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Abstract

Deposition on silica surfaces of two Pseudomonas fluorescens strains (CHAO and
CHA19-WS) having different extracellular polymeric substance (EPS) producing
capacities, was studied in the absence and presence of cellulose nanocrystals (CNC).
Batch (batch soaking) and continuous flow (quartz crystal microbalance with dissipation)
methods were used to evaluate the impact of CNC on bacterial initial adhesion. This
study demonstrated that bacterial initial adhesion to solid surfaces can be significantly
hindered by CNC using both methods. In the presence of CNC, it was observed that
bacteria with more EPS aggregated more significantly compared to bacteria with less
EPS, and that bacterial deposition in this condition decreased to a greater extent. The
classic DLVO theory failed to predict bacterial adhesion behavior in this study. A
detailed discussion is provided regarding potential antibacterial adhesion mechanisms of
CNC.
Keywords: cellulose nanocrystals (CNC), bacterial aggregation, bacterial initial

adhesion, extracellular polymeric substance (EPS).
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Introduction

Bacterial adhesion and biofilm development on solid surfaces is a survival strategy
employed by virtually all bacteria. However, biofilm formation in aqueous environments
can be detrimental to both human life and industrial processes and should be well
controlled . For instance, biofilms and bioflocs need to be removed from medical
devices to prevent bacterial infection and from drinking water distribution pipes and unit
operations to avoid biofouling. It is important to be able to control bacterial attachment
and biofilm formation in natural and engineered systems.

The initial attachment of bacteria to a surface is a key preliminary step in biofilm
formation because this process has a major impact on subsequent bacterial growth,
extracellular polymeric substances (EPS) production, later bacterial adhesion, and biofilm
formation. Aggregation and adhesion of bacteria, like that of inert colloids, depend on
van der Waals forces, electrostatic interactions, hydrophobic interactions, hydration,
steric forces, and other specific forces existant between bacterial cells and surfaces .
The complex and heterogeneous surface structures of bacteria, such as their surface
appendages, can complicate the interaction between bacteria and substratum surfaces ™.
Bacterial surface appendages, such as EPS, are believed to influence bacterial
aggregation and adhesion '*!. Bacterial adhesion to a solid surface consists of two major
steps. First, bacterial cell transport to a solid surface is controlled by the size of the cells
and the hydrodynamics of the system. Second, when a cell and a surface are in close
proximity, the subsequent interaction can be determined by DLVO (Derjaguin-Landau-

Verwey-Overbeek)-type interactions, hydrophobic, and hydration interactions !,
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Moreover, in the flow regime (simple shear systems), fluid drag effects (shear forces) on
bacterial deposition should be taken into account.

Our previous study showed that rod-shaped cellulose nanocrystals (CNC), even at low
concentration (relative to the model prediction), are effective in agglomerating gram-
negative EPS producing bacteria Pseudomonas aeruginosa PAOI through a depletion
mechanism ®!. The depletion force between particles was first recognized and described
theoretically by Asakura and Oosawa ). When small particles such as CNC are added to
a colloidal dispersion of large particles such as a bacterial culture, a depletion interaction
can lead to the exclusion of small particles from the gaps between the large particles. This
exclusion occurs due to a difference between the osmotic pressures in the gaps and in the
bulk solution. It has been suggested that the presence of EPS on P. aeruginosa PAOI cell
surfaces contributes to the low CNC concentrations needed to cause bacterial depletion
aggregation ). Other physicochemical factors, such as solution chemistry and the
presence of multivalent ion species may also play an important role in bacterial
aggregation and adhesion **),

However, it is unclear how CNC-induced bacterial aggregation might depend on the
capacity of bacerial cells to produce EPS, and how CNC influence bacterial adhesion in
aqueous environments. Hereby, the overall objective of this study was to evaluate the
impact of CNC particles on the aggregation and initial ahesion of bacterial cells with
different EPS-producing capabilities.

CNC are a newly developed, biodegradable, environmentally friendly rod-shaped
nanoparticles. CNC increase the strength and stiffness of materials to which they are

added, and are therefore used in coatings, films, textiles, and reinforcing fillers. However,
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the impact of CNC on bacterial initial adhesion to surfaces has never been evaluated. In
this study, the aggregation of bacteria in the absence and presence of CNC was assessed
by microscopy and the deposition of bacteria on solid surfaces in the absence and
presence of CNC was determined using a batch method and a continuous flow method
using a quartz crystal microbalance with dissipation (QCM-D). Microscopy was used to

quantify cell deposition.

Materials and methods

Culture and characterization of bacteria

Green fluorescent protein (GFP) labeled gram-negative strains of Pseudomonas
fluorescens, wild type (P. flu CHAO, with normal EPS production) and the mutant AgacS
that can overproduce cellulose in their EPS (P. flu CHA19-WS, with increased EPS
production; WS [wrinkly spreader] indicates one colony morphology variant from
biofilms of the AgacS strain) were selected to perform bacterial aggregation and adhesion
experiments. For each experiment, the two strains of P. flu CHAO and P. flu CHA19-WS
were each streaked onto an Luria-Bertani (LB) agar plate and then incubated at 30 °C
overnight. A single colony from each plate was transferred into 50 mL of LB broth and
grown in a shaker incubator at 150 rpm at 30 °C overnight. Stationary-phase bacterial
cells were harvested by centrifugation at 3000 g at 4 °C for 10 minutes. The growth
medium was decanted, and the pellets were resuspended in 10 mM NaCl prepared with
reagent grade salt (Fisher Scientific Inc., U.S.) and Milli-Q water (18.2 MQ, Millipore,
Mississauga, ON, Canada) with no pH adjustment (pH 6.0-6.2) and sterilized by

autoclave before use. All characterizations and experiments were conducted using these
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cell suspensions. Centrifugation and resuspension procedures were repeated two
additional times to remove traces of growth media and suspended EPS from the solutions.
A final cell density of 1.0 x 10® cells-mL"' was obtained by measuring the optical density
(OD) at 600 nm with a UV spectrophotometer (Varian Inc., U.S.). Scanning electron
microscopy (SEM) was employed to characterize the size and morphology of the
bacterial cells. The zeta potential and average hydrodynamic size of each strain were
determined by dynamic light scattering (DLS) (Malvern Zetasizer Nano-ZS. Model:
ZEN3600, Malvern Instruments Ltd, Worcestershire, UK) at 25 °C. Zeta potential and

particle size measurements were repeated in five independent experiments.

CNC suspension: preparation and characterization

A stock suspension of 1.0% (wt) CNC was prepared right before each experiment by
suspending CNC particles in 10 mM NaCl, pH 6.0-6.2, and sonicating the solution for 5
minutes in a ultrasonic bath to disperse the CNC particles. The CNC suspension was then
filtered through a 0.45 pm membrane (Acrodisc® Syringe Filters with GHP Membrane,
Pall Corporation, US) and used directly in bacterial aggregation and adhesion
experiments. The size and zeta potential of the CNC particles were assessed by DLS
measurements in 10 mM NaCl at 25 °C. The size was then qualitatively compared with

images from transmission electron microscopy (TEM).

Bacterial aggregation experiments
In the aggregation experiment, 1 mL 1.0% (wt) CNC suspension was added to 1 mL of

the bacterial suspension to achieve a volume fraction of 3.3 x 10° mL-mL" (detailed
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calculations of volume fraction are provided in the Supporting Information ). Treatment
controls without added CNC were also prepared. The whole system was incubated
statically at 24 °C for 30 minutes before bacterial cells were dropped on clean
microscopy glass slides (Fisher Scientific) (the cleaning protocal is provided in the
Supporting Information) to facilitate fluorescent microscopic observations. Microscopic
visualization of the slides was carried out under fluorescent light using an Axio Imager
M2 microscope (Carl Zeiss, Germany) with a Zeiss LD Plan-NEOFLUAR 40x objective.
At least 10 randomly chosen areas of each slide were imaged; the number and size
(radius) of bacterial aggregates in each area were obtained through counting the
aggregates in 10 areas and averaging the results. These experiments were conducted in

triplicate in at least five independent experiments.

Bacterial initial adhesion experiments: Batch method

To evaluate and quantify the impact of CNC on bacterial initial adhesion, a batch method
BJ was employed by immersing a clean microscopy glass cover slip (Fisher Scientific) in
each bacterial suspension. For each adhesion experiment, fresh P. flu CHAO and P. flu
CHA19-WS bacterial suspensions (1.0 x 10® cells-mL" in 10 mM NaCl) were prepared.
1 mL was distributed in each well of a 24-well plate (Corning Inc., U.S.) and then 1 mL
of 1.0 % (wt) CNC suspension (in 10 mM NaCl) was added to each well to achieve a
volume fraction of 3.3 x 10 mL-mL" The cleaned glass cover slips were completely
submerged in the bacterial suspensions, the whole system was placed in a shaker

incubator for 30 minutes at 24 °C and 120 rpm. The glass cover slips were removed from

the bacterial suspensions and rinsed with 10 mM NaCl solution to remove loosely
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attached cells. To observe the difference before and after CNC treatment of each strain,
the cells attached to the slides were visualized and quantified by fluorescence
microscopy. Briefly, after each adhesion test, the bacteria coated slides were placed on

clean microscope slides. At least 50 randomly chosen areas on each slide were imaged

with fluorescent light with a 40x objective. The size of each image was 3.7632 x 10™* cm®.

The cell density (cells-cm™) on each slide was obtained through counting the cells in each
area, then taking the average of all of the area cell counts. Batch bacterial adhesion
experiments were conducted in duplicate in at least five independent experiments. The
variance of bacterial adhesion was analyzed with a one-way analysis of variance
(ANOVA) and was reported as p-values. p-values of less than 0.05 suggested that

differences were statistically significant.

Bacterial initial adhesion experiments: Continuous flow method

To mimic environmentally relevant flow conditions, and to evaluate real-time bacteria-
surface interactions, a continuous flow method was applied using a quartz crystal
microbalance with dissipition (QCM-D). QCM-D is an advanced technology for the
study of surface interactions and provides real-time, label-free measurements of
molecular adsorption and/or interactions taking place on surfaces. Based on the
piezoelectric effect, the frequency change (AF) of a quartz crystal sensor corresponds to
the mass loaded on the quartz surface; the dissipation change (AD) indicates the energy
dissipation response of the freely oscillating sensor and corresponds to the viscoelastic
properties of molecular layers as they build up or are otherwise changed on the quartz

surface. The QCM-D technique is sensitive to nanograms of mass and can be applied to
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in situ structural arrangements, thus it is a useful technique to investigate the mechanisms
and strength of cell adhesion to surfaces %,

Deposition of bacteria on silica coated quartz surfaces (with a fundamental resonant
frequency of approximately 5 MHz, QSX-303, Q-sense AB, Gothenburg, Sweden) was
studied using a QCM-D (Q-sense E4, Biolin Scientific, Sweden). All QCM-D
experiments were performed under flow-through conditions, using a digital peristaltic
pump (ISMATEC, IPC high precision multichannel dispenser) operating in pushing
mode, with the studied solutions injected into the sensor crystal chamber at 0.15 mL-min’
B3] the temperature within each flow module was maintained at 24 °C. According to
the manufacturer, such a flow rate results in laminar flow through each flow module.
Prior to each experiment, the cleaned silica surface was equilibrated by pumping 10 mM
NaCl solution through it. The 1.0% CNC suspension, the bacterial suspension, and the
bacterial suspension supplemented with CNC (5 mL bacteria suspension in 10 mM NaCl
plus 5 mL 1.0 % CNC in 10 mM NaCl) were then each injected for 30 minutes to assess
the bacterial deposition behavior. Following the injection, silica surfaces were eluted with
10 mM NaCl to assess bacterial adhesion stability.

To further investigate the impact of CNC on bacterial deposition, QCM-D experiments
were also conducted using CNC coated silica surfaces. Prior to each experiment, the
cleaned silica surface was equilibrated by pumping 10 mM NacCl solution through it. The
1.0% CNC suspension was then injected for 20 minutes to coat the silica surface.

Following the injection, silica surfaces were eluted with 10 mM NaCl to assess CNC

deposition stability. Bacterial suspension was then injected for 20 minutes to assess the
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bacterial deposition behavior. QCM-D experiments were repeated in at least five
independent experiments, and representative results were presented in results section.
Microscopy images of the silica surfaces were captured after the QCM-D adhesion
experiments to quantify adhered cell numbers. The cell density (cells-cm™) on the silica
surfaces was calculated based on the microscopy images. In contrast to the batch systems,
QCM-D experiments allow continuous, noninvasive monitoring of bacterial adhesion,

which reflects the natural environment where the organisms reside.

DLV O interaction energy calculations

The initial adhesion of bacteria to solid substrata in aquatic systems is considered to be
similar to the deposition of colloidal particles. Thus, classic DLVO theory has been
widely applied to explain bacterial adhesion behavior !>\, Classic DLVO theory
describes the total energy 4G”°” between bacteria and substratum in solution as a balance
between attractive Lifshitz-van der Waals 4G"" and electrostatic AG™" interaction free
energies as a function of separation distance d ['"*2%, as expressed in Equation 1.

AG™"(d) = AG™ (d)+ AG™ (d) (1)

classical

Sphere-plate geometry was assumed when calculating the interaction energies between
the bacteria and surface (the cells are assumed to be spherical, with radius of a,
approaching a semi-infinite plate). The free energies—AG""(d) and AG™ (d)— involved

in this process are expressed in Equation 2:

10
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AGLW (d) - _ A123a
6d
2¢,¢, In 1+ exp(—«d)

AGT(d) = a6y +63) P+ ¢3 1—exp(—xd)

+ ln{l —exp(—2xd )}} 2)

A, €, C, and k! are the un-retarder bacterium-water-substratum Hamaker constant in
water, the permittivity of the medium, the zeta potential, and the Debye length,
respectively. d is the separation distance between the bacterium and the substratum. The
input parameters needed to describe the electrostatic and van der Waals forces for
bacterium-silica and CNC-silica interactions are provided in Table S1 in the Supporting

Information.

Results

Characterization of bacterial cells and CNC particles

The wild type strain P. flu CHAO is reported to have normal EPS production, whereas the
mutant strain P. flu CHA19-WS has increased EPS production. As shown in Figure 1,
both strains are rod-shaped and equipped with thread-like EPS appendages. More EPS
coverage was observed on P. flu CHA19-WS (Figure 1B) than on P. flu CHAO (Figure
1A). The results are consistent with the fact that P. flu CHA19-WS cells overproduce
cellulose in their EPS !, DLS measurements showed that the hydrodynamic diameter of
P. flu CHAO cells, 1.76 = 0.07 um, corresponding to an equivalent radius of 0.44 pum
(Table 1), was longer than that of P. flu CHA19-WS cells, 1.44 = 0.03 um, which
corresponded to an equivalent radius of 0.41 pum (Table 1), a finding that was confirmed
by SEM images (Figure 1). In addition, under the experimental conditions of 10 mM

NaCl, pH 6.0-6.2, the two strains displayed statistically different (p = 1.9 x 10™*) negative

11



10

11

12

13

14

15

16

17

18

19

20

21

22

23

Soft Matter

zeta potential values, -18.78 £ 1.31 mV and -16.22 + 0.89 mV for P. flu CHAO and P. flu
CHA19-WS, respectively.

Figure 2 shows a TEM image of rod-shaped CNC particles with a length of 100-200
nm and a width (diameter) of around 10 nm; the hydrodynamic diameter (length) of the
CNC particles measured using DLS was 114 + 2.13 nm, which corresponds to an
equivalent radius of 0.020 um (Table 1). The zeta potential of the CNC particles in 10
mM NaCl, pH 6.0-6.2, was -42.3 £ 1.07 mV, indicating negatively charged surfaces that
can be attributed to the sulfate ester groups introduced by the esterification reaction

during hydrolysis.

Bacterial aggregation
Without CNC, the two strains were well dispersed (Figures S1 A and C), free of
flocculate (average radius = 0.44 um and 0.41 um for P. flu CHAO and P. flu CHA19-
WS, respectively, calculated based on DLS measurements), and the culture chamber
liquid was observed to be turbid. With the addition of CNC, P. flu CHA19-WS showed
significant aggregation and formed large, dense bacterial aggregates (estimated average
radius = 4.5 um) (Figure S1 D), while P. flu CHAO formed small, loose bacterial
aggregates (estimated average radius = 2 um) (Figure S1 B). The results indicate that,
although bacterial cells can spontaneously form flocs, bacterial flocs were unlikely to
form without CNC application under the experimental conditions tested here.

To determine the interaction between bacterial cells and CNC particles, zeta potential
distributions of bacteria, of CNC, and of a mixture of bacteria and CNC were measured

under the same physicochemical conditions. The measurement of zeta potential

12

Page 12 of 31



Page 13 of 31

10
11
12
13
14
15
16
17
18
19
20
21
22

23

Soft Matter

distributions of individual components and their combination to study particle
interactions follows the work of *%. As shown in Figure S2 A, samples with only CNC
particles exhibited single modal zeta potential distributions, with peaks at ~ -40 mV.
Samples with only bacterial strains also exhibited single modal zeta potential
distributions, with peaks at ~-17 mV and ~ -15 mV for P. flu CHAO (Figure S2 B) and P.
flu CHA19-WS (Figure S2 C), respectively. A bimodal zeta potential distribution was
observed for samples with a mixture of CNC and bacterial cells, with a peak at ~ -40 mV
representing CNC particles and a peak at ~ -17 mV representing P. flu CHAO (Figure S2
D), a peak at ~ -15 mV representing P. flu CHA19-WS (Figure S2 E). The zeta potential
results suggest that bacterial cells and CNC have no direct contact with each other under
the conditions tested. This observation implies that depletion interactions play a key role
in the observed bacterial aggregation in the presence of CNC. However, the impact of
physicochemical factors (e.g., pH, ionic strength, CNC concentration) on CNC-induced

bacterial aggregation deserves further research.

Batch bacterial initial adhesion

Figure 3 illustrates the enumeration of the cell density of each strain deposited on glass
cover slips, determined from microscopic observations. As can be seen in Figure 3, in the
absence of CNC, P. flu CHA19-WS showed a slightly higher (p = 0.049) adhesion
capability (average 1.02 x 10° + 3.85 x 10° cells-cm™) than did P. flu CHAO (average
7.40 x 10° + 1.84 x 10° cells-cm™), which might be explained by the fact that P. flu
CHA19-WS is less negatively charged than the wild type P. flu CHAO. It should also be

noted that the higher EPS coverage of the P. flu CHA19-WS strain, in comparison to its

13
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wide type strain, might play an important role in controlling its initial adhesion to glass
surfaces. In a bacterial adhesion kinetic study using a radial stagnation point flow system,
) indicated that a greater bacterial adhesion to a quartz surface resulted from more EPS
coverage.

After the addition of CNC, deposition of P. flu CHAO (average 2.07 x 10> cells-cm™)
and P. flu CHA19-WS (average 8.69 x 10* cells-cm™) on glass cover slips was
significantly (p = 7.72 x 10™ and 4.49 x 107, respectively) inhibited, and achieved about

0.6 (~ 72%) and 1.1 log-unit reduction (~ 91.5%) in cell density, respectively.

Bacterial initial adhesion under continuous flow conditions

Bacterial initial adhesion under continuous flow conditions (flow rate = 0.15 mL-min™")
was studied using a QCM-D coupled with a fluorescence microscope. QCM-D frequency
shifts (AF) and dissipation changes (AD) with time were monitored, where a large AF
suggests a large mass load on silica surfaces and a large AD suggests a soft mass load on
silica surfaces.

As shown in Figure 4A, adsorption began as soon as the sample solution made contact
with the silica surface. In the absence of bacteria, CNC adsorption on silica reached a
plateau of around 1.75 Hz about 50 min post-CNC injection. In approximately 55
minutes, P. flu CHAO achieved a AF of around 4.5 Hz without CNC and a AF of 1.75 Hz
with CNC, a value the same as that of CNC alone. The finding that the AF of P. flu
CHAO supplemented with CNC was lower than that of P. flu CHAO alone, indicates that
P. flu CHAO adhesion to a silica surface was inhibited by CNC. Adsorbed CNC and P.

flu CHAO supplemented with CNC desorbed slightly upon rinsing with 10 mM NaCl. In

14
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the absence of CNC, adsorbed P. flu CHAO desorbed significantly and reached a final AF
of around 4 Hz. The desorption of P. flu CHAO suggests that these bacteria had been
reversibly deposited on the silica surface.

Similarly, the AD began to change as soon as the sample made contact with the silica
surface (Figure 4A). It should be noted that dissipation occurs when the driving voltage
to the crystal is shut off and the energy from the oscillating crystal dissipates from the
system. AD indicates the energy dissipation (loss of energy/damping) response of the
freely oscillating sensor, which corresponds to the viscoelastic properties of the adsorbed
molecular layers on the quartz surface (Equation 4 in the Supporting Information). A
final AD of around 0.15 x 10 for both CNC and P. flu CHAO supplemented with CNC
was achieved. The final AD of P. flu CHAO was around 0.5 x 10°°. This suggests that the
binding of attached P. flu CHAO cells to the silica surface was relatively more flexible
than the binding of P. flu CHAO supplemented with CNC, where the cell is not coupled
so closely to the surface, highlighting the viscoelastic nature of the attached bacterial
cells %!,

The adsorption of P. flu CHA19-WS achieved a final AF around 5 Hz (Figure 4B), and
desorbed only slightly upon rinsing with 10 mM NaCl. Consistent with the batch
adhesion results (Figure 3), P. flu CHA19-WS (Figure 4B) showed a slightly higher
adhesion capability than that of P. flu CHAO (Figure 4A) under the same hydrodynamic
flow condition. AF of the P. flu CHA19-WS supplemented with CNC was around 0.2 Hz
and decreased to around 0 Hz when rinsed with 10 mM NaCl, indicating that few P. flu

CHA19-WS cells were adsorbed on the silica surface and that the adsorption was loose.
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A final AD of about 0.35 x 10 was achieved with P. flu CHA19-WS and a final AD
of about 0 was observed for P. flu CHA19-WS supplemented with CNC. This suggests a
relatively more rigid binding of attached P. flu CHA19-WS cells supplemented with
CNC to the silica surface, compared with P. flu CHA19-WS cells only.

Because it is difficult to directly link AF in QCM-D to the numbers of the attached

bacterial cells > '

, microscopy was employed to quantify cell numbers of bacteria
adhered to the silica surfaces to support AF results in QCM-D bacterial adhesion studies.
Microscopy images of the silica surfaces were captured after each QCM-D adhesion
experiment, and the cell density on silica surfaces was calculated (Figure 4C) based on
the microscopy images. As shown in Figure 4C, adhesion of P. flu CHAO (~ 5.96 x 10°
cells-cm™) on silica surfaces was significantly (p < 0.05) inhibited by CNC (to ~ 6.87 x
10* cells-cm™, or ~ 88.5% inhibition), which was consistent with the P. flu CHAO QCM-
D adhesion results. The cell density of P. flu CHA19-WS on the silica surface (~ 1.36 x
10° cells-cm™) was higher than that of P. flu CHAO (~ 5.96 x 10° cells-cm™), which is
consistent with the batch (Figure 3) and QCM-D adhesion results (Figures 4A and 4B). In
the presence of CNC, adsorption of P. flu CHA19-WS was also significantly (p < 0.05)
hindered (to ~ 9.25 x 10* cells-em™, or ~ 93.2% inhibition), as determined from
microscopic observations (Figure 4C), although the final AF of the P. flu CHA19-WS
supplemented with CNC was about 0 in QCM-D experiments (Figure 4B), which might
be associated with the presence of EPS and surface hydrophobicity, as these factors have

12, 14

been reported to lead to a reduced AF in QCM-D results !> '*!. Therefore, it is necessary

to use direct microscopy to support AF results in QCM-D bacterial adhesion studies  '*

14]
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Classic DLV O interactions

Experimentally measured equivalent radii and zeta potential values were used in the
DLVO interaction energy calculations (Table 1). The primary energy minimum (i),
the primary energy barrier (®@p,x), and the secondary energy minimum (@) are
presented in Table 1. The DLVO energy profile is depicted in Figure S3 in the
Supporting Information. A negative @ at the primary energy minimum or secondary
energy minimum indicates attractive forces that contribute to colloidal attachment
whereas a positive ® suggests a repulsive force that promotes colloidal stability or
mobility. Although an idealized DLVO approach was applied by assuming bacterial cells
and CNC particles were smooth spheres, the energy calculations can be considered to
capture the qualitative trends of the samples.

Figure S3 shows the energy sum of the electrostatic and van der Waals interactions,
both of which decay with separation distance. Without CNC, the strong positive repulsive
energy barriers of P. flu CHAO (202 kT) and P. flu CHA19-WS (118 kT) to the silica
surface interactions indicate that the adhesion of both cell types to the silica surface was
unfavorable. This was expected because the surface of both bacterial cells and silica
surface were negatively charged under most physiological conditions, giving rise to
repulsive electrostatic interactions on close approach. Previous studies reported that
bacterial adhesion to solid surfaces (for instance, sand grains) occurred in the presence of
sizable calculated primary energy barriers up to 1000 kT, likely due to the local surface
charge heterogeneities on collector surfaces, which are not accounted for by classical
DLVO theory **#°1. Additionally, the presence of shear force in both batch and QCM-D

systems in the current study might also contribute to an unfavorable condition for
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bacterial deposition. In the present study, bacterial adhesion occurred under both batch
(Figure 3) and hydrodynamic flow (Figure 4) conditions, suggesting bacterial adhesion
studied here might be attributed to the primary minima. Of note, the secondary minima of
both bacterial strains were around -4.6 kT, which are higher than the average thermal
energy of the Brownian particles themselves (~ 1.5 kT) 2. Thus, deposition in secondary
minima for both strains was not negligible. The depths of primary minima and secondary
minima of both bacteria were close to each other, suggesting that the theoretical DLVO
energy profile (Figure S3) could not explain the observed difference in adhesion abilities
of the two bacterial strains (Figures 3 and 4). The presence of shear force and different
EPS coverage (P. flu CHA19-WS has increased EPS production than P. flu CHAO,
Figure 1) might explain the different adhesion abilities. P. flu CHAO cells with a
hydrodynamic diameter of 1.76 + 0.07 um, corresponding to an equivalent radius of 0.44
um (Table 1), were bigger than P. flu CHA19-WS cells with a hydrodynamic diameter of
1.44 + 0.03 pm, corresponding to an equivalent radius of 0.41 um (Table 1); thus, P. flu
CHADO cells may experience a larger shear force and thus be less easily deposited than P.
flu CHA19-WS cells.

With the addition of CNC, DLVO predicted deep primary minima (-9293 kT for P. flu
CHA19-WS and -3907 kT for P. flu CHAO) and secondary minima (-50 kT for P. flu
CHA19-WS and -20.9 kT for P. flu CHAO) for both bacterial cells to the silica surface,
indicating that more cell deposition was expected than was observed in our adhesion
results. This deviation might be explained by the fact that the larger-sized bacterial
aggregates formed in the presence of CNC could experience reduced convective-diffusive

transport to the solid surface, resulting in their reduced deposition on the surface.
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In the case of CNC particles only, a positive energy barrier about 10 kT was predicted.
Although CNC particles and the silica surface were both negatively charged, it is possible
for some CNC particles to deposit on the silica surface irreversibly in the primary
minimum due to the small primary energy barrier. The QCM-D study showed an obvious
deposition of CNC on the silica surface, and those previously deposited CNC was only
partially removed after Milli-Q water injection (Figure S4), indicating that CNC adhesion
was mainly attributed to the primary minimum, and CNC might also interact with the
silica surface at a small separation distance (around 15 nm), due to the presence of the
reversible secondary minimum (-1.9 kT).

Bacterial cells may also experience steric, hydration, and hydrodynamic forces when
approaching a silica surface. Surface roughness or surface charge heterogeneity !> 127
281 of both bacterial and silica surfaces may represent other explanations for deviation of
the observed bacterial adhesion behaviors from predicted DLVO curves. Furthermore, the
zeta potential of the silica surface might have changed due to the deposition of CNC.
However, it is challenging to evaluate the distribution of CNC on the silica surface, and

the reference zeta potential values used in the classic DLVO interaction calculations are

likely to be inaccurate.

Discussion

Impact of CNC on bacterial aggregation

Our studies showed that CNC particles induce bacterial aggregation mainly through
depletion interactions. Based on the depletion mechanism, the addition of repulsive CNC

particles into a dispersion of bigger colloidal bacterial cells might destabilize the system
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(] Theoretical calculations of the depletion potential W for bacterial cells in the

presence of rod-shaped CNC particles are given as (detailed calculations are provided in
the Supporting Information):

2 LR, h
W(h) ==k, Tp, ——(1-—)° 3
(h) 3B(P,DD( L) 3)

where kg is the Boltzmann constant, T is the absolute temperature, L is the length, D is

the diameter, #r is the volume fraction of rod-shaped particles (CNC particles), R is the
diameter, and h is the surface-to-surface distance of bigger spherical colloidal particles
(bacterial cells). The result indicates that under the test conditions in this study, depletion

aggregation was unlikely to occur due to the low CNC concentration in the system (3.3 %

10 mL-mL™); based on the model prediction, a volume fraction #» of 1 x 10 mL-mL"
is needed for aggregation. There are three possible explanations for the observed
deviation of the aggregation from predicted depletion potentials.

First, the formula (Equation 3) used in the depletion potential calculations is ideal for
large spherical particles in the presence of small, rod-shaped particles, whereas the
bacterial cells in the current study were cylindrically shaped. Second, the deviation might
be explained by the presence of bacterial EPS which could impose polymer-mediated
steric interactions such as polymer bridging that were not considered in the predicted
depletion potentials. Eboigbodin et al. (2005) showed that EPS were involved in a
depletion attractive mechanism, which induced bacterial aggregation and phase
separation of Escherichia coli cells. Previous studies ** *'! have shown that EPS
surrounding the bacterial cells can trigger a depletion interaction among the bacterial

cells. Repulsive interactions between like-charged bacterial cells can lead to depletion,
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whereas the presence of EPS can impose polymer bridging **!, resulting in more
significant aggregation of the more EPS-covered strain (P. flu CHA19-WS in our study).
As polymer induced forces are sensitive to the ionic strength of the solution P> ¥, the
impact of polymer bridging on bacterial adhesion in the presence of CNC under different
ionic strength conditions should be investigated. Third, the surface charge of bacterial
cells might play an important role in bacterial aggregation *°\. In a previous study [,
CNC induced much more significant aggregation of P. aeruginosa PAOI1 than was
observed in the two P. fluorescens strains in the current study. The P. aeruginosa PAO1
used in the previous study was more negatively charged (-29.84 mV in 10 mM NaCl, pH
6.0—6.2) than the P. fluorescens strains (-18.78 and -16.22 mV for P. flu CHAO and P. flu

CHA19-WS, respectively in 10 mM NaCl, pH 6.0-6.2) used in this study.

Impact of CNC on bacterial initial adhesion

In the presence of CNC, a significant reduction in bacterial initial adhesion on glass
surfaces was observed using both batch and continuous flow methods, suggesting that
CNC is capable of reducing bacterial initial adhesion to a solid surface. It was also
observed that the extent of CNC-induced reduction in bacterial initial adhesion varied
depending on the bacterial surface EPS coverage. There are several potential explanations

for the above observations.

First, compared to single bacterial cells, the larger-sized bacterial aggregates formed in
the presence of CNC could experience reduced convective-diffusive transport to the solid
surface, resulting in their reduced deposition on the surface. Based on the dimensions and

flow rates employed in the QCM-D flow cell, the Pe number was estimated to be 0.001
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(51 indicating that the bacteria in the QCM-D flow cell effectively experienced a

36. 371 Therefore, the decrease in diffusion coefficient

diffusion-dominated flow regime
with increasing colloid size that led to reduced bacterial deposition in the presence of
CNC, could also hold true for the QCM-D flow cell.

The extent of bacterial deposition reduction varied depending on the bacterial surface
EPS coverage. In the presence of CNC, bacteria with more EPS formed relatively larger
flocs compared to bacteria with less EPS (Figures S1 D and B), resulting less bacterial
initial adhesion under both batch (Figure 3) and continuous flow conditions (Figure 4C).

Second, in the presence of CNC, larger bacterial aggregates experience greater shear
force along the solid surface than do nonaggregated cells; an increased shear force might
lead to a greater detachment rate. The shear force under hydrodynamic flow conditions
likely sweeps attached secondary minimum associated bacteria from the system 1%,

Third, adsorption of negatively charged CNC particles on silica surfaces contributes
repulsive electrostatic and steric forces that can reduce the deposition of bacterial cells
and enhance the reentrainment of deposited bacterial cells to the bulk liquid. CNC
adsorption on silica surfaces increased the surface negativity (-42.3 £ 1.07 mV and -36.3
+ 0.15 mV in 10 mM NaCl, pH 6.0-6.2, for CNC and the silica surface, respectively).
Deposition of bacterial cells might be hindered due to the enhanced repulsive forces
between the bacterial cells and the CNC coated silica surfaces. This hypothesis was
supported by our QCM-D study that showed no more bacterial adhesion on CNC coated
silica surface (Figure S4).

Fourth, the presence of CNC may lead to a bacterial EPS conformational change that

inhibits EPS interaction with solid surfaces. Chen and colleagues ! reported that due to
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the presence of certain ions, bacterial surface polymers may become more rigid and thus
be inhibited from interacting with a quartz surface. This rigidity minimized the ability of
the polymers to reconform to and interact directly with a solid surface. In our study, the
antibacterial adhesion effects of CNC were more pronounced for bacterial cells with
greater EPS coverage, indicating that EPS play a significant role in controlling bacterial
interactions with CNC and other bacteria. However, further experiments that test the
impact of CNC on bacterial surface polymers are needed to evaluate this hypothesis.
Other potential mechanisms should also be considered. For instance, with an increase
of bacterial size, gravitational settling probably increases resulting in more bacterial
deposition on silica surfaces. A previous study showed that gravitational dominance can
be expected for particles greater than 1 pum in diameter P*). In the present study, the
equivalent spherical diameter of bacterial cells increased from ~ 0.8 um in the absence of
CNC to 4 um and 9 pm in the presence of CNC for P. flu CHAO and P. flu CHA19-WS,
respectively. Our results indicate that gravitational sedimentation did not play a
significant role in controlling bacterial initial adhesion under the conditions in this study.
Other interaction forces, such as the shear force may play a more important role and lead
to reduced bacterial adhesion in the presence of CNC. Further research on the impact of
flow conditions (such as flow rate) and physicochemical factors (such as pH and ionic
strength) on bacterial adhesion in the presence of CNC will provide better understanding

of the mechanisms in CNC-reduced bacterial initial adhesion.
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Conclusion

This study indicates that CNC can induce bacterial aggregation, and thus inhibit
subsequent bacterial initial adhesion on solid surfaces. Under the batch and
hydrodynamic flow conditions applied, the effect of CNC on bacterial aggregation caused
a significant reduction in bacterial initial adhesion to silica surfaces. Thus, CNC might be
an excellent candidate for creation and manipulation of bacterial flocs and for preventing
bacterial initial adhesion and subsequent biofilm development. Artificial formation of
bioflocs and control of the development of biofilms are of interest in many applications

involving biodegradation or bioremediation *%),
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Figure 1 Representative SEM micrographs of (A) P. flu CHAO and (B) P. flu CHA19-WS

P. flu CHAO : P. flu CHA19-WS
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Figure 3 Enumeration of batch bacterial adhesion studies. Each data point represents the
average of three measurements for one sample. Error bars represent the standard

deviation.
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Figure 4 Representative QCM-D adhesion results (The frequency change AF and
dissipation change AD responses for the adsorption of CNC, bacteria with CNC and
bacteria respectively obtained from QCM-D measurements. Solutions were sequentially
pumped through the SiO; sensor surface in the following order: 10 mM NaCl (0-10 min,
flat line in the figure), samples (CNC, mixture of bacteria and CNC, bacteria) in 10 mM
NaCl (starting from the arrowed position), and 10 mM NaCl (starting from the arrowed
position) at 0.15 mL/min.) (A) Adsorption profile of P. flu CHAO with and without CNC;
(B) Adsorption profile of P. flu CHA19-WS with and without CNC; (C) Cell density
(cells/cm®) on silica surface after QCM-D adhesion experiments. Each data point
represents the average of three measurements for one sample. Error bars represent the

standard deviation.
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Table 1 Key parameters used in DLVO calculations and interaction energies as calculated by

DLVO theory
Size®(um)
Equivalent Zeta potential”® D min’ D Donin”
Sample DLS Radii (mV) (kT) (kT) (kT)
P. flu CHAO 1.76+0.07 0.44 -18.78+1.31 -860 202 -4.6
P. flu CHAO+CNC N/A 2.0 -18.78+1.31 -3907 920 -20.9
P. flu CHA19-WS 1.44+0.03 0.41 -16.22+0.89 -847 118 -4.6
P. flu CHA19-WS+CNC N/A 4.5 -16.22+0.89 -9293 1299 -50
CNC 0.114+0.002 0.020 -42.30+1.07 -319.0 10.0 -1.9

a. The average particle hydrodynamic size, determined by DLS.

Note: aggregates size of P. flu CHAO, and P. flu CHA19-WS after addition of CNC was
determined by microscopy.

Zeta potential was tested in 10 mM NaCl solution (pH 6.0-6.2).

The depth of the primary energy minimum, calculated by DLVO theory.

The height of the primary energy barrier, calculated by DLVO theory.

The depth of the secondary energy minimum, calculated by DLVO theory.
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