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ABSTRACT: In order to evaluate the risk of engineered nanomaterials
in the natural environment, one must determine their mobility, among
other factors. Such determinations are diﬃcult given that natural
systems are heterogeneous and bioﬁlms are ubiquitous in soils and
waters. The interaction and diﬀusion of several model nanoparticles
(dextrans, ﬂuorescent microspheres, Ag nanoparticles) were studied in
situ using confocal microscopy and ﬂuorescence correlation spectroscopy in a bioﬁlm composed of Pseudomonas ﬂuorescens. For the most
part, relative self-diﬀusion coeﬃcients decreased exponentially with
the square of the radius of the nanoparticle. The precise growth
conditions of the bioﬁlm resulted in a variable density of both
exopolymers and microbes, which was also shown to be an important
parameter controlling the diﬀusion of the nanoparticles. Finally, the
charge of the nanoparticles appeared to be important; for a dense
bacterial bioﬁlm, a greater than predicted decrease in the self-diﬀusion
coeﬃcient was observed for the negatively charged nano Ag.

’ INTRODUCTION
While most evaluations of environmental risk are performed
on planktonic organisms, the vast majority of microorganisms
live and grow in highly structured aggregates such as bioﬁlms and
ﬂocs.1 Bioﬁlms and ﬂocs are composed primarily of microbial
cells and extracellular polysaccharides and proteins (extracellular
polymeric substances or EPS2). They are highly structured but
heterogeneous microenvironments, featuring chemical gradients
of important parameters such as oxygen, pH, and nutrients.3 In
soils, the transport of colloids and nanoparticles will be modiﬁed
by interactions with bioﬁlms and changes to the hydrodynamics
of the soil due to the presence of bioﬁlm.4 Furthermore,
microorganisms in a bioﬁlm can facilitate the degradation,
sorption, or generation of colloids and nanoparticles.5 Nonetheless, since the dominant transport mechanism in bioﬁlms and
ﬂocs is diﬀusion,6 the mobility and bioavailability of nanoparticles will largely depend upon their diﬀusion coeﬃcients, which
will be related to their size and physicochemical characteristics, as
well as the nature of the bioﬁlm. Although the diﬀusion of solutes
has been studied for several bioﬁlms, there is still little consensus
on eﬀective diﬀusion coeﬃcients, with reported values typically
varying over several orders of magnitude for even well studied
probes (e.g., ﬂuorescein79).
Diﬀusion coeﬃcients in gels and bioﬁlms can be determined
either by measuring mass transport due to diﬀerences in chemical
potential (mutual diﬀusion coeﬃcients: Fourier transform
infrared;10 half-cell studies11) or by measuring solute self-diﬀusion (ﬂuorescence correlation spectroscopy (FCS);1215 ﬂuorescence recovery after photobleaching (FRAP);11 pulse ﬁeld
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gradient nuclear magnetic resonance16). In ﬂuorescence correlation spectroscopy (FCS), ﬂuorescence ﬂuctuations originating
from the diﬀusion of a substrate through a small, confocally
deﬁned optical volume (ca. 1015 L) are quantiﬁed using an
avalanche photodiode detector.17 FCS provides dynamic information about a wide range of molecular processes in the
nanoseconds to milliseconds range.1820 Since FCS diﬀusion
coeﬃcients are determined from the Brownian motion of the
ﬂuorophore, they are self-diﬀusion coeﬃcients, which are not
aﬀected by the binding of ﬂuorophore to the bioﬁlm or by a
decrease in chemical ﬂux. FCS has the additional advantage of
being able to determine diﬀusion coeﬃcients on a submicrometer distance scale,21 which when repeated (mapping) provides
an indication of bioﬁlm heterogeneity.11,15 In contrast to FRAP,
ﬂuorophore concentrations and laser intensities are smaller in
FCS, reducing errors caused by bioﬁlm perturbation or a local
warming.22 Until recently, only a few FCS measurements, covering only a small range of solute sizes, have been performed in
bioﬁlms.1215
Hydrogels have often been proposed as a simple model for
understanding diﬀusion in a constrained medium such as a
bioﬁlm.8,11 The diﬀusivity of a solute through a physically crosslinked hydrogel decreases with increased gel cross-linking, increased solute size, or decreased gel porosity.23,24 Indeed, one
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simpliﬁed model (see also Supporting Information) relates decreases in the relative diﬀusion coeﬃcient of a solute with the
square of the solute cross-section.
Dg =D ¼ B 3 expð  A 3 Rh 2 Þ

ð1Þ

where Dg (or Dbio) is the diﬀusion coeﬃcient in the gel (or
bioﬁlm), D0 is the diﬀusion coeﬃcient in water, Rh is the hydrodynamic radius of the solute, B is the probability of ﬁnding a hole
unhindered by polymer (dependent on the solute’s cross-sectional
area or volume), and A is a structural constant related to the
heterogeneity of the gel network.25 Given that it only takes solute
and not bioﬁlm characteristics into account, this simple model is
clearly an oversimpliﬁcation. Nonetheless, it is a useful test of
whether or not the substrate follows classical diﬀusive behavior or
whether more complex models (e.g., those taking into account
anomalous diﬀusion) need to be employed.
The aim of the present study was to quantify the diﬀusion of
several model nanoparticles (dextrans: Dx; carboxylated microspheres: MS; Ag nanoparticles: nAg) in an environmentally
relevant bioﬁlm of Pseudomonas ﬂuorescens.26 Diﬀusion coeﬃcients were determined using FCS for nanoparticle standards of
known sizes in order to ﬁrst test the predictions of the classical
diﬀusion model (eq 1). Given that the structure and composition
of the bioﬁlm can inﬂuence diﬀusion, two bioﬁlms, of diﬀerent
compositions, were characterized.

’ MATERIALS AND METHODS
Particle Labeling. The carboxylated nAg were obtained
from Vive Nano (Product Number: 13010 L). They were
covalently labeled with Nile Blue A (NBA) and/or Rhodamine
123 (Rh123) using conventional 1-ethyl-3-(3-dimethylamino
propyl)-carbodiimide/n-hydroxysuccinimide coupling chemistry27 (Supporting Information). The labeling was performed
under mild reaction conditions, using low fluorophore concentrations (ca. 1.5 fluorophores per nAg) to ensure that it was
minimally perturbing. After labeling, the particles were extensively dialyzed (24 h) against a 9:1 water/ethanol mixture in
order to remove surplus reactants. Measurements of electrophoretic mobilities (ZetaSizer Nano Zen4003) and transmission electron microscopy (TEM) were performed before and
after particle labeling.
Nanoparticle Sizes. FCS was used to determine the sizes of
the nanoparticles in water, prior to their addition to the
biofilm.28,29 Diffusion coefficients of the labeled dextrans, carboxylated microspheres, and nAg were transformed to hydrodynamic diameters using the StokesEinstein equation. Sizes of
nAg were also evaluated by TEM (JEOL JEM 2100F). In that
case, a droplet containing 5 mg L1 of nAg was pipetted onto a
400 mesh, carbon coated Cu TEM grid and air-dried.28 For each
experimental condition, over a hundred particles were imaged
and measured; particle diameter distributions were determined
with SigmaSCAN (Systat software inc.).
Biofilm Growth. Overnight cultures of P. fluorescens (strain
ATCC 13525) were prepared by transferring frozen stock
cultures into a nutrient broth medium consisting of 5 g L1
peptone and 3 g L1 meat extract. After 12 h, 10 mL of
autoclaved growth medium, consisting of 1.5 g L1 glucose,
0.2 g L1 (NH4)2SO4, 1.5 g L1 Na2HPO4, 750 mg L1
KH2PO4, 1.3 g L1 NaCl, 95 mg L1 MgCl2, 44 mg L1 CaCl2,
0.6 mg L1 thiamine, and either 0.1 mM or 0.01 mM FeCl3,2 was
inoculated with 40 μL of the overnight culture. Biofilms were

incubated for 912 h at 26 C in the 0.5 mL wells of the
chambered borosilicate cover glasses (Lab-Tek 155411).
Diffusion Measurements in the Biofilms. FCS measurements were performed on a Leica TCS SP5 laser scanning
microscope using a laser excitation at 488 nm, 514 nm (Ar ion),
or 561 nm (DPSS Nd:YVO4) under diffraction limited conditions. Fluorescence intensity fluctuations were followed in the
emission ranges of 500530 nm and/or 607683 nm. Diffusion
coefficients were determined for fluorescent dyes (Oregon
Green, OG, Invitrogen; Rhodamine 6G, Rh6G, Invitrogen;
Rhodamine 110, Rh110, Invitrogen; Rh123, Invitrogen; Rhodamine B, RhB, Sigma Aldrich; Nile-Blue A, NBA, Sigma Aldrich),
commercially labeled neutral dextrans (Dextran 3k labeled with
Texas Red, Dx3k; Dextran 10k, 40k, and 70k labeled with
tetramethyl rhodamine, Dx10k, Dx40k, Dx70k; Invitrogen),
dyed microspheres (MS, carboxylated polymer microspheres
labeled with Dragon Green; sizes: 57, 92, 135 nm; Bang
Laboratories), and the labeled nAg.
Just before starting an experiment, the growth medium overlying the bioﬁlms was carefully removed and replaced by a small
quantity of 1 mM HEPES (pH 7.2) containing the ﬂuorescent
probes. Bioﬁlms were equilibrated for 20 min, and all FCS
measurements were performed within 1.5 h. Diﬀusion coeﬃcients were also determined in 1 mM HEPES under otherwise
identical conditions. Representative diﬀusion coeﬃcients were
obtained by measuring the diﬀusion of the probes at a minimum
of 9 diﬀerent positions in the microcolonies. In order to minimize
the eﬀect of any macroscopic movement of the microcolonies
and to ensure reproducibility, all measurements were performed
on an active dampening, antivibration table (Table Stable ltd.)
with the laser focused in mechanically stable regions of the
bioﬁlm, i.e., no more than 40 μm from the coverslide surface.
Optical errors were reduced by performing reference measurements using the same multiwell cover glass as the sample
(constant slide thickness) and by always measuring at deﬁned
distances from the slide (constant beam astigmatism).21
Data acquisition times were minimized (Table S4, Supporting
Information) by choosing carefully optimized excitation conditions (ﬂuorophore concentrations, laser power, laser wavelength
near excitation maxima). Absolute values of the diﬀusion coeﬃcients were obtained by ﬁrst calibrating the system in water using
compounds with known diﬀusion coeﬃcients: 9.7 nM Rhodamine 6G (Rh6G); 2.5 and 10 nM Rh123; 10 nM Oregon green
(OG488); and 2.5 nM Rh110.30,31 In all measurements, the
confocal shape parameter ωxy was close to its optimal value as
determined by the system optics and laser wavelength (see
Supporting Information). Autocorrelation decays were ﬁtted to
the above-described model using the LevenbergMarquardt
algorithm implemented in the ISS software (version 3.7) with
either a one or two component model for particle diﬀusion
assuming a 3D-Gaussian beam proﬁle with an additional bunching term to account for triplet states (Supporting Information).
In some cases, an anomalous diﬀusion model with an additional
ﬁtting parameter R was necessary to best ﬁt the data (numerical
values for R are given in Supporting Information).

’ RESULTS AND DISCUSSION
Determination of Particle Sizes. Particle diameters were
determined from diffusion coefficients obtained by FCS. For
the dextrans, diffusion coefficients decreased with increasing
molar mass, in line with recent literature values.15,32 On the
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Figure 1. TEM images and size distributions of the silver nanoparticles collected from a 5 mg/L solution of nAg following drop deposition on a 400
mesh Cu, C-coated grid. (a) Unlabeled nAg, polydispersity index (PDI) = 1.4 (number of particles = 383, shape factor = 0.77). (b) nAg labeled with both
rhodamine 123 and Nile Blue A, following dialysis. PDI = 1.2 (number of particles = 158, shape factor = 0.73).

Figure 2. Confocal laser scanning microscopy (CLSM) image of bioﬁlms grown in the presence of 0.01 mM Fe(III); the images were acquired using the
reﬂection mode of the microscope. Due to the lower reﬂectivity of the microcolonies grown in media containing 0.1 mM Fe, no 3D-reconstruction of
that bioﬁlm is presented.

basis of calculations using the StokesEinstein equation, under
the assumption that the nanoparticles were compact spheres,
hydrodynamic radii of 0.9 to 3.2 nm were calculated, also similar
to literature values.33 For the carboxylated microsphere standards, measured hydrodynamic diameters were very close to
those provided by the manufacturer: 49.6 ( 4.2 nm for the 57 nm
standard, 96 ( 3.8 nm for the 92 nm standard, and 135 ( 8.4 nm
for the 135 nm standard. FCS and TEM results confirmed that
the stabilized nAg were largely unaggregated in water. Average
hydrodynamic diameters of 2 ( 0.4 nm were obtained by FCS in
good agreement with the size range provided in the manufacturer’s product specification sheets (i.e., 90% in the range of
110 nm as determined by TEM; Vive Nano). Although a few
particles with diameters up to 50 nm were observed by TEM, size
distributions showed that majority of the nAg particles ranged
between 2 and 10 nm (Figure 1).
Biofilm Characterization. No two biofilms are identical. In
order to evaluate the relative importance of the biofilm characteristics on the diffusion of the nanoparticles, biofilms were
grown under two conditions known to strongly influence the
growth and morphological properties of the biofilms, as determined by confocal laser scanning microscopy and crystal violet
staining.34 For biofilms grown in 0.01 mM Fe(III), a prolonged
lag-phase was observed for the bacteria as compared to those
grown in 0.1 mM Fe(III). Furthermore, at the lower Fe
concentration, biofilms were more dense and compact, with
mushroom like microcolonies that strongly adhered to the glass

surfaces (Figure 2). In contrast, in the growth medium containing 0.1 mM Fe(III), bacteria appeared to overproduce EPS and
were much more sparsely distributed, in patchy microcolonies
and flocs that adsorbed poorly to the glass surfaces of the cover
slide. Somewhat counterintuitively, microcolonies grown at the
lower Fe(III) concentration had considerably higher cell densities than those grown at the higher concentration. Similar results
were found for independent experiments performed in flow cells
(data not shown).
Diffusion of the Model Nanoparticles in the Biofilms. Even
though the diffusion of solutes is a critical aspect to quanti
fying contaminant chemodynamics,35 there are few data and little
consensus for diffusion coefficients in environmental biofilms.79
To some extent, the observed variability in the literature is caused
by differences in experimental protocols or the nature of the
measurement technique. Indeed, FCS does not measure the
diffusive flux of fluorescent substrates resulting from concentration
gradients (i.e., mutual diffusion coefficients) but rather the local
(self) diffusion coefficient in a ca. 1 μm3 confocal volume. In order
to ensure that the results were representative of the biofilm as a
whole, 30150 independent measurements were made at several
different zones of the biofilm (Table 1). In addition, diffusion was
quantified for biofilms cultivated in both 0.01 and 0.1 mM Fe(III).
Background ﬂuorescence was initially a concern given that P.
ﬂuorescens produces water-soluble ﬂuorescent pigments called
pyoverdines.36 Fortunately, the ﬂuorescence of the pyoverdines
could be bleached prior to data acquisition of the ﬂuorescent
3369
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Table 1. Summary of the diﬀusion coeﬃcients of the nanoparticles and solutes measured by FCS.a
DH2O [μm2/s]
colony type
0.01 mM Fe

0.1 mM Fe

sample

mean

SD

Dbio/DH2Ob

Rh [nm]
mean

SD

mean

SD

n

m

charge

Rh110

430

30

0.5

0.0

0.70

0.16

15

3

negative

Rh123

440

30

0.5

0.0

0.85

0.19

14

3

positive

Dx 3000

241

17

0.9

0.1

0.83

0.16

313

9

neutral

Dx 10000

166

34

1.3

0.3

0.62

0.11

279

13

Dx 40000

79

13

2.8

0.4

0.46

0.10

212

11

Dx 70000

67

6

3.3

0.3

0.27

0.05

269

15

nAg

211.8

44.0

1.03

1

0.13

0.11

30

3

negative

Rh6G
RhB

400
420

30
30

0.5
0.5

0.0
0.0

0.77
0.80

0.10
0.18

72
72

9
9

positive
neutral

Dx 3000

241

17

0.9

0.1

0.81

0.15

189

7

Dx 10000

166

34

1.3

0.3

0.68

0.12

72

9

Dx 40000

79

13

2.8

0.4

0.79

0.17

99

3

Dx 70000

67

6

3.3

0.3

0.66

0.12

126

5

MS57

8.80

0.74

24.8

2.1

0.61

0.16

108

4

MS92

4.55

0.18

48.0

1.9

0.66

0.15

68

4

3.23
211.8

0.11
44.0

67.5
1.03

2.2
1

0.59
0.86

0.11
0.37

51
51

3
3

MS135
nAg

negative

a
Diﬀusion coeﬃcients measured in water (DH2O) and relative diﬀusion coeﬃcients Dbio/DH2O (D in bioﬁlms with respect to water) are presented.
Probe abbreviations: Rhodamine 110 (Rh110), Rhodamine 123 (Rh123), Dextran (Dx), Rhodamine B (RhB), carboxylated microspheres (MS). Rh is
the hydrodynamic radius that is estimated using the Stokes Einstein equation; n: number of measurements; m: number of microcolonies where
measurements were performed; SD: the standard deviation. b Dbio/DH2O was determined (see Supporting Information) by ﬁtting histograms of the
relative diﬀusion time distribution; the mean and SD are given by the position and width of the distribution (also see Supporting Information).

Figure 3. Typical autocorrelation decays for the nAg measured in water
and in the bacterial (P. ﬂuorescens) cell clusters ([Fe] = 0.01 mM). Solid
black lines are ﬁtted to the accumulated data (dashed = bioﬁlm, solid =
water). Residuals (res.) are presented on the lower portion of the ﬁgure.
The ﬂuctuation in the residuals at longer correlation times are mainly
caused by intensity ﬂuctuations of the solid state laser used here (561 nm
DPSS Nd:YVO4).

probes, resulting in the observation of stable autocorrelation
decays in the bioﬁlms, albeit with higher baseline noise
(Figure 3). Furthermore, the constant oﬀset of the autocorrelation function (ACF) could be easily corrected when ﬁtting the
autocorrelation decay. Finally, NBA was excited using a laser line
(561 nm) that was substantially higher than for the pyroverdines
(λex
max = 460 nm), which allowed us to distinguish spectroscopically between the two ﬂuorophores.

Figure 4. Relative diﬀusion coeﬃcients in the bacterial microcolonies as
a function of solute size for colonies grown in media containing 0.01 mM
Fe (left) and 0.1 mM Fe (right). Data points correspond to averages
obtained for Rh110 and Rh123 (left) or RhB (right): Δ; labeled dextrans
(3k, 10k, 40k, 70k): ); dyed carboxylated polymer nanospheres (57 nm,
92 nm, 135 nm): 0; and nAg: b. In the dense bacterial cell clusters
(0.01 mM Fe, left), no diﬀusion of the dyed nanospheres was measurable. The solid line corresponds to a ﬁt that was obtained from eq 1
(excluding the nAg data points) using the following parameters for the
curve ﬁtting: left, A = 0.09 nm2, B = 0.85; right, A = 50 μm2, B = 0.73.

Diﬀusion coeﬃcients measured in the bioﬁlms were consistently smaller than those determined in water (i.e., Dbio/D0 < 1;
Figure 4). For the smallest solutes and nanoparticles (<5 nm),
diﬀusion coeﬃcients were 6080% of those found in water,
irrespective of the Fe concentration. The observation of a fairly
3370
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constant, ca. 30%, reduction of D for the smaller substrates is
indicative of an increased tortuousity (path length) of the solutes
and/or an increased viscosity of the bioﬁlm.
For much larger nanoparticles (57, 92, 135 nm) in the dense
(low Fe) bioﬁlms, little penetration of the bioﬁlms was observed;
diﬀusion was eﬀectively negligible, and no diﬀusion coeﬃcient
could be determined. Indeed, diﬀusion of the larger nanospheres
was only measurable in microcolonies that were formed under
high Fe conditions (loose ﬂocs). In the intermediate size range
(1100 nm), diﬀusion coeﬃcients decreased rapidly with probe
size for both microcolony types (Table 1). Indeed, relative
diﬀusion coeﬃcients (Dbio/D0) decreased exponentially with
the square of the solute radius, in line with observations made
previously in hydrogels25 and in bioﬁlms of Pseudomonas putida11
and Lactococcus lactis12,13 (eq 1). While the steep decrease of
Dbio/D0 was observed for the intermediate sized nanoparticles
(>57 nm) in the loose microcolonies, in the dense bacterial
microcolonies, relative diﬀusion coeﬃcients decreased signiﬁcantly for the two largest dextrans (Mw of 40 000 and 70 000),
corresponding to nanoparticle sizes (diameters) of 3.6 and
4.9 nm. These results suggested that the eﬀective poresize of
the bioﬁlm was in the range of 50 nm for the loose ﬂocs but
decreased below 10 nm for the dense bioﬁlms. Clearly, nanoparticle (1100 nm) mobilities in the environment are likely to
be signiﬁcantly hindered by the presence of bioﬁlms.
Even though eq 1 only takes the increased viscosity and
tortuosity of the bioﬁlm into account, it describes nearly all
experimental data, within experimental error (p-value e0.1 in a
two sided F-test). The success of this equation, for both of the
bioﬁlms and for most of the model nanoparticles (dextrans,
microspheres) suggests that these are the two most important
eﬀects controlling diﬀusion in these bioﬁlms. Neither particle
aggregation within the bioﬁlms nor the coupled diﬀusion of the
nanoparticles with bioﬁlm components needed to be invoked to
explain the vast majority of results in Figure 4.
The shape of the autocorrelation curves in the bioﬁlm changed
somewhat with respect to those obtained in solution, in particular, for solutes with the smallest diﬀusion coeﬃcients and for
the densest microcolonies (Figure 3). In solution, the autocorrelation decay could be easily characterized by a single characteristic diﬀusion time, τD, whereas in the bioﬁlms, the tailing of the
autocorrelation decay at higher correlation times suggested that
the solutes were either adsorbed by the bioﬁlm matrix or
entrapped by the bacterial cells. A similar eﬀect, observed
previously for measurements of dextrans in hydrogels, was
attributed to the anomalous diﬀusion of the solutes caused by
molecular crowding and the presence of obstacles to
diﬀusion.37,38 Anomalous diﬀusion can be quantiﬁed by the value
of R that is determined from the autocorrelation function. Values
were in the range of 0.891.01 (Table S2, Supporting Information), eﬀectively indicating some nonelastic interactions
of the bioﬁlm matrix and the nanoparticles.
Diffusion and Adsorption of the nAg in the Biofilms. In the
loose flocs that formed at low Fe, the diffusion coefficient of nAg
decreased only slightly, to 86% of the value in water, well within
the range that was expected on the basis of size alone (Figure 4).
In contrast, for the dense microcolonies formed at high Fe, a
much smaller diffusion coefficient than predicted was observed,
corresponding to a Dbio/D0 value of 0.13 (Figure 4, Table 1). As
above, measurements were repeated numerous times in different
zones of the biofilm to ensure reproducibility. While a statistically
valid number of measurements were performed for the nAg, it
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must be noted that a large number of attempts to determine Db
were also unsuccessful. We hypothesized that a large proportion
of the fluorescence was immobile due to the accumulation of nAg
in distinct zones of the microcolonies. In FCS, sorbed fluorophores increase background noise, making it more difficult to
quantify the fluorescence intensity fluctuations that are used to
determine diffusion times. In order to confirm that hypothesis,
laser scanning microscopy was performed (λex = 633 nm; λem =
650690 nm) following a 4 h equilibration of the two biofilms
with 20 mg L1 NBA labeled nAg. Significant nAg fluorescence
was observed (Figure 5, middle), for the most part, closely
associated with the bacterial cells of the biofilm (Figure 5, right).
In addition, the nAg appeared to accumulate to a much greater
extent in the dense biofilms as compared to the loose flocs. The
EPS in the biofilms are globally, negatively charged and known to
associate metal cations and some macromolecules including
proteins, DNA, lipids, and even humic substances.2,39 Nonetheless, given the overall negative charge on both the EPS and the
carboxylated nAg, little accumulation of the nAg was expected
nor observed in the biofilm matrix. Furthermore, the sorption of
the nAg by P. fluorescens was consistent with recent work that
reported an important extracellular accumulation of nAg in the
biofilms of P. aeruginosa.40 Silver particles smaller than 10 nm
have been shown to be enriched by the bacterial membranes of
E. coli and P. aeruginosa, and particles up to 80 nm have been
shown to penetrate the outer membrane.41,42 Nonetheless, electrostatic arguments alone do not appear to be sufficient to explain the
accumulation of the nanoparticles. For E. coli, no differences in
sorption to the bacterial cells or growth rate were observed when
comparing positively and negatively charged nAg.43
While it is not surprising that nAg immobilization by the
bacteria resulted in a lowering of the overall diﬀusive ﬂux through
the bioﬁlm, it is surprising that the self-diﬀusion coeﬃcient, as
measured by FCS, was decreased to this extent. FCS measures
local diﬀusion of the particles via their ﬂuorescence intensity
ﬂuctuations, and thus, if the particles are completely immobile,
they should correlate at very long times that do not contribute to
the calculation of D. It is, thus, likely that the smaller than
predicted diﬀusion coeﬃcients of nAg that were measured in the
dense bioﬁlms reﬂected the coupled diﬀusion of nAg and bioﬁlm
components, such as the extracellular proteins and the bacteria
themselves.
Environmental Implications. Knowledge on nanoparticle
diffusivity is necessary in order to understand the mobility,
aggregation, and toxicity of these compounds in the natural
environment. Mutual diffusion may be hindered by: (i) the
porous structure of the biofilm; (ii) the local accumulation of
the nanoparticles by cells, nondiffusing macromolecules, or the
polysaccharide network, and (iii) the adsorption of the solute to
freely diffusing species, abiotic particles, or gas bubbles.6 Selfdiffusion of the uncharged dextrans and microspheres was highly
dependent upon the size of the nanoparticles and the porosity of
the biofilm. The effective pore size of both of the biofilms was
clearly in the nanoparticle size range, strongly suggesting that the
mobility of nanoparticles, especially larger ones, will be greatly
reduced in natural waters and soils. Indeed, for particles with sizes
>50 nm, very little penetration of the biofilm occurred, suggesting that the transport of larger colloids or bacteriophages would
be greatly hindered while the diffusion of molecular sized solutes
would be only slightly (ca. 30%) affected by the presence of
biofilms. Nonetheless, the role of biofilm composition was
significant, even for two biofilms produced from the same
3371
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Figure 5. Confocal laser scanning microscopy of P. ﬂuorescens microcolonies grown under diﬀerent total Fe concentrations. Top: 0.1 mM of added
Fe(III); bottom: 0.01 mM Fe(III); left: bacterial cells stained with Syto9 to show viable cells; middle: ﬂuorescence of labeled nAg; right: overlay of the
Syto9- and nAg-ﬂuorescence. nAg were labeled using Nile Blue A which was excited using a 633 nm HeNe laser while Syto9 was excited with the 488 nm
line of an Ar ion laser. The nAg was mainly associated with bioﬁlm components in close proximity to the bacterial cells.

monoculture (ca. 1 order of magnitude difference observed
in Dbio).
Another important factor was the chemical composition of the
nanoparticle. The adsorption and accumulation of nAg by
bacteria in the bioﬁlm resulted in a signiﬁcant reduction in its
diﬀusive ﬂux. In contrast, the substantial increase in the concentration of nAg in the immediate, local environment of the bacteria
would likely result in increased bioavailability as compared to the
exposure of planktonic organisms. On the basis of the above, the
decreased susceptibility of bioﬁlms toward antimicrobial agents,
including nAg, may be caused by hindered diﬀusion, retention in
the outer bioﬁlm layers, or reduced metabolic activities of the
microorganisms.44 Future studies will be required to quantify the
role of bioﬁlm heterogeneity and nanoparticle chemistry on
environmental diﬀusive ﬂuxes.

’ ASSOCIATED CONTENT
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Supporting Information. Free volume theory, interpretation of the FCS autocorrelation function, experimental setup
description and ﬁgure, table of experimentally determined shape
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