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Interaction between palladium-doped zerovalent
iron nanoparticles and biofilm in granular porous
media: characterization, transport and viabilityy

Mohan Basnet,? Alexander Gershanov,? Kevin J. Wilkinson,® Subhasis Ghoshal® and
Nathalie Tufenkji*®

Palladium-doped nanoscale zerovalent iron (Pd-NZVI) can induce rapid transformations of a variety of pol-
lutants during in situ remediation of contaminated aquifers. Pd-NZVI stabilized with polymeric surface
modifiers has shown substantially improved stability and transport compared to bare Pd-NZVI in model
subsurface granular media such as clean quartz sand. The natural subsurface environment is, however,
much more complex. For example, biofilms may coat aquifer grain surfaces and thus alter the transport of
these reactive nanoparticles. Herein, we compare the transport behavior of Pd-NZVI coated with carboxy-
methylcellulose or rhamnolipid as surface modifiers, in clean and biofilm-coated sand packed columns.
Transport studies suggest that, for both types of nanoparticles tested, the particle attachment efficiency to
the collector surface generally increases (up to 6 fold in NaCl and 26 fold in CaCl,) in the presence of bio-
film. This result indicates the potential for reduced Pd-NZVI transport in a natural groundwater system. The
retentive behavior of biofilm-coated media increases with particle-particle aggregation (e.g., C/Co ~ 0.15
for a markedly aggregated CMC-coated Pd-NZVI in divalent salt), implicating physical straining as an
important retention mechanism. Retained Pd-NZVI on biofilm-laden matrices was characterized using
enhanced darkfield hyperspectral imaging. Assessments of biofilm viability imply that the retained surface-
modified Pd-NZVI is non-toxic to the cells within the biofilm matrices (viability >95%). Moreover, the coat-
ing molecules do not negatively impact the viability of the biofilm bacteria.

The success of Pd-NZVI based site remediation depends on the mobility of injected Pd-NZVI to reach the target contaminants. The mobility of Pd-NZVI is
shown to be reduced in the presence of biofilm on the surface of aquifer grains. The retained surface-modified Pd-NZVI is shown to be generally non-toxic
to the biofilm cells and enhanced darkfield hyperspectral imaging is used for identification of Pd-NZVI retention on the biofilm-coated sand. Overall, this

study emphasizes that the influence of biofilm should be taken into account when predicting the fate and transport of reactive nanoparticles in the aquatic
environment. Thus, our results have implications for the successful implementation of nanotechnology enabled soil and groundwater remediation.
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Introduction

Palladium-doped nanoscale zerovalent iron (Pd-NZVI) has
been shown to remediate a wide range of contaminants.'™
Direct injection has been suggested as a viable method to
deliver these reactive nanoparticles to contaminated subsur-
face zones.>* A major challenge in implementing this tech-
nology is that bare Pd-NZVI rapidly aggregates and thus
exhibits negligible transport whereas the success of nano-
technology enabled remediation largely depends on the

t Electronic supplementary information (ESI) available: Biomass distribution
along the column, Pd-NZVI characterizations (EPM and sizing), column break-
through curves, a summary table for column experiments (C/C, values), a sum-
mary table for measured influent and effluent DLS sizes, hyperspectral imaging
for Pd-NZVI suspension, and Live/Dead microscopy images. See DOI: 10.1039/
¢5en00109a

This journal is © The Royal Society of Chemistry 2016

mobility of injected Pd-NZVI to reach the targeted contami-
nants. Several studies have demonstrated that surface modifi-
cation of the nanoparticles reduces aggregation and concur-
rently enhances transport.”® However, these studies were
based on mobility experiments conducted in a clean sand-
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packed medium;>® other studies have assessed NZVI mobil-
ity in the presence of ions,”” shear-thinning fluids'® and
natural organic matter."' The natural subsurface environ-
ment, however, is not clean and sterile but contains
microbes that have the ability to form biofilms on aquifer
grain surfaces that could presumably alter the fate of these
reactive nanoparticles. Yet, the transport behavior of Pd-
NZVI, in the presence of bacteria or biofilms has not been
examined.

There is a growing interest in the investigation of nano-
particle mobility in the presence of biofilm on aquifer grain
surfaces. The key features of such studies include (i) the
choice of nanoparticles (ZnO,"* Ce0,,"* TiO,,"* Ag,"*'* Cg,"”
quantum dots,'® polystyrene latex'® and NzvI'/), (ii) the
choice of biofilm forming bacteria (P. aeruginosa'*'’ and E.
coli*>"®), (iii) the choice of collector surface to grow the bio-
film (quartz sand'>'*' and glass beads'’), and (iv) growth
methods (biofilm grown in the seeded column'>'>'”'% in a
circulation mode versus biofilm grown in a batch culture'®)
(Table S17). In nearly all studies, the general conclusion is
that the presence of biofilm attenuates nanoparticle mobility
(i.e., increases nanoparticle retention in the presence of bio-
film) compared to systems without biofilms."® In contrast,
two studies report lower nanoparticle (PVP-nAg) retention in
the presence of biofilm and attribute this observation to
electrosteric repulsion between the PVP coating and bacterial
extracellular polymeric substances (EPS).'*'® A study that
examined NZVI transport in a column packed with biofilm-
coated glass beads reported reduced transport in the pres-
ence of biofilm at 25 mM NaCl but no changes in particle
transport behavior at lower ionic strength (1 mM NacCl)."”
Because nanoparticle mobility is crucial for the successful
implementation of NZVI-based site remediation, it is of inter-
est to conduct a more systematic study of reactive Pd-NZVI
transport under a wider range of electrolyte compositions
representative of common groundwaters. For example, the
influence of divalent salts present in groundwater on particle
surface charge and particle aggregation state is well docu-
mented in several studies.>?°? For the successful implemen-
tation of nanotechnology-enabled (e.g., Pd-NZVI based) site
remediation, a comprehensive understanding of nanoparticle
behavior in environmentally relevant media is necessary. In
this study, we examine the impact of the deposited Pd-NZVI
on biofilm viability and show direct evidence of Pd-NZVI
deposition in/within the biofilm. Furthermore, several sur-
face modifiers have been proposed to stabilize Pd-NZVI sus-
pension with varied levels of success, and it is of interest to
investigate the effect of the surface coatings during transport
of surface-modified Pd-NZVI in biofilm-laden granular matri-
ces. Thus, we used rhamnolipid biosurfactant and carboxy-
methylcellulose (CMC) as Pd-NZVI stabilizing surface modi-
fiers based on their effectiveness, as demonstrated in our
previous work.” These two anionic surface modifiers have
very different molar masses, which will provide insight into
the role of how the molecular size of the modifiers affects
biofilm interactions.
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The purpose of this study is to systematically investigate
(i) the influence of biofilm coatings present on quartz sand
on the transport behavior of surface-modified Pd-NZVI, and
(ii) the impact of Pd-NZVI on the viability of the biofilm bac-
teria. Pseudomonas aeruginosa was chosen as a model biofilm
forming bacterium as it is known to grow in both aerobic
and anaerobic environments. To directly evaluate the influ-
ence of the biofilm, transport studies were conducted using
columns packed with clean or biofilm-laden sand. The experi-
ments were conducted over a wide range of ionic strengths
using both monovalent (NaCl) and divalent (CaCl,) salts. The
distribution of Pd-NZVI on biofilm-coated sand was mapped
using enhanced darkfield hyperspectral imaging and its
potential impact on the microbial community was examined
using standard viability assays.

Materials and methods
Pd-NZVI suspension

Bare NZVI particles were obtained from Golder Associates
(Montreal, Canada). Palladization and surface modification
were carried out in the laboratory, as previously described.”
Based on the effectiveness demonstrated in our previous
study,” two surface modifiers were chosen as Pd-NZVI stabi-
lizing agents: (i) sodium-CMC (Sigma) with a molar mass
~700 kDa and (ii) rhamnolipid (RL) biosurfactant (JBR215,
Jeneil Biosurfactant Co., Saukville, Wisconsin) with an aver-
age molar mass ~577 Da. The final suspension used in char-
acterization and transport experiments contained 150 mg L™
Pd-NZVI and 100 mg total organic carbon (TOC) per L surface
modifier. The primary particle size based on transmission
electron microscopy (TEM) was <100 nm.>* The particle
aggregates in the final suspension had a hydrodynamic diam-
eter >100 nm, (Table S2t). Methods for the nanoparticle size
(measured using dynamic light scattering) and electropho-
retic mobility (measured using laser Doppler electrophoresis)
characterization are described in the ESLT

Granular medium and biofilm growth

Quartz sand (50-70 mesh, Sigma) with an average size of 256
pm (uniformity coefficient of 1.4 (ref. 20)) was used as a gran-
ular material for preparation of the packed columns. The
sand was acid washed and baked at 800 °C as per the sand
washing procedure described previously.>*** The biofilm
growth protocol was adapted from our earlier work.'* Briefly,
P. aeruginosa PAO1 (ATCC# BAA-47) was selected as a model
biofilm forming bacterium. Prior to growing biofilm, each
batch of dry sand (27 g sand in 250 mL glass bottle) was
autoclaved for 30 min. Next, 15 mL sterile LB (Lysogeny
Broth) medium was added into the bottle followed by aseptic
inoculation from a culture plate. The working culture plates
were periodically prepared (once a week) from the stock pure
culture (P. aeruginosa) stored at —80 °C. Finally, the biofilm
was grown by incubating the mixture of sand and bacterial
culture (in the glass bottle) at 37 °C for 24 hours with orbital
shaking at 100 rpm.

This journal is © The Royal Society of Chemistry 2016
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Biofilm characterization by confocal microscopy

The biofilm-coated sand surface was characterized using con-
focal laser scanning microscopy (CLSM, Zeiss LSM 510
META). Two sets of confocal images were acquired: (i) after
24 h biofilm growth using sand grains collected from the top
and bottom of the batch in the glass bottle used for growth,
and (ii) from two segments (top and bottom) of the column
packed with biofilm-coated sand after ~10 pore volumes
(PVs) equilibration with either 10 mM NaCl or 10 mM CacCl,.
The biofilm staining protocol was adapted from our previous
work." Briefly, prior to imaging, the collected sand grains
were placed on a microscope slide and stained with (i) Film
Tracer FM 1-43 green biofilm cell stain (Life Technologies),
and (ii) Film Tracer SYPRO Ruby Biofilm Matrix Stain
(Invitrogen) for 15 min in the dark. After rinsing with DI
water, the grains were then transferred into a bead of glycerol
on a glass cover slip, and the confocal imaging (slicing with
z-stack) was immediately started. The average biofilm thick-
ness on the sand grains was determined by analyzing the
images using Zen software as described previously.™

Biomass along the column

The distribution of biofilm along the sand-packed column
was determined by gravimetric analysis as described else-
where.'® Briefly, the biofilm-coated sand matrix was dissected
into four segments collected in separate ceramic cups. These
cups were then dried at 120 °C for 14 h, cooled to room tem-
perature, and weighed. To remove organic mass, the samples
were then combusted at 800 °C for 24 h, cooled to room tem-
perature, and re-weighed. The difference in mass represents
the amount of biomass present in each column section. The
distribution of biomass along the length of the biofilm-
coated sand column after equilibration, but prior to Pd-NZVI
injection, is presented in Fig. S1.}

Pd-NZVI transport experiments

Clean sand-packed column experiments were conducted as
described previously.” Briefly, a glass column (GE Life Sci-
ence - C16/20 tube (i.d. 1.6 cm) with AC 16 adapter) was wet
packed with 27 g sand that was pre-equilibrated overnight
with the electrolyte of interest. The packed bed length was
8.1 cm. Next, the column was equilibrated with the electrolyte
of interest for ~10 PVs at a flow rate of 0.9 mL min™"
(approach velocity of 7.5 x 10> m s ') in downward flow
direction using a peristaltic pump (ISMATEC, Model
ISM596D). The Pd-NZVI suspension (either RL- or CMC-
coated) was then injected at the same flow rate and direction
using the same pump. Nearly 3 PVs of Pd-NZVI suspension
(prepared in the background electrolyte of interest) was
injected followed by the flushing phase with ~4 PVs back-
ground electrolyte to ensure complete removal of mobile Pd-
NZVI from the column pore space. The concentration of Pd-
NZVI in the influent (C,) and effluent (C) suspensions was
monitored (at 10 s intervals) online at 508 nm using a UV-vis

This journal is © The Royal Society of Chemistry 2016
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spectrophotometer (Agilent 8453) equipped with a flow-
through cell (1 em path length).”

To ensure homogeneity and a constant injection concen-
tration, the glass vial containing the Pd-NZVI suspension was
continuously shaken at 400 rpm (INFORS HT Labotron
bench-scale orbital shaker) throughout the experiment.
Biofilm-coated sand column experiments were conducted in
the same manner as the clean sand columns, with the excep-
tion that the sand was pre-coated with P. aeruginosa biofilm
as described above. The equilibration, Pd-NZVI injection and
post-injection procedures were the same as in the clean sand
packed column experiments. Prior to conducting the nano-
particle transport experiment, the breakthrough behavior of
an inert tracer (10 mM KNOj;) was monitored (Fig. S2}). All
column experiments were conducted at least in duplicate, the
range of elution in duplicate runs is reported in Table S4.f

Enhanced darkfield hyperspectral imaging

The presence of Pd-NZVI on biofilm-laden sand was detected
and a qualitative spatial distribution confirmed using an
enhanced darkfield transmission optical microscope (Olym-
pus BX43) equipped with a hyperspectral imaging spectro-
photometer (CytoViva, Inc., Auburn, AL). Grains of biofilm-
coated sand (pre-exposed to Pd-NZVI suspension) were trans-
ferred to a glycerol bead on a glass slide and covered with a
glass cover slip before capturing hyperspectral images. At
least three hyperspectral images were collected for each treat-
ment (biofilm-coated sand) exposed to either RL-coated or
CMC-coated Pd-NZVI; treatments with no particle exposure
served as a control (blank). To build the reference spectra
library for analysis, hyperspectral images of the nanoparticle
suspensions were also captured. The images were processed
and analyzed using a hyperspectral imaging system software
(ENVI 4.8 version). The heterogeneity of the Pd-NZVI suspen-
sion was accounted for by randomly selecting several parti-
cles (regions of interest) to build the spectral library. The
spectral library was then filtered through the blank to elimi-
nate matching profiles. Analysis was subsequently performed
using the modified spectral library and a spectral angle map-
ping (SAM) coefficient of 0.08 to spectrally determine the spa-
tial distribution of the nanoparticles.

P. aeruginosa growth in the presence or absence of Pd-NZVI

The potential influence of the Pd-NZVI during bacterial
growth and biofilm formation was investigated. An overnight
culture was grown in LB at 37 °C (for 20 hours) with shaking
at 130 rpm. The bacterial culture was then diluted 100 times
(to an optical density at 600 nm, ODg,, between 0.04-0.05)
and distributed (900 pL aliquots) into a 24-well black micro-
plate with clear bottom (PerkinElmer). Each well was loaded
with 100 puL Pd-NZVI suspension from the stock prepared at
two different Pd-NZVI concentrations (1.5 and 0.15 g L") that
resulted in final Pd-NZVI concentrations of 0.15 or 0.015 g
L™". Selected wells without Pd-NZVI served as controls. To dis-
tinguish the effect of particle modifier, additional
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experiments were conducted using the supernatant of the Pd-
NZVI suspension containing free (unbound) surface modi-
fiers. The Pd-NZVI was first separated from the unbound sur-
face modifiers using a super magnet. The plates were incu-
bated in a microplate reader (Tecan Infinite M200 Pro,
Switzerland) at 37 °C with orbital shaking (1000 s, 1.5 mm
amplitudes, wait time 1 min) and the planktonic growth
(ODggp) monitored at 30 min intervals for 24 h. All experi-
ments were conducted in triplicate.

Effect of Pd-NZVI on biofilm development

At the end of the 24 h growth period described above, the liq-
uid (non-adherent cells) in each well was removed by gentle
pipetting. The wells were then washed two times with deion-
ized (DI) water and stained with 0.1% crystal violet (CV)
(1 mL per well). After 15 min, the excess CV stain was
removed, the wells were rinsed three times with DI water,
and the CV was solubilized with 95% ethanol (1 mL per well)

View Article Online

Environmental Science: Nano

for 15 min. Finally, ODs,, values in each well were measured
using the microplate reader and reported as the quantitative
measure of biofilm formed. To account for the variations in
growth, biofilm level (ODs,) was normalized by the level of
bacterial growth (ODg) at the end of growth period (24 h).

Bacterial viability assay

Overnight cultures, diluted 100 times, were loaded into 24-
well plates (1 mL per well) that were incubated at 37 °C for
24 h with orbital shaking at 100 rpm. After 24 h, the non-
adherent cells in each well were removed by gentle pipetting.
The thin layer of biofilm formed on the well surfaces was
then exposed to 15 or 150 mg L™ RL-coated or CMC-coated
Pd-NZVI suspension (1 mL per well) prepared in 10 mM
NaCl. To avoid Pd-NZVI oxidation during exposure, the plates
were kept in an anaerobic chamber at room temperature. At
the end of exposure period (1 or 24 h), the suspension in
each well was removed by gentle pipetting followed by
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(a) Confocal micrograph of quartz sand coated with P. aeruginosa biofilm (overlay of dark field and Film Tracer™ Green Biofilm Cell Stain).

(b) Representative orthogonal confocal image of biofilm-coated sand grain showing biofilm thickness on the sand surface. Three images per treat-
ment (with z-stacking) were acquired to measure biofilm thickness using the CLSM image processing software. (c) Biofilm thickness on the quartz
sand surface before column packing (pre-eq) with the sample collected from the glass bottle in which the biofilm was grown, and after column
packing and equilibration (post-eq) with either 10 mM NaCl or 10 mM CaCl,. To collect sand grains for confocal imaging, the column was dissected
into two segments (top and bottom) following the equilibration. The box plot is based on at least 60 independent thickness measurements per treat-
ment. Statistically significant differences with respect to pre-equilibration is indicated by ** (p < 0.01, t-test) (n.s. - no significant difference).
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staining with 200 pL per well of 1:1 mixture of Live/Dead
stain (LIVE/DEAD® BacLight™ Bacterial Viability Kit, Life
Technologies) for 15 min. The BacLight mixture consists of
SYTO 9 and propidium iodide that stains cells with
compromised membranes red and cells with intact mem-
branes green. After 15 min contact time (in the dark), excess
stains in the wells were removed, followed by imaging using
fluorescence microscopy (IX-71, Olympus) at 200x magnifica-
tion. At least 30 images were acquired per treatment, and
analyzed using Image] (Image]J 1.43 m, NIH, USA) to deter-
mine the total area of compromised (red) and
uncompromised (green) cells. The loss in cell viability was
calculated as the ratio of red to total (red + green) area.

Results and discussion
Biofilm thickness characterization

A representative confocal image of biofilm-coated sand is
presented in Fig. 1a, which shows a homogeneous biofilm
coating on the sand surface. An orthogonal confocal image
shows a thin layer of biofilm around the sand (Fig. 1b). Mea-
sured biofilm thickness on the sand surface (after 24 hours
growth) is shown in Fig. 1c. The thickness before column
packing was 3.7 + 0.17 um (mean + 95% confidence interval).
After column packing and equilibration, the thickness
decreased (p < 0.05, t-test) with the mean of the top (inlet
end) and bottom (outlet end) values as 2.8 + 0.15 um and 2.5
+ 0.05 pum respectively for 10 mM NaCl and CacCl, equili-
brated columns (Fig. 1c). During equilibration, some of the
loose biofilm likely dislodged from the sand surface,
resulting in slightly thinner biofilm observed after equilibra-
tion. Additionally, no apparent difference in biofilm thick-
ness was observed between the top or bottom column seg-
ments (p > 0.05) suggesting a homogeneous biofilm
distribution along the column. This result is consistent with
a previous study'! where the same biofilm forming approach
was used, although the thickness reported was higher (~4
um) than this study (2.5-2.8 um). These differences may be
attributed to the different quartz sand used (average grain
size of 256 pm in this study versus 760 pm in the previous
study'®), likely leading to different packing arrangement and
different surface roughness, and thus slightly different
growth conditions. Owing to its smaller grain size, the avail-
able surface area for biofilm growth is much larger (3 times
more for a given volume) in this study. Moreover, the
approach velocity in this study (7.46 x 10 m s~ ') was higher

than in the previous study (6.22 x 107> m s™*).**

Electrokinetic characterization and hydrodynamic diameter
of Pd-NZVI

For RL-coated Pd-NZVI, the EPM values varied from -4 to
-2.5 um em V' s7! in 3-100 mM NaCl, and -2 to -1 um cm
v s in 1-30 mM CaCl, (Fig. S31). The EPM values for
CMC-coated Pd-NZVI varied from -4.5 to —2.5 pm cm V ' s7*
in NaCl and -4 to -1.5 pum cm V' s™' in CaCl, (Fig. S3%).

This journal is © The Royal Society of Chemistry 2016
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Overall, the EPM data shows that (i) in both monovalent and
divalent salts, an increase in solution ionic strength results
in lower absolute EPM values due to compression of the dif-
fuse double layer and charge screening, (ii) at a given ionic
strength, the divalent salt is more effective at masking the
charge as noted by the significantly lower EPM values in
CaCl, compared to NaCl.

The stability or the aggregation state of Pd-NZVI used in
the transport experiments was assessed by measuring the
hydrodynamic diameters of Pd-NZVI using dynamic light
scattering (dprs) (Fig. S4 and Table S2;i influent dpyg).
Broadly, the sizing data correlates with the EPM data, i.e., the
extent of aggregation generally increased with the decreased
absolute EPM (electrostatic destabilization). For RL-coated
Pd-NZVI in NaCl, the average dp;s value ranged from 402 +
20 nm at 3 mM to 518 + 20 nm at 30 mM (difference statisti-
cally significant, p < 0.001), whereas in CacCl, a larger dp;s is
observed over the same range of ionic strength (IS); the aver-
age dpys ranged from 700 + 35 nm at 3 mM to 1590 + 64 nm
at 30 mM. Likewise, for CMC-coated Pd-NZVI in NaCl, the
average dprs ranged from 435 + 35 nm at 3 mM to 1510 + 51
nm at 30 mM, whereas the particle size was considerably
larger in CaCl,: average dprs ranged from 2317 + 132 nm at 3
mM to 2285 + 177 nm at 30 mM (Fig. S4 and Table S2,} influ-
ent dpys). It is worth noting that these values should be inter-
preted with caution as the DLS measurements may be biased
by the sedimentation of larger aggregates present in the
suspension.

Overall, the sizing data indicate that the extent of aggrega-
tion increases with IS. This result corroborates our previous
work where an IS dependent aggregation behavior was dem-
onstrated for both RL- and CMC-coated Pd-NZVI over a broad
range of IS (10-500 mM NaHCO;).” At a given IS, CaCl, is
more effective at inducing agglomeration as depicted by
larger dp;s values in CaCl, (Fig. S41). The presence of Ca**
notably reduces the absolute EPM of Pd-NZVI (due to charge
screening) resulting in reduced particle-particle repulsive
interaction which favors aggregation. Moreover, Ca**-induced
bridging mechanism between the carboxylic group
containing coating molecules of Pd-NZVI can lead to further
aggregation. This result is consistent with a prior study that
reported increased NZVI aggregation in the presence of
CaCl,.>°

Transport of Pd-NZVI suspended in monovalent salt solution

The results of Pd-NZVI transport experiments in biofilm-
coated sand in the presence of monovalent salt (NaCl) are
presented in Fig. S5 and Table S4.f For RL-coated Pd-NZVI,
particle elution (C/C,) systematically decreases with an
increase in IS; the average C/C, varies from 0.80 at 3 mM to
0.12 at 100 mM NacCl (Table S471). For CMC-coated Pd-NZVI,
although the elution does vary slightly from 3-10 mM (C/C, =
0.85-0.86), a drastic reduction in elution occurs at 30 mM
(C/Cy = 0.28) and 100 mM (C/C, = 0.18) (Table S47). The
elution in biofilm-coated sand is compared to experiments
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conducted in clean sand from our previous study, in which
the same sand was used. Overall, at a given IS, reduced elu-
tion is observed in biofilm-coated sand compared to clean
sand (i.e., C/Copiofim < C/Coclean), €Xcept for one treatment
(CMC-coated Pd-NZVI at 10 mM NaCl) (Table S4}). To be
more representative of field conditions, additional experi-
ments conducted at higher Pd-NZVI concentration (1 g L™)
show that RL and CMC are effective at improving Pd-NZVI
transport even in biofilm-coated sand (C/C, = 0.60 + 0.02
for RL-coated and 0.77 + 0.01 for CMC-coated Pd-NZVI)
(Fig. S6at).

A semi-quantitative comparison of nanoparticle transport
potential is made via the calculated attachment efficiency
(ape)®”?® (Fig. 2). The . values for columns packed with
clean sand were obtained from our previous work.>* Overall,
in both treatments, the . values increase with an increase
in solution IS (Fig. 2a and b). As explained in the section on
electrokinetic characterization, an increase in solution IS
results in lower absolute EPM and thus reduced repulsive
electrostatic forces that favor the likelihood of particle
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attachment onto the collector surfaces. Another important
observation is that, at a given IS, the biofilm-coated sand
results in greater o values. For RL-coated Pd-NZVI, we
observe 2 to 6 fold increase in a, in biofilm-coated sand ver-
sus bare sand; the increase is ~2 fold for CMC-coated Pd-
NZzVI (Fig. 2a and b). Likewise, at 1 g L™ Pd-NZVI, a 1.6 fold
(RL-coated) to 16 fold (CMC-coated) increase in o, is
observed in biofilm-coated sand (Fig. S6b¥). The implication
of these calculations is that the transport potential of these
nanoparticles is potentially reduced in granular groundwater
environments that contain biofilm. Therefore, (Pd-) NZVI
transport studies conducted in clean sand may overestimate
the transport potential of these reactive nanoparticles in nat-
ural environments. Lerner et al.'” also reported a larger o
value for the transport of poly(acrylic) acid-stabilized NZVI in
columns packed with biofilm-coated glass beads (o = 0.03)
versus clean glass beads (ap. = 0.004) at 25 mM NaCl."” How-
ever, the difference in o}, was negligible at 1 mM NaCl (¢ =
0.006 and 0.005, respectively, in clean and biofilm-coated
media).

CMC-coated

0
10 b <>- clean (Basnet ef al,2015)
( )0— biofilm-coated
Al -]
10 ,,f’§:,,-—’<?
8 ‘"'::9: <
S 07 ¢ :
L
-3 . A
10 10 100
lonic Strength (mM NaCl)
10° .
-<>~ clean
(d) - 4@- biofilm-coated
10" €~ 4
8 ¢ ?
N 10‘2. . _,_-—"'?.
Sroreer O
10°bes -

lonic Strength (mM CaCl,)

Fig. 2 Calculated particle-collector attachment efficiency (apc) in monovalent salt (NaCl) for (a) RL-coated and (b) CMC-coated Pd-NZVI in clean
and biofilm-coated sand column. The o, values in clean sand were adopted from our previous work.2® The apc values in divalent salt (CaCly) for
(c) RL-coated and (d) CMC-coated Pd-NZVI in clean and biofilm-coated sand columns. Error bars represent standard deviations. The dashed lines
are included to guide the eye. The circular red and triangular blue symbols on Fig. 2a and b correspond to the transport experiment conducted at
higher Pd-NZVI concentration (1 g L™) in biofilm coated-sand and clean sand (from our previous work?3), respectively. For all other conditions, the

particle concentration was 0.15 g L™
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To determine whether larger aggregates were preferen-
tially retained within the column matrix, hydrodynamic
diameter (dp;s) of Pd-NZVI were measured for both influent
and effluent suspensions (Table S2t). At lower IS (up to 10
mM Nacl), both influent and effluent dy,; s were comparable
for both RL- and CMC-coated Pd-NZVI. However, at higher IS
(e.g- 100 mM NaCl), effluent dps (437 + 21 nm for RL-coated,
591 + 107 nm for CMC-coated) were significantly smaller
than influent dp;s (634 + 25 nm for RL-coated Pd-NZVI and
1350 + 155 nm for CMC-coated Pd-NZVI), which suggests
preferential retention of larger aggregates in the granular
medium.

Transport of Pd-NZVI suspended in divalent salt solution

The results of Pd-NZVI transport experiments in clean and
biofilm-coated sand in the presence of divalent salt (CaCl,)
are presented in Fig. S7 and Table S4.f For RL-coated Pd-
NZVI, both in clean and biofilm-coated sand, Pd-NZVI trans-
port systematically decreases with IS. In clean sand, the
average breakthrough elution (C/C,) varies from 0.62 at 1
mM to 0.01 at 30 mM, whereas in biofilm-coated sand, C/C,
varies from 0.67 at 1 mM to 0.06 at 10 mM. Overall, nano-
particle elution is reduced in biofilm-coated sand com-
pared to clean sand, except at 1 mM. For CMC-coated Pd-
NZVI, in clean sand, the extent of nanoparticle elution
decreases with an increase in IS; C/C, varies from 0.93 at 1
mM to 0.65 at 30 mM. The elution decreases more signifi-
cantly in biofilm-coated sand (C/C, ~ 0.15) at all the IS
investigated (1-30 mM CacCl,) (Fig. S7dt). It is important to
note that high concentrations of calcium ions (>10 mM)
are less common in groundwater environments, and the
high concentrations were chosen here for a direct compari-
son with NaCl.

Based on the C/C, values presented in Table S4, it is evi-
dent that at a given IS, divalent salt (CaCl,) results in
enhanced deposition (i.e., reduced elution) than monovalent
salt (NaCl) in both clean and biofilm-coated sand. There are
three possible contributing factors for this observation. First,
the presence of Ca®>" notably reduces the absolute EPM of the
Pd-NZVI (Fig. S3t) and the zeta potential of the clean or
biofilm-coated sand'* resulting in reduced particle-collector
repulsive interactions and thus favoring Pd-NZVI deposition.
Second, the significant aggregation observed in the presence
of CaCl, (Fig. S41) would lead to preferential retention of
larger aggregates. Third, analogous to particle-particle aggre-
gation caused by bridging of COOH-containing coating mole-
cules, the presence of calcium ion may contribute to bridging
with the functional groups within the EPS in biofilm matrices
(and thus increased deposition).

The results of column transport experiments for Pd-NZVI
suspended in CaCl, can be compared semi-quantitatively
using . values (Fig. 2c and d). For RL-coated Pd-NZVI, in
clean sand, the oy, value increases from 0.09 at 1 mM to 0.33
at 10 mM. A similar trend is observed in biofilm-coated sand;
ape varies from 0.07 at 1 mM to 0.38 at 10 mM. For this
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treatment, the effect of biofilm to reduce Pd-NZVI transport
potential is evident at 3 mM (e biofilm > Ope,ciean, P < 0.05)
but not at 1 and 10 mM Cacl, (Fig. 2c). For CMC-coated Pd-
NZVI, in clean sand, o increases from 0.004 at 1 mM to
0.02 at 30 mM. In contrast, there is no significant change in
ape for CMC-coated Pd-NZVI in biofilm-coated sand. Overall,
the most important observation from Fig. 2d is that ap. is
significantly higher in the presence of biofilm (5 to 26 fold
increase in a, values in the presence of biofilm).

In CaCl,, considerable differences in influent and effluent
dprs were noted (Table S27), likely due to enhanced aggrega-
tion of the influent suspension (Fig. S4t1) and preferential
retention of larger aggregates during transport. For example,
for RL-coated Pd-NZVI at 10 mM CacCl,, the effluent dp;s (542
+ 17 nm in clean sand and 364 + 26 nm in biofilm-coated
sand) is smaller than influent dprs (906 + 36 nm). For CMC-
coated Pd-NZVI at 30 mM CaCl,, the effluent dp;s (1424 +
108 nm in clean sand and 1012 + 171 nm in biofilm-coated
sand) is smaller than influent dp.s (2285 + 177 nm) (Table
S271). Smaller effluent dp;s in biofilm-coated sand than in
clean sand is an indication that the biofilm may act as collec-
tor of larger aggregates, ie., physical straining is likely an
important mechanism for the retention of Pd-NZVI aggre-
gates in the presence of biofilm.

Characterization of biofilm-coated sand using hyperspectral
imaging

The presence of Pd-NZVI on the biofilm-coated sand surface
is confirmed via enhanced darkfield hyperspectral imaging
and spectral mapping (red dots in images - Fig. 3a and b).
RL- and CMC-coated Pd-NZVI exhibit unique spectral profiles
(Fig. 3c and d, respectively) that allows for their detection on
the biofilm-coated surface. The average peak wavelength is
~625 nm and ~575 nm for RL-coated Pd-NZVI and CMC-
coated Pd-NZVI, respectively. The biofilm-coated sand also
exhibits a distinct spectral profile with average peak values at
significantly higher wavelengths (average ~775 nm)
(Fig. 3e and f) compared to the Pd-NZVI. Moreover,
hyperspectral images of bare and coated Pd-NZVI suspen-
sions (Fig. S87) indicate the stabilizing effect of the surface
modifiers; we note aggregated clusters of bare Pd-NZVI com-
pared to RL- and CMC-coated Pd-NZVI. This is the first study
to characterize Pd-NZVI deposited on biofilm-coated sand
grains using hyperspectral imaging. Enhanced darkfield
microscopy based hyperspectral imagery can be a promising
tool to detect, characterize and semi-quantify nanoparticles
in complex environmental matrices, and thus better enable
understanding of their fate and transformation.>®> However,
challenges occur when attempting to distinguish nano-
particles from the environmental matrices (e.g., aquifer
grains) when the former and latter have similar spectral pro-
files. Furthermore, identification of nanoparticles is
influenced by changes to their spectral profiles that can occur
due to adsorption or surface complexation of natural organic
matter.
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Fig. 3 Hyperspectral images of biofilm-coated sand exposed with (a) RL-coated and (b) CMC-coated Pd-NZVI. Red dots represent mapped Pd-
NZVI particles on the biofilm matrices. The representative spectral profiles correspond to the mapped (c) RL-coated and (d) CMC-coated Pd-NZVI.
The representative spectral profiles for the unmapped region (biofilm-coated sand only) are also presented (e, f).

Effect of coated Pd-NZVI on P. aeruginosa growth

Bacterial growth curves in the absence or presence of Pd-
NZVI are presented in Fig. 4a and b. Growth kinetics are
stimulated (higher ODgq, values) at lower Pd-NZVI concentra-
tion (15 mg L") for both RL- and CMC-coated Pd-NZVI. The
presence of small amount of iron and/or the associated sur-
face modifiers appear to favor the bacterial growth. In con-
trast, a markedly inhibited growth rate is observed at higher
Pd-NZVI concentration (150 mg L™'). Murugesan et al.>® also
reported a comparable trend whereby the bacterium
(Sphingomonas sp. PH-07) was able to grow well at lower Pd-
NZVI concentration (<0.1 g L") at 25 °C. However, an
inhibited bacterial growth was observed when Pd-NZVI con-
centration was greater than 0.1 g L™.>° Based on our previous
work” a notable fraction (>80%) of free surface modifier is
likely to remain in the suspension; therefore to elucidate its
effect, additional growth experiments were conducted in the
presence of free (unbound) surface modifier. The supernatant
of CMC- and RL-coated Pd-NZVI suspension was collected by
separating the NZVI with a super magnet. The experiments
show comparable growth as with the control (Fig. 4e and f),
suggesting that the surface modifiers (RL and CMC) had no
adverse effects on bacterial growth. For the bare Pd-NZVI, the
growth was not affected at a lower concentration (15 mg L"),
however, a marked inhibited bacterial growth was observed

134 | Environ. Sci.: Nano, 2016, 3, 127-137

at a higher Pd-NZVI concentration (150 mg L") (Fig. 4g). The
presence of dissolved Fe during growth experiment cannot be
ruled out, thus the inhibitory effect observed here might also
be linked to the presence of dissolved ions. The toxicity of
dissolved Fe*" and Fe*" ions to phytoplankton P. subcapitata
has previously been reported.>® Moreover, NZVI toxicity to E.
coli has been associated with oxidative stress in the presence
of released Fe ions due to oxidation.*

Effect of surface-modified Pd-NZVI on formation of P.
aeruginosa biofilm

A quantitative estimate of biofilm formed over a 24 h growth
period in the absence (control) or presence of RL- and CMC-
coated Pd-NZVI (at 15 and 150 mg L") is presented in
Fig. 4c. Biofilm levels (ODs;,) were normalized to the extent
(ODsg0, separately) to
decrease the potential bias in the measurements due to dif-
ferences in growth rate.*>** Biofilm formation decreased in
the presence of RL-coated Pd-NZVI, by 23% and 57% (com-
pared to control) at 15 and 150 mg L', respectively. For
CMC-coated Pd-NZVI, biofilm formation was slightly
decreased (by 3%) at 15 mg L™ but increased (by 29%) at 150
mg L™ (Fig. 4c). Biofilm formation was notably reduced in
the presence of the unbound surface modifier (collected as
supernatant of 150 mg L' RL- and CMC-coated Pd-NZVI

of bacterial growth determined
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Fig. 4 (a, b) Bacterial growth curves measured as ODgqg in the absence (control) or presence of (a) RL-coated and (b) CMC-coated Pd-NZVI at 15
and 150 mg L™ (c) Growth normalized quantitative estimate of the biofilm formed at the end of growth period (24 hours) measured using crystal
violet assay (ODs;0/ODgqo). (d) Bacterial viability measured with LIVE/DEAD assay after 1 or 24 h exposure with Pd-NZVI at 15 and 150 mg L™. Error
bars represent standard deviations. (e) Bacterial growth curves in the absence (control) or presence of free surface modifiers (supernatant) sepa-
rated using super magnet for (e) RL-coated and (f) CMC-coated Pd-NZVI at 15 and 150 mg L™ (g) Bacterial growth curves in the absence (control)
and presence of bare Pd-NZVI at 15 and 150 mg L™
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suspensions) and bare Pd-NZVI at both 15 and 150 mg L™
(Fig. S97). Therefore, biofilm inhibition appears to correlate
with Pd-NZVI concentration at 150 mg L™ with RL coating
(both suspension and supernatant) and with CMC coating
(supernatant). Using a microtiter dish assay, Davey et al.>*
also reported reduced P. aeruginosa biofilm formation in the
presence of rhamnolipid.

Effect of deposited Pd-NZVI on viability of biofilm cells

The viability of matured (24 h) biofilm cells after 1 h or 24 h
exposure to CMC- or RL-coated Pd-NZVI is presented in
Fig. 4d (representative Live/Dead fluorescence microscopy
images are presented in Fig. S101). At 15 mg L™ Pd-NZVI,
with 1 h exposure, the average viability >96%, and a similar
high viability (>>98%) was observed at 150 mg L™". Inspection
of Fig. 4d indicates some loss of viability at 24 h; however,
the effect is not statistically significant. Additional biofilm
viability experiments conducted using 1 g L™ coated Pd-NZVI
and its supernatant (free surface modifier) did not indicate
any loss in viability (Fig. S11t). Therefore, overall, the viabil-
ity assay suggests that exposure to either RL- or CMC-coated
Pd-NZVI does not impact the membrane integrity of biofilm
cells. As described previously for aggregated silver nano-
particles,® the Pd-NZVI suspension likely aggregated during
the exposure period, and it is likely that the aggregated clus-
ters did not penetrate the matrix of extracellular polymeric
substances (EPS) as readily, thus limiting their impact on cell
viability.

Environmental implications

This study highlights how the processes of nanoparticle
aggregation and retention (by deposition and physical
straining) are of importance in determining the suitability of
NZVI-based remediation in field application, in the presence
of natural biofilms. It is important to note that injection of
large quantities of NZVI suspension likely displaces natural
groundwater, especially near the injection point and may
alter the influence of the natural water chemistry. This work
shows that the transport potential of RL and CMC-modified
Pd-NZVI (at 150 mg L) is drastically reduced in the presence
of P. aeruginosa biofilm. We observe a marked increase in
nanoparticle attachment efficiency in the presence of biofilm,
indicating that surface-modified Pd-NZVI can exhibit
decreased transport in biofilm-laden groundwater environ-
ment. As expected, the variation in water chemistries
influenced Pd-NZVI aggregation behavior, with drastic aggre-
gation occurring in the presence of divalent salt. Particle
retention was particularly significant (C/C, ~ 0.15) for a mark-
edly aggregated suspension (CMC-coated Pd-NZVI in divalent
salt) in biofilm-coated sand. Transport experiments
conducted at higher Pd-NZVI concentration (1 g L™") showed
that RL and CMC are effective for improving Pd-NZVI trans-
port even in biofilm-coated sand but with a reduced transport
potential when compared to clean sand. An important obser-
vation is the difference in measured particle size at the
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column effluent and influent that confirmed the contribution
of physical straining of large aggregates as an important
mechanism for the heightened Pd-NZVI retention in biofilm-
coated column. This phenomenon was enhanced at higher IS
that induced substantial aggregation and leads to the conclu-
sion that physical straining is expected to be an important
mechanism during field injection. Another key contribution
of this study is the use of hyperspectral imaging to confirm
the presence of Pd-NZVI in complex biofilm-laden matrices.
This technique may be relevant in field application to directly
characterize unlabeled samples (solid and liquid) collected
from the field and confirm the presence of injected
nanoparticles.

This study shows that the toxicological impact of Pd-NZVI
on bacteria varies if the latter is in a planktonic or a sessile
state; the surface modifiers (RL and CMC) alone are non-
toxic to the bacterial cells. Although the planktonic growth
data indicate inhibitory effect at higher concentration (150
mg L") for both bare and coated (RL- and CMC-) Pd-NZVI,
biofilm formation was only impacted by RL-coated Pd-NZVI.
However, viability staining suggests negligible impact of the
deposited surface-modified Pd-NZVI onto matured biofilm
matrices (viability >95%) for both RL- and CMC-coated Pd-
NZVI. Given that the injected surface-modified Pd-NZVI nano-
particles for remediation application are likely to be retained
more in the presence of biofilm, a systematic study on the
prolonged exposure of biofilms to the reactive nanoparticles
coupled with nanoparticle aging/oxidation is of interest for
further study.
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