction (non-parametric), depending on the

399 data distribution. Finally, in the oxidative stress study, data

400 were normalised to the control to show % GSH per mg of

401 tissue with respect to the control worms. Data were tested

402 for normality using a KS Test and found not to comply

403 with parametric requirements. Three SRH tests were then

404 performed.

405 Results

406 Characterisation

407 In the 96 h DLS study both the NP and bulk ZnO PdI

408 (polydispersity index) results obtained for a large propor-

409 tion of the samples tested were not reliable. At 0 h the most

410 stable suspension was milli-Q water with humic acid, all

411other suspensions were unstable. The largest HD was seen

412in the EPA HW with humic acid and milli-Q water sus-

413pensions at 10 mg/l. At 24 h a high level of agglomeration

414was seen in the EPA HW suspension across all concen-

415trations and this was reflected in the ZP results which were

416all greater than -30 mV (i.e. between 0 and -30 mV). At

41748 h the EPA HW suspension had the highest level of

418agglomeration. At 72 h the EPA HW suspensions were all

419unstable. At 96 h no suspension appeared different from

420the previous time point of 72 h. In the 96 h bulk ZnO

421study, at 0 h the EPA HW suspension had a HD that was

422larger than that of the milli-Q water and milli-Q water with

423HA suspensions. The ZP of the milli-Q water with humic

424acid suspensions indicated that they were stable since they

425were less than -40 mV. At 24 h milli-Q water with humic

426acid were seen to be the most stable across the concen-

427trations (ZP less than -30 mV). At 48 h all suspensions

428were unstable. At 72 h EPA HW with humic acid sus-

429pension was stable at 10 mg/l. The milli-Q water suspen-

430sions were stable at 72 h at 1.25, 2.5 and 5 mg/l. At 96 h

431only 5 mg/l was seen to be stable. The milli-Q water with

432humic acid suspensions were stable at 2.5 and 5 mg/l.

433The second DLS study examined the HD and ZP of ZnO

434particles at the minimum recommended concentration.

435Figure 1 shows the HD and ZP of ZnO NPs and bulk

436particles in filtered EPA HW medium and filtered milli-Q

437water, both in the presence and absence of 5 mg/l humic

438acid. Not all of the results obtained for the samples tested

439were reliable, i.e. did not meet the standards as laid out in

440the Malvern Zetasizer user manual (2008). The media type

441(GLM; P = 0.011) and the particle type (GLM;

442P = 0.008) were found to lead to significantly different

443results for HD. Within the media factor, the EPA HW

444samples were found to have significantly higher HD than

445milli-Q water samples. The bulk ZnO HD was significantly

446greater than NP ZnO HD. Interactions factors were also

447tested for significance in this model. It was found that the

448interaction between concentration, particle and media

449(GLM; P = 0.048) was found to be significant for HD

450measurements. This indicates that the effects of the factors

451were not additive, i.e. the groups observations assigned to

452one factor do not respond in the same way as those

453assigned to another factor (Dytham 2011). No factor or

454interaction was found to be significantly different in the

455examination of ZP data.

456The TEM micrographs of ZnO suspensions in EPA HW

457medium (Fig. 2) showed agglomerated or aggregated par-

458ticles that in total were several hundred nm in diameter,

459appearing to be composed of smaller nanoparticles. The

460form factor and roundness of the agglomerates of both

461nano and bulk particles in EPA HW medium were low

462(average form factor around 0.2, average roundness around

4630.4–0.5) showing that the 2-dimensional shapes of the
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464 agglomerates were far from circular. The convexity and

465 solidity of the agglomerates of both nano- and bulk-parti-

466 cles were also rather low (average convexity around 0.6,

467 average solidity around 0.7), showing that the agglomer-

468 ates were highly ‘branched’ and concave. The TEM

469 micrographs from samples of EPA HW medium with

470humic acid showed particles with varying structure and

471morphology that looked rather different from the particles

472in EPA HW medium without humic acid. However, no

473significant differences in size, form factor, roundness,

474convexity or solidity could be shown between agglomer-

475ates in EPA HW medium with and without humic acid

Fig. 1 The hydrodynamic diameter and zeta potential of ZnO

nanoparticles in filtered Environmental Protection Agency Hard

Water (EPA HW) medium and filtered deionised water, both in the

presence and absence of 5 mg/l Suwannee river humic acid (Data

represent mean ± SE; n = 3) (a), the hydrodynamic diameter and

zeta potential of ZnO bulk particles in filtered EPA HW medium and

filtered deionised water, both in the presence and absence of 5 mg/l

Suwannee river humic acid (Data represent mean ± SE; n = 3) (b)
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Fig. 2 TEM micrographs of ZnO nanoparticles and ZnO bulk particles in Environmental Protection Agency Hard Water (EPA HW) medium

and EPA HW medium with humic acid, before and after a 96 h exposure to worms
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476 (based on two-tailed T test with 5 % significance). The

477 numbers of agglomerates used for the T tests (6–42) were

478 probably too low for the tests to be meaningful. The TEM

479 micrographs from the EPA HW medium (where worms had

480 been cultured during 10 days without ZnO particles)

481 showed large agglomerates of small elongated (up to about

482 50 nm in length, 10 nm in breadth) particles. It is possible

483 that this particulate matter was produced by the worms, or

484 that they were formed by precipitation from the salts

485 composing the EPA HW medium. Some micrographs

486 showed a diffuse ‘matrix’ surrounding the particles, prob-

487 ably organic matter produced by the worms or by bacteria

488 in the exposures. The micrographs of control samples of

489 EPA HW with humic acid sometimes showed small (about

490 10 nm) particles, probably representing the macro-

491 molecules of humic acid. Some of the micrographs from

492 the exposures with ZnO particles showed the same type of

493 small elongated particles that were found in the control

494 samples. However, the micrographs from the exposures of

495 both ZnO NPs and bulk particles were dominated by larger

496 (about 10 nm to a few 100 nm) particles with oval, roun-

497 ded or angular shapes that occurred both as discrete par-

498 ticles and as part of larger agglomerates. Some of those

499 particles were surrounded by the diffuse ‘matrix’, pre-

500 sumably organic matter. The agglomerates of ZnO-parti-

501 cles in the exposures looked rather different from the

502 agglomerates of ‘raw’ ZnO particles, as they did not appear

503 to be ‘fused’ or linked together in the same way, but

504 appeared to be composed of distinct particles. However, in

505 most cases the size and shape factors of the agglomerates in

506 the different samples could not be shown to be significantly

507 different (based on T test with 5 % confidence level),

508 neither when the samples of ‘raw’ particles were compared

509 with the exposure media, nor when the different exposure

510 media with different concentrations of ZnO particles (2.5

511 and 10 mg/l) and exposure media with and without humic

512 acid were compared. As previously stated, the number of

513 agglomerates found on the TEM-micrographs was proba-

514 bly too low to carry out a meaningful T test.

515 The containers outside the dialysis bags contained

516 10 mg/l ZnO particles, equivalent to 8.03 mg/l Zn. The

517 concentrations of Zn inside all the dialysis bags increased

518 rapidly immediately after the start of the experiments

519 (Fig. 3). Although the results indicate some variability, it is

520 clear that the increase in Zn concentrations tended to pla-

521 teau and the concentrations usually stabilised after around

522 200 h. The average Zn concentrations (Fig. 3) were

523 0.9 ± 0.15 mg/l for NPs in EPA HW medium,

524 0.8 ± 0.12 mg/l for NPs in EPA HW medium with humic

525 acid, 0.6 ± 0.13 mg/l for bulk particles in EPA HW

526 medium and 0.6 ± 0.23 mg/l for bulk particles in EPA

527 HW medium with humic acid. The NPs showed a greater

528 solubility than bulk particles in EPA HW medium (based

529on T test at 5 % significance level). There was no signifi-

530cant difference between the solubility of NPs compared

531with NPs with humic acid, between bulk particles and bulk

532particles with humic acid and between NP with humic acid

533and bulk particles with humic acid.

534The BET surface area was 12.06 ± 0.023 m2/g for ZnO

535NPs, and 5.8 ± 0.37 m2/g for the ZnO-bulk particles. The

536average values and standard deviations are based on 3

537replicate measurements each.

538Toxicology

539The toxicology studies were carried out in several steps; a

540pilot study investigating the behavioural impact of feeding

541during synchronisation, followed by an investigation of the

542effects of ZnO NP and bulk particles on behaviour,

543oxidative stress study and tissue histology.

544Figure 4 depicts the data obtained from the pilot study

545which shows the behavioural response of fed or unfed

546worms that were exposed to suspensions of varying con-

547centrations of ZnO NPs (0–10 mg/l). These worms were

548either fed at day 7 of their 12 day synchronisation period or

549not fed at all during the synchronisation period. When

550comparing fed and not fed worms across each concentra-

551tion, the behaviour of the control (EPA HW medium alone)

552worms and worms exposed to 2.5 and 10 mg/l ZnO NPs

553were not found to be significantly different from each

554other. The behaviour of fed worms exposed to 1.25 and

5555 mg/l ZnO NPs and starved worms exposed to 1.25 and

5565 mg/l ZnO NPs were found to be significantly different

557from each other (P \ 0.001) with the fed worms having a

558less inhibited behavioural response than worms that were

559not fed. This study suggested that the fed worms were more

560likely to turn in response to a stimulus than worms that

561were not fed. It was also noted that worms in the fed study

562had stronger colouring and were more active than non-fed

563worms. In the subsequent studies fed worms were therefore

564used.

565The behavioural response data of worms exposed to

566ZnO NPs and NPs with humic acid are shown in Fig. 5.

567Data were normalised to the control behavioural response

568by dividing the percent behavioural response by the mean

569of each test and multiplying by 100 and this is why the

570behavioural response is greater than 100 % in some

571instances. The concentration of NPs was found to have a

572significant negative effect on the behaviour of the worms as

573the concentration increased (SRH; F = 6.786, d.f. = 4,

574P \ 0.001). This was further confirmed in that the control

575(EPA HW medium alone) was found to be significantly

576different from all other ZnO NP concentrations

577(P \ 0.001) indicating that the NPs inhibited the beha-

578vioural response at 96 h. In addition, worms exposed to

5791.25 and 2.5 mg/l ZnO NPs had a significantly less
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580inhibited behavioural response than worms exposed to

58110 mg/l ZnO NPs (P \ 0.01).

582The addition of 5 mg/l humic acid had a significant

583positive effect on the behaviour of the worms compared to

584the worms that were treated with particles only (SRH;

585F = 72.347, d.f. = 1, P \ 0.001) in that humic acid

586reduced the NP impact on behaviour. There was no sig-

587nificant difference observed in the behaviour of worms

588exposed to the control with humic acid and 1.25, 2.5, 5 and

58910 mg/l ZnO NP with 5 mg/l humic acid suggesting that

590the dose dependent inhibition of the behavioural response

591was lost in the presence of humic acid. This was confirmed

592in that all worms exposed to concentrations of NPs without

593humic acid were found to have significantly greater inhi-

594bition of behaviour than worms which were exposed to NPs

595mixed with 5 mg/l humic acid (P \ 0.001).

596In the absence of humic acid, no concentration depen-

597dent impact of bulk particles on the behaviour of the worms

598was observed. However, worms exposed to 5 mg/l bulk

599particles with 5 mg/l humic acid were found to have a
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Fig. 3 Variations in Zn concentration with time inside the different

dialysis bags immersed in 10 mg/l suspensions of ZnO particles in

Environmental Protection Agency Hard Water (EPA HW) medium,

with and without humic acid (HA); a ZnO NPs suspended in EPA

HW medium; b ZnO NPs suspended in EPA HW medium with HA;

c ZnO bulk particles in EPA HW medium; d ZnO bulk particles in

EPA HW medium with HA

Fig. 4 Behavioural response (i.e. the number of turns of the worm in

response to a tactile stimulus) of worms exposed to various

concentrations of ZnO nanoparticles (NPs). Worms were fed at day

7 of their synchronisation period and not fed for the 12 day

synchronisation period. (Data represent medians (with interquartile

range), n = 3; comparisons made on graph are between each

concentration in fed versus non fed worms—a shared letter between

2 columns indicates no significant difference)
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600 significantly inhibited behavioural response when com-

601 pared to humic acid alone (SRH; P \ 0.01). In addition,

602 only 5 mg/l ZnO bulk particle in the absence of humic acid

603 was significantly different from the bulk ZnO/humic acid

604 counterpart (SRH; P \ 0.001).

605 The NP and bulk data (without humic acid) were com-

606 pared to each other to investigate whether particle size

607 influenced the behavioural response of the worms. Worms

608 exposed to 1.25, 2.5, 5 and 10 mg/l NP ZnO were found to

609 have a significantly inhibited behavioural response when

610 compared to their bulk counterparts (P \ 0.001), suggest-

611 ing that smaller ZnO particles were more potent. In addi-

612 tion, worms exposed to 5 mg/l (P \ 0.001) NP with humic

613 acid were found to have a significantly less inhibited

614 response than worms exposed 5 mg/l bulk with humic acid.

615 This suggests that at higher concentrations and in the

616presence of humic acid, the bulk particles are potentially

617more effective at inhibiting the behavioural response than

618the smaller NPs.

619Positive controls were employed using CuSO4 and

620ZnSO4. The behaviour of the worms in CuSO4 with and

621without humic acid data were compared (Fig. 5). As the

622concentration increased the behaviour of the worms was

623increasingly inhibited (SRH test; F = 31.921, d.f. = 2,

624P \ 0.001). The addition of humic acid and the interaction

625between humic acid and concentration were not found to be

626significant factors. The ZnSO4 and ZnSO4 with humic acid

627data were compared to each other to investigate whether

628there were any significant differences in the behaviour of

629the worms. The behaviour of the worms exposed to 10 mg/l

630ZnSO4 was significantly inhibited when compared to the

631control group (2 way ANOVA; P \ 0.001). The behaviour

Fig. 5 Percentage behavioural response of worms exposed to

0–10 mg/l ZnO nanoparticles (NPs) with and without humic acid

(HA) (a), 0–10 mg/l ZnO bulk particles with and without HA (b), 0.2

and 0.4 lM CuSO4 and CuSO4 with 5 mg/l HA (c) and 2.5 and

10 mg/l ZnSO4 with and without HA (d). (Data represent medians

with interquartile range, n = 3; a shared letter between 2 columns

indicates no significant difference)
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632 of worms exposed to 10 mg/l ZnSO4 was also significantly

633 more inhibited than those exposed to 2.5 mg/l ZnSO4 (2

634 way ANOVA; P \ 0.05). The addition of humic acid

635 improved the behaviour of the worms but only at the

636 highest concentration of 10 mg/l ZnSO4 (2 way ANOVA;

637 P \ 0.01).

638 Oxidative stress studies

639 The ZnO NP and bulk data were normalised to the control

640 to show percent GSH per mg of tissue with respect to the

641 control worms. It was found using SRH tests that there

642 were no significant differences in the GSH content of

643 worms across ZnO NP and bulk particle exposure con-

644 centrations, exposure length and the addition or omission

645 of 5 mg/l humic acid.

646 Discussion

647 The present study aimed to investigate the potential impact

648 of ZnO NPs on L. variegatus. The ZnO NPs were found to

649 induce acute detrimental impacts on the behaviour of L.

650 variegatus after 96 h; however they did not induce an acute

651 oxidative response in the worms according to the GSH

652 assay. This suggests that oxidative stress was not involved

653 in mediating the behavioural response.

654 After a 96 h exposure ZnO NPs induced a negative

655 behavioural response in the worms between 1.25 and 10 mg/l,

656 in contrast, bulk ZnO particle did not. The addition of

657 humic acid to the ZnO NPs prevented the impact of the

658 particles on the behaviour of the worms, while the addition

659 of humic acid to the bulk particles enhanced the effect on

660 behaviour at 5 mg/l. An impairment of the escape beha-

661 viour in these worms would significantly impact their

662 survival in the wild. Locomotor behaviours are integrally

663 linked with the worm’s ability to forage, sexually repro-

664 duce, avoid predators, disperse quickly and react to general

665 environmental cues (Drewes 1997).

666 The difference between the NP and bulk results may be

667 attributed to a number of the physicochemical character-

668 istics of the particles, such as surface area, solubility, size

669 and stability. The BET study found that the surface area of

670 the NPs was significantly greater than that of the ZnO bulk

671 particles. Many studies indicate that the greater the surface

672 area of a particle, the greater the reactivity of that particle

673 and in turn the greater the potential for that particle to have

674 an increased toxicity (e.g. Brown et al. 2001; Duffin et al.

675 2002; Li et al. 2006; Pal et al. 2007; Navarro et al. 2008).

676 The solubility of ZnO may have also played a role. The

677 solubility of the NPs was found to be significantly greater

678 than that of the bulk particles during the dissolution

679 experiments. This would mean that the worms were

680exposed to more Zn2? ions in the NP exposures, compared

681to the bulk particle exposures, giving rise to potential ion

682mediated toxicity. However, they may also have been

683exposed to insoluble NP/agglomerates as the solubility

684equilibrium was reached at 0.9 ± 0.15 (SE) mg/l and the

685exposure concentrations in this experiment ranged from

6861.25 to 10 mg/l ZnO. This is something that is supported

687by a number of other studies (Heinlaan et al. 2008; Xia

688et al. 2008; Blinova et al. 2010; Wong et al. 2010). The

689dissolution of NPs may result in an additional layer of

690complexity when examining their potential toxicity (Xia

691et al. 2008). The potential for NMs and divalent metal

692cations to interact synergistically has also been demon-

693strated (Wilson et al. 2002, 2007).

694The species being used for testing is also an important

695consideration as the feeding behaviour of L. variegatus

696may have also played a role in the observed difference in

697toxicity between NP and bulk particles. The agglomerates

698that the worms may have come in contact within the bulk

699study may potentially have been too large for them to

700ingest. Within the DLS study the HD of bulk ZnO particles

701were found to be significantly larger than ZnO NPs.

702Finally, the introduction of organic matter had an impact

703on the effects of the ZnO particles.

704The addition of humic acid mitigated the negative effect

705of the ZnO NPs on the behavioural response. TEM images

706taken of ZnO NPs dispersed with 5 mg/l humic acid indi-

707cated that the particles agglomerated and were also sur-

708rounded by what appeared to be an organic matrix. This

709matrix may have increased the stability of the dispersion

710(indicated by DLS data) and kept the agglomerates in

711suspension throughout the exposure. As the worms sat at

712the base of the vial during exposure there was therefore less

713potential for them to have come into contact with the

714humic acid dispersed particles compared to NP exposures

715alone. Other studies have also noted that humic acids

716increase the stability of NP suspensions (Chen and Elim-

717elech 2007; Handy et al. 2008; Zhang et al. 2009). When

718examining the DLS data, humic acid did not appear to

719affect the HD of the bulk particles, however their stability

720was increased. It would be expected that since humic acid

721should have increased dispersion and kept the bulk parti-

722cles in suspension, the worms would also have come into

723less contact with the particles. However, at the highest

724particle concentration with humic acid, a decrease in the

725behavioural response was observed. It is possible that large

726agglomerates may have formed and deposited onto the area

727where the worm was placed, or that decreased agglomerate

728size in the presence of humic acid allowed sufficient par-

729ticles to fall into a size range that could be ingested by the

730worms.

731Both ZnO NPs and bulk particles did not cause oxidative

732stress as measured by GSH depletion in L. variegatus after

S. O’Rourke et al.

123
Journal : Large 10646 Dispatch : 7-7-2015 Pages : 13

Article No. : 1515
h LE h TYPESET

MS Code : ECTX-D-14-00100 h CP h DISK4 4

Teresa
Cross-Out

Teresa
Inserted Text
s'



R
E

V
IS

E
D

PR
O

O
F

733 a 96 h exposure to ZnO NPs and bulk particles. A number

734 of reasons may be put forward in order to potentially

735 explain why an oxidative stress reaction was not observed.

736 It has been suggested that pre-exposure to low intensity

737 oxidative stress may enhance an organism’s tolerance to a

738 subsequent higher intensity oxidative stress (Lushchak

739 2011). The culture conditions used for the worms may have

740 induced a low intensity oxidative stress. It is also possible

741 that the ZnO exposure concentrations were too low to

742 produce enough ROS to induce lasting oxidative stress and

743 the worms were able to adapt sufficiently quickly to pre-

744 vent detection of a response. This is supported by the

745 observation in studies using aquatic organisms that changes

746 in antioxidant mechanisms are transient and variable for

747 different species and chemicals (Livingstone 2001; Barata

748 et al. 2005; Cochón et al. 2007). Finally, it has been sug-

749 gested that a number of biomarkers for oxidative stress

750 should be used when investigating oxidative stress in

751 aquatic organisms (Lushchak 2011); therefore measure-

752 ment of GSH alone is not sufficient to conclude a lack of

753 oxidative stress. The results of this study are not in line

754 with other ZnO NP toxicology studies using several human

755 cell lines (e.g. De Berardis et al. 2010; Huang et al. 2010;

756 Fukui et al. 2012; Sharma et al. 2012) or environmental

757 toxicity studies (e.g. Xiong et al. 2011; Ali et al. 2012; Hao

758 and Chen 2012) where oxidative stress has been measured.

759 However, in Hao et al. (2009) it was observed that after

760 exposure to ZnO NPs the enzymatic and non-enzymatic

761 antioxidant defences of carp (Cyprinius carpio) acted in

762 different ways in different organs. They suggested that this

763 was proof that in order to fully evaluate oxidative stress

764 biomarkers it is necessary to assess a number of markers in

765 the organism using different tissues. For L. variegatus

766 measurement of oxidative stress markers in different tis-

767 sues will be difficult due to the small size of the organism.

768 Concluding remarks

769 Oligochaetes are important constituents of freshwater

770 ecosystems as they feed on subsurface sediments, pro-

771 cessing and recycling deposited material (Leppänen and

772 Kukkonen 1998). The sediment reworking and recycling

773 by oligochaetes have been documented to cause significant

774 changes to the biological, chemical and physical charac-

775 teristics of sediments and overlying waters (McCall and

776 Tevesz 1982) and so if the behaviour of the worms is

777 inhibited by a toxic substance it can have a profound effect

778 on ecosystem functioning. These studies were able to

779 demonstrate that ZnO NPs can have toxic effects on L.

780 variegatus, however this toxicity is endpoint specific and

781 considering toxicity in environmentally relevant disper-

782 sions is key to understanding their potential hazard and

783risk. The behavioural endpoint was proven to be useful in

784assessing the toxicity of NPs in this species as a NP specific

785effect was observed; however, in order to assess oxidative

786stress in this worm, further endpoints need to be investi-

787gated to examine multiple indicators of oxidative stress.
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