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a  b  s  t  r  a  c  t

Doping  of  ZnO  nanoparticles  (NPs)  is being  used  to increase  their  commercialization  in  the optical  and
semiconductor  fields.  This  paper  addresses  whether  doping  with  Al alters  how  ZnO  NPs  at  nonlethal  levels
modifies  the metabolism  of  soil-borne  pseudomonads  which  are  beneficial  in performing  bioremedia-
tion  or  promoting  plant  growth.  The  differences  in  X-ray  diffraction  (XRD)  patterns,  observed  between
commercial  ZnO  and  Al-doped  ZnO  NPs  indicated  the  aluminum  was  present  as  Al  NPs. Both  particles
aggregated  in  the  bacterial  growth  medium  and  formed  colloids  of different  surface  charges.  They  had
similar effects  on bacterial  metabolism:  rapid,  dose-dependent  loss in  light  output  indicative  of  tem-
henazines
seudomonad
iderophore
nO nanoparticles

porary  toxicity  in a  biosensor  constructed  in Pseudomonas  putida  KT2440;  increased  production  of  a
fluorescent  pyoverdine-type  siderophore,  and  decreased  levels  of  indole  acetic  acid  and  phenazines  in
Pseudomonas  chlororaphis  O6.  Solubilization  of  Zn  and  Al from  the NPs  contributed  to these  responses
to  different  extents.  These  findings  indicate  that  Al-doping  of the  ZnO  NPs  did  not  reduce  the  ability  of
the  NPs  to  alter  bacterial  metabolism  in  ways  that  could  influence  performance  of  the  pseudomonads  in
their soil  environment.
. Introduction

Zinc oxide nanoparticles (ZnO NPs) are produced for many appli-
ations that vary from use as sunscreens and antimicrobials (Aydin
nd Hanley 2010; Gajjar et al. 2009; Wahab et al. 2010) to blue-
pticoelectronic devices (Huang et al. 2001). Doping ZnO NPs, such
s with aluminum (Al) (Suchea et al. 2007; Chen et al. 2008; Norris
t al. 2008), is an approach to better tune their electrical and
ptical properties. The inclusion of Al in the NP structure alters
rystalline quality as revealed by fluorescence and other spectral
roperties (Chen et al. 2008; Kumar et al. 2011). The studies in
his paper compared traits of commercially produced Al-doped and
ondoped-ZnO NPs. Characterization of the particles used scan-
ing electron microscopy (SEM), X-ray diffraction (XRD) and atomic

orce microscopy (AFM). Absorption and fluorescence spectra were

bserved and particle charge was measured. Elemental compo-
ition and the release of soluble metals were assayed to aid in
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understanding whether Al-doping of ZnO NPs would affect bac-
terial metabolism.

We  are interested in the effects of NPs  on soil microbes to
provide information on potential problems to the agricultural sec-
tor with contamination of soil by NP release. There is concern
that contamination may  have impacts on nontarget organisms.
For instance, studies with ZnO, Al2O3 and TiO2 NPs show toxicity
toward the most abundant metazoa in soil, the nematode (Wang
et al. 2009), as well as soil-borne and bacteria (Jiang et al. 2009). We
find that ZnO NPs alter the metabolism of two root-colonizing pseu-
domonads, Pseudomonas chlororaphis O6 (PcO6) and a modified
isolate of Pseudomonas putida KT2440. Both of these pseudomon-
ads, unlike some human pathogenic bacteria (Brayner et al. 2006;
Jones et al. 2008) and an isolate of Pseudomonas fluorescens (Jiang
et al. 2009), have high thresholds for killing by the ZnO NPs (Gajjar
et al. 2009; Dimkpa et al. 2011a). At sublethal levels ZnO NPs
cause metabolic changes in the pseudomonads. The KT2440 iso-
late was  engineered to act as an energy biosensor emitting light
from harboring a luxAB cassette (Gajjar et al. 2009). Exposure of

the biosensor to ZnO NPs shows a temporary increase, and then
a decline, in light output in a dose- and time-dependent manner
(Gajjar et al. 2009). The temporary increase in light output is con-
sistent with the expression of the luxAB genes being dependent

dx.doi.org/10.1016/j.micres.2012.09.001
http://www.sciencedirect.com/science/journal/09445013
http://www.elsevier.de/micres
mailto:anne.anderson@usu.edu
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n a metal-activated promoter (Miller et al. 2009; Gajjar et al.
009). With PcO6, changes are seen in the production of secondary
roducts: a decrease in indole-3-acetic acid (IAA) (Dimkpa et al.
012a) and an increased production of a fluorescent pyoverdine-
ype siderophore (PVD) (Dimkpa et al. 2012b)  occurs when cells
f PcO6 are grown in medium supplemented with ZnO NPs. Both
AA and siderophore production have significant roles in the func-
ion of PcO6 as it colonizes root surfaces. IAA production improves
lant growth up to a threshold level (Beyeler et al. 1999; Patten
nd Glick 2002). Siderophores inhibit growth of fungal pathogens
nd provide iron to plants under conditions of iron stress (Dimkpa
t al. 2009; Kloepper et al. 1980; Vansuyt et al. 2007). Siderophores
lso are active as effectors of induced plant resistance (van Loon
t al. 2008). Thus, improved plant performance is associated with
roduction of both IAA and siderophore by PcO6.

Investigations into the mechanisms by which the sublethal lev-
ls of NPs affect bacterial metabolism have included analysis of the
ole of the Zn ions that they release. Zn ions cause changes in light
utput in the biosensor P. putida strain, mimicking the effects of the
Ps (Gajjar et al. 2009). At low doses, the Zn ions stimulate light
utput due to activation of the promoter driving genes condition-
ng light output. At higher concentrations, light output decreases
n a time- and dose-dependent manner characteristic of a toxic
esponse. However, as with exposure to the ZnO NPs, toxicity is
emporary because the bacteria adapt so that the cells retain cultur-
bility (Gajjar et al. 2009). Although exposure to Zn ions increases
iderophore production (Dimkpa et al. 2012b; Rossbach et al. 2002),
he ions at the levels of solubilization did not explain reduced IAA
roduction in PcO6 when cultured with ZnO NPs (Dimkpa et al.
012a).

The presence of additional materials in NPs can modify the
ntimicrobial effect of the NPs. For instance citrate and humic
cid-coatings of Ag NPs limit their antimicrobial activity (Fabrega
t al. 2009a,b). Changes in structure and spectral characteristics
re documented between Al-doped and nondopedZnO NPs studied
y Kumar et al. (2011).  Lee et al. (2010) working with sand, with
nd without aluminum coatings demonstrate stronger binding to
he coated sand by two bacteria. Thus we speculate that changes
n binding due to Al-doping of ZnO NPs could alter their micro-
ial effects. Although we do not know from the manufacturer the
orm of Al in the Al-doped NPs, several papers show that toxic-
ty of Al2O3 (alumina) NPs differs between microbes (Jiang et al.
009; Mukherjee et al. 2011; Bala et al. 2011). In contrast aluminum
Ps appear to have lesser toxicity (Mukherjee et al. 2011). Doshi
t al. (2008) indicate little effect on the metabolism of Vibrio fischeri
n vitro, although inhibition is observed at a high concentration of
he Al NPs in soil. Braydich-Stolle et al. (2010) report no effects of Al
Ps on Staphyloccusaureus under study to better understand effects
f inhaled NPs on immunity.

We  anticipate that Al and Zn ions would be released from the
Ps, and Al toxicity varies between bacteria (He et al. 2012a,b).

n P. fluorescens,  acquired tolerance is associated with changes in
etabolism to reduce the effects of the Fe-deficiency induced by
l ions (Lemire et al. 2010). Al ions also inhibit IAA production but

ncrease siderophore levels in different Streptomyces spp. (Dimkpa
t al. 2008). Al ions promote the formation of PVD type siderophores
n Pseudomonas aeruginosa (Greenwald et al. 2008; Braud et al.
009). Thus it seems likely that the Al ions released from the doped
Ps also would have effects on bacterial metabolism.

In this paper we extended the study of NP effects on bac-
erial metabolism to another beneficial trait of PcO6, that of
he production of phenazines (Spencer et al. 2003; Krishnan

t al. 2007). Phenazines inhibit growth of some fungi, potentially
estricting the pathogen-challenge of plants (Spencer et al. 2003;
rishnan et al. 2007; Mavrodi et al. 2012). PcO6 produces three
henazines, phenazine-1-carboxylic acid, 2-hydroxyphenazine
search 168 (2013) 91– 98

and 2 hydroxyphenazine-1-carboxylic acid when cultured under
conditions of rich nutrition (Housley et al. 2009). The hydrox-
yphenazines account for the orange pigmentation of cultures of
PcO6 in rich medium (Housley et al. 2009). Thus, any impact of the
NPs on phenazine formation could affect the behavior of PcO6  in the
soil. Additionally, to determine whether effects of Al-doping varied
between bacteria, we  compared the toxicity of the Al-doped NPs
to that of ZnO NPs in the biosensor, P. putida KT2440 (Gajjar et al.
2009). In each of the bioassays, the effects of the ZnO and Al-doped
NPs were assessed relative to those caused by addition of defined
concentrations of Al and Zn ions based on measured levels of release
of the metals from the NPs in the bacterial growth medium. Prop-
erties of the Al-doped ZnO NPs were compared to those of the ZnO
NPs using different spectroscopic and microscopic techniques.

2. Materials and methods

2.1. Characterization of nanoparticles

The ZnO NPs and Al-doped ZnO NPs (6% Al) were obtained
from Sigma Chemical Company (MO, USA) and were described
as having a nominal size of <100 nm.  SEM was performed using
a FEI Quanta 200 Environmental SE microscope (SEM) with the
control software package, xTM Microscope Control Quanta ver-
sion 3.0.13, on the dry materials; at least five images at different
magnifications were recorded. Elemental analysis was performed
with the same instrumentation using the software Energy Disper-
sive X-ray (EDAX) Spectroscopy Genesis Spectrum, version 5.959.
Atomic force microscopy (AFM) analysis using a Nanoscope III
Bioscope (Digital Instruments, Inc.) as described in Dimkpa et al.
(2011b) was  performed with dried samples from freshly prepared
suspensions in double distilled deionized (dd) water or modified
Lysogeny Broth (LB) prepared without NaCl with 10 g tryptone and
5 g yeast extract/L. Powder X-ray diffractions (XRDs) of the com-
mercial nanopowders were recorded with RigakuMiniflex II with
a Cu X-ray tube; the machine was fitted with a diffracted beam
monochromator for Cu-radiation. Each spectrum was  recorded at a
scan speed of 4.0000◦/min with a step width of 0.02◦. Spectral peaks
were compared with the database provided by the International
Center for Diffraction Data (ICDD).

The surface charge of particles was determined using suspen-
sions of 12.5 mg  Zn/L of Al–ZnO NPs and ZnO NPs in dd water
(pH = 7.72) or modified LB (pH 7.4) in a Zeta Meter (Zeta Meter,
Inc., Staunton, VA, USA). Suspensions of the NPs in water, modified
LB and ethanol were examined for absorbance and fluorescence
using a Synergy4 Hybrid Multi-Mode Microplate Reader (BioTek,
Inc., Winooski, VT, USA) with 325 nm excitation (Kumar et al. 2011).
Metal release from the NPs in water and medium was determined
by inductively coupled plasma mass spectrometry (ICP-MS) (Agi-
lent 7500c) in the aqueous phase generated by two successive
centrifugations of the NP suspensions at 15,500 × g for 30 min.
Based on the size and density of the NPs and the viscosity of the
liquid, the minimum time required to precipitate the NPs would
be 5 min  under these conditions (Dimkpa et al. 2012a). Elemental
composition of the NPs was  determined by dissolving the NPs in
50% nitric acid and analysis by ICP-MS.

2.2. Bacterial growth conditions

Cells of P. chlororaphis O6 (PcO6) and P. putida KT2440 biosensor
were stored in 15% glycerol at −80 ◦C before use. PcO6 cultures were

generated from these stocks using an inoculum of 104 cells/ml in
modified LB. Cultures were shaken at 150 rpm at 26 ◦C under room
light for three days. The biosensor cells were raised in a minimal
medium (MM)  and suspended in dd sterile water for studies of light
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Elemental analysis of the particles using ICP-MS confirmed over a
2300-fold greater level of Al in the Al-doped ZnO NPs than the non-
doped particles (Table 1). The values for other contaminants of the
NPs (Table 1) showed differences between the two preparations

Table 1
Elemental analysis of Al-doped and ZnO NPs.

Element Al-doped ZnO NPs (�g/g) ZnO NPs (�g/g)

Al 3639 ± 14 1.58 ± 0.45
Fe  0.01 ± 0.00 4.46 ± 1.43
Cu  <1 <1
ig. 1. SEM images and EDAX analysis of the ZnO NPs and Al-doped NPs. The SEM im
n  five fields of view (only the Zn L peaks are shown in these images to aid in seein

utput as described in Gajjar et al. (2009).  Cultures were amended
ith ions and NPs as designated.

Cell densities of cultures were determined by plating serial
ilutions onto modified LB solidified with 2% agar. Colonies were
ounted 2 days after growth at 26 ◦C.

.3. Determination of fluorescent siderophore, IAA and phenazine
roduction by PcO6

Production of the fluorescent pyoverdine (PVD)-like
iderophore was determined by measurement of character-
stic fluorescence generated between 460 and 490 nm with
xcitation at 398 nm (Del Olmo et al. 2003) in a Synergy4 Hybrid
ulti-Mode Micro plate Reader (BioTek, Inc., VT, USA). The culture
edium was centrifuged at 15,000 × g for 10 min  to remove cells

nd NPs and treated with an equal volume of ethyl acetate. The
xtracted medium was sampled for fluorescence determined
y regulating the sensitivity levels of the instrumentation as
equired. IAA production was assessed by chromogen formation
ith Salkowski’s reagent (Patten and Glick 2002) with the cell

ree cultures generated in the LB medium that was  amended with
00 �g/ml tryptophan as the precursor (Dimkpa et al. 2012a).
henazine levels were assessed after extraction of the cell-free cul-
ure medium into acidified ethyl acetate as described by Housley
t al. (2009).

.4. Determination of the effect of NPs and ions on light output
rom the biosensor in P. putida KT2440

The P. putida biosensor strain (Gajjar et al. 2009) was stored
n 15% glycerol at −80 ◦C and grown to stationary phase in liq-
id MM  containing per L: K2HPO4 10.5 g, KH2PO4 4.5 g, sodium
itrate (2H2O) 0.5 g, (NH4)2SO4 1.0 g, sucrose 20 g and MgSO4

.1 g (Gajjar et al. 2009). After regrowth of overnight cultures in
M,  cells suspended in sterile deionized distilled water (200 �l at

 × 108 cells/ml) were loaded into 96-well plates and examined in
he presence and absence of defined concentrations of ions or NPs.
 were typical of the twenty fields of view examined. The EDAX analyses were based
l peak).

Light output generated by the presence of luxAB genes within the
biosensor (Gajjar et al. 2009) was measured at 10 min intervals for
one h in a LMaxII384 Molecular Device luminometer (Molecular
Devices Corporation, Sunnyvale CA) with Softmax Pro V. 4.7 soft-
ware. Each treatment condition was  performed with at least three
different experiments each with triplicate readings of one sample.
Culturability of the cells after the 1 h of exposure to NPs or ions was
determined by dilution plating onto LB agar medium and counting
colonies after 2 days incubation at 26 ◦C.

3. Results

3.1. Characterizations of NPs

The scanning electron micrographs of the ZnO NPs imaged from
the dried powder showed clustering of NPs into larger aggregates
(Fig. 1). The agglomerated particles of the Al-doped NPs appeared
slightly smoother than those of the ZnO NPs (Fig. 1). Elemental anal-
ysis by EDAX of the material confirmed that the Al-doped particles
had higher concentrations of Al (1.9–2.3% by weight) than the non-
doped particles (Fig. 1). No peaks other than for the elements Zn,
O and Al were observed indicating the purity level of the products.
Zn 789,000 ± 25,000 788,000 ± 55,000
Cd 1.49 ± 0.9 1.44 ± 0.01
Pb 12.5 ± 0.4 5.3 ± 0.04

Data are based on replicate samples.
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ig. 2. AFM images of NPs after 3 days suspension in water or LB medium. The ima
nO  NPs and (B), (D) and (F) for the Al-doped NPs.

lthough these elements were at low levels. Individual nano-sized
articles were observed with both NPs by AFM imaging from water
uspensions, but these were obscured into large micro structures
fter suspension in LB (Fig. 2). Top views showed that the particles
ried from water suspensions were round.

XRD analyses revealed differences in the crystallites of the Al-
oped and undopedZnO NPs (Fig. 3). The diffraction pattern for
he ZnO NPs was that expected from the wurzite structure found
n zincite (DB card number 00-005-066). The wurzite structure
s not favored in bulk minerals, but is formed with some NPs,
ncluding ZnO. This spectrum revealed small peaks characteristic
f Al NPs and was consistent with the ICP-MS elemental analy-
is showing traces of Al in the commercial ZnO NPs. However, the
iffraction pattern from the Al-doped ZnO NPs was distinct (Fig. 3)
ith strong diffractions at 2� = 37.9◦, 44.1◦ and 77.4◦ that are char-

cteristics of Al NPs (DB card number 00-004-0787). The lack of
iffraction below 2� < 30 indicated that the size of Al NP would
e >20 nm (Ref: US Research Nanomaterials,  stock# US1052). Thus,
n the Al-doped ZnO NPs, Al was present as chemically distinct
l-crystallites.

able 2
oluble aluminum and zinc in water or LB medium after three days with shaking with o
00  mg  Zn/L.

Sample LB 

Without cells With

Al (mg/L) Zn (mg/L) Al (m

No additions 0.04 ± 0.003 1.0 ± 0.1 0.03
ZnO  NPs 500 mg/L 0.02 ± 0.005 95 ± 7 0.04
Al-doped NPs 500 mg/L 0.126 ± 0.003 126 ± 15 0.07

oluble Zn and Al were determined using ICP-MS analysis of two  replicates for each samp
e typical of 5 images at the same magnifications. (A), (C) and (E) are images for the

The absorption and fluorescent spectra of the particles in water
are shown in Fig. 4. In both water and LB (data not shown) the
absorbance spectra showed a defined peak for the ZnO NPs at
375 nm compared with a rounded shoulder between 360 and
370 nm for the Al-doped NPs (Fig. 4A). However, in water there was
a defined emission band at 375 nm with smaller fluorescence max-
ima  into the visible wavelengths (e.g. 435 nm)  for the ZnO NPs. The
fluorescence emission spectrum was much weaker for the Al-doped
NPs (Fig. 4B).

The Al-doped NPs displayed different surface charges to the
ZnO NPs. In water the Al-doped NPs had a positive charge
(39.2 ± 2.1 mV)  whereas the LB medium neutralized charge. By eye,
the Al-doped NPs precipitated in the LB medium faster than in
water. The ZnO NPs had similar negative charges in both water
(−24.0 ± 1.6 mV)  and LB medium (−20.3 ± 1.8 mV)  at pH 7.15.

Both Zn and Al were solubilized from the NPs during cellular
growth as shown in Table 2. The levels of soluble Zn were similar
in the LB cultures whether the ZnO or the Al-doped ZnO NPs were

used. The levels of soluble metal were greater in LB than when the
particles were suspended in water (Table 2).

r without inoculation with PcO6 and the addition of ZnO or Al-doped ZnO NPs at

Water

 cells Without cells

g/L) Zn (mg/L) Al (mg/L) Zn (mg/L)

 ± 0.01 1.0 ± 0.1 <0.004 <0.001
 ± 0.003 100 ± 20 0.01 ± 0.003 6.01 ± 0.01
 ± 0.02 111 ± 17 0.01 ± 0.003 6.03 ± 0.01

le.
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Fig. 3. Powder XRD spectra of Al-doped and nondoped ZnO NPs.

Table 3
Effect of addition of ZnO, Al-doped ZnO NPs and ions on PcO6 culturability on LB
medium.

Cell culture CFU/mL × 109

Control 7.0 ± 3.0
ZnO NPs 4.6 ± 1.0
Al-doped ZnO NPs 4.0 ± 2.0
Zn  ions 120 mg/L 4.0 ± 1.5
Al  ions 0.5 mg/L 5.0 ± 1.0

CFU, culture forming units. Cultures were grown for three days before plating to
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extent as revealed by overlapping spectral peaks and this finding

F
(

etermine culturability and pigmentation on LB plates. Data are typical of three
ndependent studies.

.2. Effects of ZnO and Al-doped ZnO NPs on growth and
etabolism of PcO6

Amendment of the LB cultures with ZnO and Al-doped ZnO NPs
id not change the extent of cell culturability after 3 days of incu-
ation; all flasks in stationary phase averaged over 109 cells/ml
Table 3). The pH of the cultures at harvest (pH 8.1 ± 0.1) was
ot affected by the treatments with NPs or ions. Production of
uorescence typical of the pyoverdine-type siderophores (emis-
ion 460–480 nm with 398 nm excitation) was enhanced by the
l-doped ZnO NPs as well as ZnO NPs (Fig. 5A). Promotion of
iderophore levels by Al-doped NPs and Al ions was confirmed in an
ron-deficient siderophore-inducing-medium (SIM) (Dimkpa et al.
012b). SIM was used previously to demonstrate induction by ZnO
Ps (Dimkpa et al. 2012b)  (data not shown). Amendment of LB with
20 mg/L Zn ions, to represent levels of soluble Zn released from
he NPs, resulted in fluorescence levels similar to the unamended
ultures. Production of IAA, as detected by positive chromogen pro-
uction by Salkowski’s reagent, by PcO6 was very low in the LB
edium (Fig. 5B). However, the levels were reduced further in LB
edium containing either ZnO NPs or the Al-doped NPs. Use of SIM
Dimkpa et al. 2012a)  confirmed that the Al-doped NPs reduced
AA formation (data not shown). In LB medium, ion release from
he NPs could contribute to the reduced IAA levels; repression in

ig. 4. Absorbance (A) and fluorescence spectra (B) in water of NPs. The fluorescence spec
2011).
search 168 (2013) 91– 98 95

chromogen production was  observed with 120 mg/L Zn ion treat-
ment and Al ions at 0.5 mg/L.

The LB medium was  used as the growth medium because it sup-
ported strong production of phenazines by PcO6 (Fig. 5C and D).
Amendment with the ZnO or Al-doped ZnO NPs reduced the char-
acteristic orange pigmentation in the PcO6-LB cultures to similar
extents (Fig. 5D). Addition of Zn ions at 120 mg/L strongly reduced
orange pigmentation whereas this was retained to a higher degree
with amendments of 0.5 mg/L Al ions (Fig. 5C). Extraction of the
culture medium and cells into acidified ethyl acetate showed that
much of the orange pigmentation, due to 2-hydroxyphenazine, was
retained at the water:ethyl acetate interface. Thus, the extracted
preparations were yellow-colored. The absorbance readings of the
extracts showed that the Al-doped ZnO NPs and the ZnO NPs
inhibited phenazine accumulation in the cell pellet as well as their
secretion. Strong inhibition of phenazine production occurred with
the presence of Zn ions. The Al ions had less of an inhibitory effect.

3.3. Effects of Al-doped NPs and Al ions on biosensor activity in a
modified strain P. putida KT2440

Light output of the biosensor cells derived in pseudomonad
strain P. putida KT2440 changed to similar extents in treatments
with the Al ZnO NPs as with the ZnO NPs (Fig. 6). The toxic-
ity was  time- and dose-dependent as illustrated by responses to
the 20 and 200 mg  Zn exposure from NPs (Fig. 6A). With both
NPs, there was  immediate increase in light output followed by
decline. Culturability of the cells did not differ between treatments
(2.3 ± 1.5 × 108 cells/ml).

The early increase in light output seen with the NPs was dupli-
cated by exposure of the biosensor to Zn ions at 0.5 and 1 mg/L
(Fig. 6B). Al ions, 0.1 and 0.5 mg/L, also increased light output but
with a slower time profile than for the instant response to Zn
ions. None of the ion treatments altered cell culturability (data not
shown).

4. Discussion

Elemental analysis by ICP-MS of acid digests and by EDAX con-
firmed the presence of Al in the Al-doped particles, although the
level we  detected was  lower than the 6% value provided by the man-
ufacturer. The Al-doping did not dramatically alter the appearance
of the particles as revealed by SEM and AFM microscopy. However,
XRD analysis of the powders showed that the Al-doped particles
contained large (>20 nm)  Al NPs indicating that the normal crys-
tallinity of the ZnO NPs to a wurzite-structure was  disrupted. This
type of impurity was  present in the commercial ZnO NPs to a small
agreed with the detection of trace levels of Al in the product by
ICP-MS analysis of its acid digest (see also Dimkpa et al. 2012c).
Thus, this commercial product has a mix  of ZnO NPs and as defects,

tra were generated with excitation wavelength of 325 nm according to Kumar et al.
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Fig. 5. Effects of amendments with NPs and ions on production by PcO6 of (A) fluorescent siderophore, (B) IAA, (C) phenazine and (D) an image to show differential
pigmentation in the cultures at harvest. Data are from 3 day-old cultures in LB medium and are means from two separate cultures with standard deviation. The data are
typical of at least three different independent studies. The siderophore data were based on measuring fluorescence (relative units) of 1000-fold diluted samples with excitation
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t  398 nm and emission at 470 nm (Dimkpa et al. 2012b). IAA was  measured as des
bsorbance due to phenazines was read at 366 nm for 1–10 diluted samples of the 

luminum Al NPs, whereas the products studied by Kumar et al.
2011) had regions where Al replaced Zn in the crystallites of ZnO.

Changes in surface charge of the colloids developed by the NPs
n suspension were apparent. Doping with Al caused slight shifts
n the absorbance spectrum, as was previously observed by Kumar
t al. (2011) with Al-doped particles. The Al-doped particles also
howed a different fluorescence spectrum with less emission in
he visible wavelengths than that for the ZnO NPs. The presence of
n emission peak at 375 nm confirmed the data published by Chen
t al. (2008) for ZnO NPs. However, with their Al-doped ZnO NPs
here was a shift to an absorbance maxima at 380–386 nm (Chen
t al. 2008), although these changes were not apparent for the Al-
oped particles prepared by Kumar et al. (2011).  Possibly different

ethods of synthesis affected how the dopant was integrated into

he ZnO particles, resulting in the changes in properties from these
wo groups (Chen et al. 2008; Kumar et al. 2011) as well as from
he commercial preparations used in our studies.
 in Patten and Glick (2002) by reading chromogen formation at 535 nm.  In Fig. 3C
ed products (dark bars) and undiluted extracts from the cells (lighter bars).

Solubilization studies indicated that the Al-doped particles
would act as a point source for both Al and Zn ions, although the
release concentrations of Al ions were very low, consistent with
the small extent of doping from the Al-doped NPs. The amounts
of soluble Zn released from both particles during cell growth were
similar. In LB medium the measured solubilization of Zn metal was
over ten-fold higher than in water, perhaps because organic mate-
rial, such as SH and histidine-containing proteins, would hold the
ions in a soluble form.

In each of the assays designed to test effects on metabolism in
soil pseudomonads, the Al-doped and ZnO NPs behaved similarly
when used at equivalent doses of Zn. In PcO6, we found similar
inhibition of IAA production and enhanced siderophore levels in

cultures amended with the Al-doped ZnO NPs as the undoped NPs
(Dimkpa et al. 2012a,b). We  also documented similar major changes
in phenazine production caused by the Al-doped particles and the
ZnO NPs. The engineered biosensor in P. putida KT2440 showed
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ig. 6. Effects of NPs and ions on light output from biosensor constructed in P. putida
n  ions at the designated doses. Data are the means of three replicates with standa
ight  units (RLU).

ose-dependent responses with transient increased light output
ollowed by decreases in the 60 min  exposure period for both NPs.

The similar levels of soluble Zn from both NPs in part can explain
he identical nature of the bacterial responses to the doped and
ndoped particles. However, our work also showed the added
otential role of released Al from the Al-doped NPs. The Al ions

ncreased secretion of the PVD siderophore and decreased IAA
evels produced by PcO6. This finding corroborates studies with
treptomyces spp. in which Al ions differential affected IAA and
iderophore production (Dimkpa et al. 2008). We  posit that the
hange in siderophore levels was consistent with induction of Fe
tress in the bacterial cells when exposed to Al ions, as has been
eported for P. fluorescens (Lemire et al. 2010).

Only the release of Zn, however, appeared to be involved in the
eduction of phenazines in PcO6 by the Al-doped and the ZnO NPs.
l ions used at a level near to the released level were not inhibitory

o phenazine production. While this work was in progress Li et al.
2011) reported that the activity of the first committed enzyme in
henazine biosynthesis in Burkholderialata 383, PhzE, was inhibited
y Zn ions when assayed with the highly purified protein. Thus, we
peculate that inhibition of the activity of the enzyme PhzE could
e one mechanism by which Zn inhibited phenazine production
n PcO6. Working with the highly purified enzyme is beyond the
cope of the present study, and we speculate that it may  not be
ossible to see effects with crude extracts because of speciation of
n with materials present in the extracts. Additionally our visual
40. (A) Comparison of effects of ZnO NPs and Al-doped NPs and (B) Effects of Al and
ors and are typical of three independent studies. Light output is shown as relative

analysis suggested that production of the orange hydrox-
yphenazines rather than the yellow phenazine carboxylate also was
affected by the Zn rather than the Al ions. The hydroxyphenazine
is produced from the phenazine-1-carboxylic acid by a specific
monooxygenase (Delaney et al. 2001).

Our findings add to the growing body of knowledge that con-
tamination of soils with NPs could influence the functioning of the
biota. For instance, Wang et al. (2009) and Jiang et al. (2009) have
shown that soil Gram-negative and Gram-positive bacteria and the
eukaryotic nematodes are sensitive to the toxicities of ZnO, Al2O3
and TiO2 NPs. Other papers also discuss the antimicrobial activ-
ity of Al2O3 (However, inhibition of growth of plant pathogenic
fungi by NPs (He et al. 2012a,b; Jayaseelan et al. 2012) has led to
the speculation that NPs may  be formulated in pesticides for plant
disease control. Currently, it is difficult to predict the given risk of
NP-contamination in a soil because there are many different aspects
that are poorly understood about the fate of NPs in soil. Our data
suggest that both the NPs and ions released from the NPs could
have important consequences in ecosystem function.

In summary, although differences in physical properties were
observed between commercial Al-doped ZnO NPs and ZnO NPs,
both materials behaved similarly in influencing metabolic changes

in two soil-borne pseudomonads. These findings may relate to
cells reacting to the similar levels of Zn released from both NPs.
Our findings suggested that contact between soil microbes and
both metal oxide NPs would lead to changes in metabolism of
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ignificance to the survival and the behavior of the bacterium.
emporary loss in energy status and altered levels of environ-
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henazines, were demonstrated when the microbes were chal-
enged with the NPs.

cknowledgements

Support from the USDA (CSREES grant 2011-03581), the Utah
gricultural Experiment Station (AES) and the Utah Water Research
aboratory is gratefully acknowledged. AES Journal Paper Number
441.

eferences

ydin SB, Hanley L. Antibacterial activity of dental composites containing zinc oxide
nanoparticles. J Biomed Mater Res B Appl Biomater 2010;94:22–31.

ala T, Armstrong G, Laffir F, Thornton R. Titania-silver and alumina-silver compos-
ite nanoparticles: novel, versatile synthesis, reaction mechanism and potential
antimicrobial application. J Colloid Interface Sci 2011;356:395–403.

eyeler M,  Keel C, Michaux P, Haas D. Enhanced production of indole-3-acetic acid
by  a genetically modified strain of Pseudomonas fluorescens CHA0 affects root
growth of cucumber, but does not improve protection of the plant against
Pythium root rot. FEMS Microbiol Ecol 1999;28:225–33.

raydich-Stolle LK, Speshock JL, Castle A, Murdock RC, Hussain SM.  Nanosized alu-
minum altered immune function. ACS Nano 2010;4:3661–70.

raud A, Hoegy F, Jezequel K, Lebeau T, Schalk IJ. New insights into the metal speci-
ficity of the Pseudomonas aeruginosa pyoverdine-iron uptake pathway. Environ
Microbiol 2009;11:1079–91.

rayner R, Ferrari-Iliou R, Brivois N, Djediat S, Benedetti MF,  Fievet F. Toxicological
impact studies based on Escherichia coli bacteria in ultrafine ZnO nanoparticles
colloidal medium. Nano Lett 2006;6:66–870.

hen KJ, Fang TH, Hung FY, Ji LW,  Chang SJ, Young SJ, Hsiao YJ. The crystal-
lization and physical properties of Al-doped ZnO nanoparticles. Appl Surf Sci
2008;254:5791–5.

elaney SM,  Mavrodi DV, Bonsall RF, Thomashow LS. phzO, a gene for biosynthesis
of  2-hydroxylated phenazine compounds in Pseudomonas aureofaciens 30-84. J
Bacteriol 2001;183:318–27.

el Olmo A, Caramelo C, SanJose C. Fluorescent complex of pyoverdin with alu-
minum. J Inorg Biochem 2003;97:384–7.
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