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Abstract

Upon release to the environment, engineered nanoparticles (ENPs) undergo several chemical, physical
and biological transformations that may affect their fate, transport, and bioavailability. The impact of
ENP transformations (e.g., coating with natural organic matter or heteroaggregation with natural
colloids) on ENP fate and transport has been systematically examined; however, the influence of soil
enzymes that are ubiquitous in soils has not been considered. In this study, we examined the effect of
a model extracellular soil enzyme (cellulase) — either free in an artificial porewater or adsorbed on a
model aquifer grain (silica) surface — on the deposition kinetics of polyethylene glycol-coated titanium
dioxide nanoparticles (PEG-nTiO,). A quartz crystal microbalance with dissipation monitoring
(QCM-D) was used to study the interaction of PEG-nTiO, with bare and cellulase-coated silica
surfaces as well as in the presence of free cellulase over a range of sodium chloride concentrations.
Significant reduction in PEG-nTiO, deposition rates was observed in the presence of cellulase
indicative of strong repulsive interactions between the nanoparticles and the layer of cellulase adsorbed
on the silica surface. QCM-D observations were supported by measurements of the PEG-nTiO,-
surface interaction energies using an optical NanoTweezer apparatus revealing more repulsive particle-
surface interaction energies for the cellulase-coated silica. QCM-D measurements also indicated
formation of more viscoelastic films in the presence of cellulase compared to bare silica except at the
lowest ionic strength (IS) studied (10 mM NaCl). Overall, this work shows the potential for increased
mobility of ENPs in subsurface environments in the presence of extracellular soil enzymes, motivating
the need for further studies on the fate and behaviour of ENPs in the presence of these ubiquitous

biomolecules.
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1. Introduction

Nanoscale titanium dioxide particles (nTiO,) are used in the manufacture of consumer products such
as cosmetics and paints for their ability to absorb UV radiation.! Also, nTiO, possesses photocatalytic
properties which make it suitable for industrial applications such as self-cleaning surfaces.” * The
increased use and production of nTiO, increases the likelihood of its release into the environment.
Studies have predicted that nTiO, particles are likely to be found in concentrations up to 21 ng L' in
surface waters, 4 pug L7 in sewage treatment effluents and 89 pg kg” in sludge treated soils.” * In
particular, Kaegi et al. demonstrated the release of nTiO, from the exterior facade of buildings into

the aquatic environment at concentrations as high as 600 pg L.

The fate and behaviour of ENPs, such as nTiO;, in aquatic environments are of growing interest due
to their potential environmental and public health risks.® Upon release into the environment, ENPs
undergo several chemical, physical and biological transformations that may affect their environmental
fate, transport, and bioavailability.”” In natural soils and groundwater, particle-specific properties such
as size, shape, chemical composition, surface charge and coating, and porewater chemistry (e.g., pH,
ionic strength, ionic composition, and natural organic matter content) determine the aggregation and
deposition behaviour of these particles.'' In these environments, naturally occurring particles (e.g.,
clays, silicates) and organic macromolecules are pervasive;'> '* thus, there is a strong likelihood for
interaction of ENPs with these particles and macromolecules. Several researchers have studied the
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adsorption of natural organic matter such as humic and fulvic acids on nTiO,">'® showing their effect

on particle stability. The effect of natural colloids such as silicates and phosphates has also been
examined.'” ?* Although proteins make up a significant fraction (approximately 30% by weight*">*?)
of soil macromolecules, little is known about their potential influence on ENP properties and

environmental behaviour.

Soil microorganisms such as bacteria, fungi and protozoa produce and secrete a range of extracellular
enzymes, including oxidases, phosphatases, proteases and cellulases.”** These proteins may
subsequently be adsorbed onto the surfaces of sediment or aquifer grains forming surface
heterogeneities that may influence particle deposition and retention.” Proteins may also remain in the
porewater where they can interact with suspended ENPs, and form a protein corona, thereby
influencing ENP aggregation and deposition behaviour.””?? Few studies have examined the adsorption
of human serum proteins onto the surface of nTiO, and characterized the protein corona that is
composed of a hard core of strongly bound proteins and a soft outer layer of diffusing molecules.>**
However, little is known about the interaction of environmental proteins with ENPs and its potential

impact on the fate of ENPs.

Cellulases are a group of hydrolytic enzymes produced and secreted by soil microbes to decompose

cellulose into oligosaccharides, cellobiose and glucose.?® In order to hydrolyze and metabolize cellulose,



microorganisms secrete cellulases that are either free or cell-surface bound.*®* The molecular mass of
cellulases is dependent on their source and can span a wide range. Molecular weight of fungal cellulases
ranges from 30 kDa to 250 kDa.”® Cellulases are modular proteins that contain noncatalytic
carbohydrate-binding modules and/or other functionally known or unknown modules that may be
located at the N- or C-terminus of a catalytic module.?* * They are known to sorb onto the surface of
clays and humics in soil environments.** % Also, studies have shown that cellulases can be immobilized
onto silica.’® ¥ Aspergillus spp. fungi which are highly efficient producers of extracellular enzymes are
present in nearly all soils and other natural habitats.*’ The protein secretion level observed in Aspergillus
niger is reported to be up to 20 g/L.' Therefore, Aspergillus niger cellulase was used as a model

extracellular enzyme for the purpose of this study.

The objective of this study was to investigate the influence of a common extracellular soil enzyme
(cellulase), either suspended (free) in an artificial porewater or adsorbed on a model aquifer grain
(silica) surface, on the deposition kinetics of polyethylene-glycol (PEG)-coated nTiO, (PEG-nTiO,).
Cellulases are a group of hydrolytic enzymes produced and secreted by soil microbes to decompose
cellulose. A quartz crystal microbalance with dissipation monitoring (QCM-D) was used to study the
interaction of PEG-nTiO,with a bare silica surface, silica pre-coated with cellulase and in the presence
of free cellulase over a range of NaCl concentrations. The deposition kinetics of PEG-nTiO; onto the
bare and cellulase-coated silica surfaces are compared and the potential influence of cellulase on the
fate and behaviour of PEG-nTiO; in aquatic environments is discussed. To support interpretation of
the QCM-D measurements, a NanoTweezer apparatus was used to characterize nanoparticle-surface

interaction energies in the presence and absence of cellulase.



2. Materials and Methods
2.1 Preparation of Nanoparticle Suspensions

21 nm PEG-nTiO; were synthesized using a modified catalytic chain transfer and thiol-ene chemistry
as detailed in the Supplementary Information.*? The scheme for the surface modification of the nTiO,

is shown in Figure S1 of the Supplementary Information.

A stock suspension of 20 g/L PEG-nTiO, (21 nm) was prepared by suspending the PEG-nTiO, in
vacuum filtered (0.22 pm cellulose cetate filter, Fisher) deionized (DI) water and kept refrigerated at
4 °C in the dark.”® Prior to each experiment, suspensions of PEG-nTiO, were prepared by diluting the
stock suspension in NaCl solutions at different salt concentrations (IS = 1-300 mM), mixed using a
vortex mixer set at high speed and the pH adjusted to 5.5+0.1 using NaOH. Analytical grade chemicals

(Fisher) were used.
2.2 Preparation of Cellulase Suspension

A stock suspension of 1000 ppm cellulase was prepared by dissolving powdered cellulase (Aspergillus
niger, 20.3 units/mg solid, Sigma Aldrich) in vacuum filtered (0.22 pm cellulose acetate filter, Fisher)
DI water and kept refrigerated at 4 °C in the dark overnight. Prior to each experiment, a working
suspension of cellulase (150 ppm) was prepared by diluting the stock suspension in NaCl solutions
(artificial porewaters) at different salt concentrations (IS 1-300 mM), mixed using a vortex mixer set
at high speed and the pH adjusted to 5.5+0.1 using NaOH. The concentration of cellulase was selected

to correspond to estimated levels in natural soils. #1445

2.3 Nanoparticle Characterization

Dynamic light scattering (DLS; Zetasizer Nano ZS, Malvern) was used to measure the hydrodynamic
diameters of the PEG-nTiO; suspended in the artificial porewaters. These measurements were done
using three different samples. Laser Doppler velocimetry (Zetasizer Nano ZS; Malvern) was used to
characterize the electrophoretic mobility (EPM) of the nanoparticles within the range of IS tested.
Triplicate measurements were made using a dip cell at 20 °C + 0.2 °C. An electric field 0f 4.9 £ 0.1 V
m™ was applied. Measured EPMs were converted to zeta potentials using the Smoluchowski

equation.”

Transmission electron microscopy (TEM) was used to image and measure the size of the PEG-nTiO,
nanoparticles suspended in DI water. 10 pL drop of PEG-nTiO; suspension was placed on a glow-
discharged carbon coated copper grid and allowed to dry for about 5 min. The grid was then washed
thrice by placing on drops of DI water for 10 s and the excess water removed by touching the grid to
a filter paper. The grid was then negative stained using 2% uranyl acetate and the excess stain removed

after 10 s by touching the edge of the grid to a filter paper. The grid was subsequently dried at room



temperature before loading into the TEM specimen holder. All samples were examined using a FEI
Tecnai 120 kV TEM and images were captured using a Gatan Ultrascan 4000 4k x 4k CCD camera.
Image ] was used to obtain the particle size distribution by measuring a total of 350 particles from

micrographs obtained from 3 different TEM grids.
2.4 Quartz Crystal Microbalance with Dissipation Monitoring (QCM-D)

The deposition kinetics of PEG-nTiO; onto bare and cellulase-coated silica were measured using a Q-
Sense AB E4 unit with 5 MHz AT-cut crystals having a silica-coated surface (QSX303, Q-Sense).
Injected suspensions flow parallel to the flat SiO, surface. Nanoparticle deposition experiments were
conducted in triplicate with changes in the frequency (Af) and energy dissipation (AD) monitored
simultaneously. For all experiments conducted, the flow rate of the background solutions and
nanoparticle suspensions was maintained constant at 50 pL. min™ and the temperature inside the flow
modules was stabilized at 20.00 + 0.02 °C.

Prior to each QCM-D experiment, the crystals were cleaned by soaking in 2% Hellmanex overnight,
rinsed with DI, dried under nitrogen gas and then exposed to UV/ozone treatment for 20 min. For
each experiment, a peristaltic pump (Reglo-Digital IPC-N 4; Ismatec) was first used to inject the
background particle-free artificial porewater (electrolyte) solution until a stable baseline was obtained.
Next, the nanoparticle suspension in the same porewater solution was injected into the measurement
chamber for 20 min. Finally, the porewater solution was flowed through for 15 min. As PEG-nTiO,
deposits on the bare or cellulase-coated silica surface, the increase in mass per unit area (Amy ) of the
crystal surface can be determined from the measured shift in the oscillating frequencies of the crystal

using the Sauerbrey relationship: ¥

1
bmy = —C—Af; (1)

where C=17.7 ng cm™?Hz!is the mass sensitivity constant for a 5 MHz quartz crystal, n is the overtone

number (1, 3, 5, 7, 9) and Af,, is the shift in resonance frequency at overtone number » (Hz).

When the Sauerbrey relation is valid, the rate at which mass is deposited on the silica surface is given

by the rate at which the frequency shift changes with time:

dAfn .
Ta = ~fagope = ~ gt (2) (Hzmin?)



Energy dissipation of the oscillating crystal was measured as the exponentially dissipated sinusoidal
voltage signal over the crystal as a result of switching off the applied voltage to the piezoelectric

oscillator. The D factor was acquired from the Q-Sense software using the equation:

_ Edissipated
ZﬂEstored

(3)

where Egjssipatea is the energy lost during one oscillation cycle and Egtoreq is the total energy stored
in the oscillator. The D factor provides information on the viscoelastic properties of the deposited

layer.

After each experiment, the crystals, chambers and tubing were cleaned with 20 mL of 10 mM NaOH,
10 mL of DI water, 20 mL of 2% Hellmanex (Fisher Scientific) and 30 mL of DI.

In this study, deposition rates of PEG-nTiO; suspended in different concentrations of NaCl at the
different conditions studied were obtained from the initial changes in frequency shifts (Af;,) as a
function of time (eq. 2). The normalized frequency shifts for the third overtone (i.e., Af(3)) were used
to calculate the nanoparticle deposition rates. Also, dissipative energy losses (AD) at each experimental
condition are presented as the ratio —AD 3y /Af(3). This ratio can provide insight into the stiffness of

49, 50

the particle-surface bond,® particle size*”*° and conformation of stabilizing polymeric coatings.”!

2.5 Pre-coating the Silica Surface with Cellulase

For deposition experiments conducted on surfaces pre-coated with A. niger cellulase, the background
artificial porewater solution was flowed across the bare silica surface until a stable baseline was
obtained. Next, 1 mL of enzyme suspension (150 ppm) prepared in the porewater solution was flowed
across the crystal surface to deposit cellulase molecules onto the silica. Finally, the formed cellulase
layer was rinsed with the background artificial porewater solution to remove loosely bound cellulase

molecules until a stable baseline was obtained.
2.6 NanoTweezer Surface Measurements

Interactions of PEG-nTiO, particles with bare and cellulase-coated silica were measured using the
NanoTweezer surface equipment (Optofluidics, Philadelphia, PA). This equipment operates on a
waveguide-based method inspired by the Total Internal Reflection Microscopy (TIRM) technique, in
which light (confined in two dimensions) interacts with a particle attracting it towards a surface.’> An
evanescent field is generated at the interface between the surface and the particles and the particles will
scatter an intensity of light dependent on the position of the particles within the evanescent field.>

The amount of scattered light is measured and used to map a potential well of the interaction. The



TIRM technique has limitations when used to measure smaller particles, as the signal-to-noise ratio
decreases with the size of the particle trapped. The NanoTweezer overcomes these limitations by
confining in two dimensions the light source and the particles in a waveguide structure thereby
increasing the signal-to-noise ratio.” > The NanoTweezer measures the intensity of the scattered light
and correlates it (using confined Brownian motion) to the interaction between the particle and the
surface. The NanoTweezer software uses a Boltzmann inversion (derived from several force and energy

balances)>?

to calculate the equilibrium state (as the most probable state) and compare all other states
to the equilibrium thereby obtaining a potential energy map. It is known that the primary component
of the particle-surface interaction is due to the overlapping of electrical double layers; therefore,

according to the DLVO theory, we have a screened electrostatic interaction, that has the form:

Ui

kb_T = Aesp (4)

where U is the interaction energy, kj, is the Boltzmann constant, 7 is the absolute temperature, z is
the distance between the nanoparticle and the surface, Ap is the Debye screening length, and 4 is a

parameter related to steric and electrostatic interactions.>

In the NanoTweezer (Figure S2), the uniform laminar flow of suspensions through a silica chip is
controlled using an in-line flow sensor and a PID feed control loop. A laser is aligned to a waveguide
in which it is confined in two dimensions. Particles passing by the waveguide are trapped by the
evanescent field and moved along the waveguide by optical forces.* The scattering of light generated

by this interaction is recorded with a CMOS camera.

To measure particle-surface interactions of PEG-nTiO, with cellulase-coated silica, 0.12 mL of a 150
ppm cellulase suspension was initially flowed through the chip at 4 pL min™ for 30 min. Videos were
taken during flow of free cellulase in the chip to confirm that cellulase molecules do not scatter
significant light themselves. Next, 60 uL of electrolyte was flowed through at 4 pL min™ for 15 min
to remove loosely bound cellulase, and once again, videos were recorded as an additional control
treatment. To measure the interaction between the silica surface (bare and cellulase-coated) and the
particles, the particle suspension was flowed at 0.1 pL. min™ through the chip and the laser power was
adjusted to capture the particles. The laser power required is dependent on the IS of the sample (5—
12.5 mV for the IS range tested). The salt concentrations used in the NanoTweezer experiments were
much lower (0.5-1.5 mM NaCl) than those used in the QCM-D experiments. Attempts to measure
particle-surface interaction energies at higher NaCl concentrations were unsuccessful due to rapid
particle deposition onto the waveguide surface in the presence of weak repulsive interactions. Thus,
one limitation of the NanoTweezer is that measurements are restricted to conditions where repulsive
interactions dominate. Sixty videos of each sample were taken, tracking at least 60 particles per

experiment and a minimum of 3000 measurements/ particle was applied.



The raw data collected by the NanoTweezer are in the form of high speed images which in sequence
form a high-resolution video in which the movement of the particles can be observed. With the
information obtained from the videos recorded, parameters A and Ap in eq. 4 were calculated for each
particle-surface combination. These parameters were calculated with the NanoTweezer software by
using a Boltzmann inversion that calculates the energy equilibrium states of each tracked particle, and
then compares these states to all other energy states; this forms an energy map for each specific tracked
particle. The average of all the particles tracked in the same experiment forms the energy map that

describes the particle interaction at the specific conditions of the experiment.

3. Results
3.1 Nanoparticle characterization

Size and EPM measurements of PEG-nTiO, suspended in different NaCl solutions at pH 5.5+0.1
were performed prior to each QCM-D experiment. EPM measurements were subsequently converted
to zeta potentials. From the data presented in Figure 1, it can be seen that in the presence and absence
of cellulase, increase in the IS results in a decrease in the absolute zeta potentials due to compression
of the electrical double layer.”> Also, we observed that at the same IS, the PEG-nTiO; nanoparticles
have more negative zeta potentials in the presence of cellulase than in the absence of cellulase. This
significant decrease in the zeta potentials can be attributed to the adsorption of cellulase onto the
PEG-nTiO; nanoparticles (4. niger cellulase is negatively charged at pH 5.5). This influence of
adsorbed macromolecules such as NOM and proteins on the surface charge of nanoparticles has also

been observed in other studies.’*>8

At lower salt concentrations (3—100 mM NaCl), in the presence of cellulase, smaller hydrodynamic
sizes were obtained compared to the size in the absence of cellulase. This can be attributed to
stabilization of the nanoparticles by the cellulase molecules adsorbed on the particle surface. However,
at higher salt concentrations, the particles have comparable zeta potentials in the presence and absence
of cellulase resulting in similar hydrodynamic sizes. This may be due to a combination of factors
including denaturing of cellulase that occurs at these high salt concentrations, compression of the
electrical double layer at the cellulase-coated particle surface, and/or compression of the enzyme

molecule thereby eliminating any steric stabilizing effect of adsorbed cellulase.

TEM imaging of the PEG-nTiO, nanoparticles (Figure 2a) shows that the particles are polydisperse
and mainly spherical. The diameter of each of the 350 particles was determined from the TEM images
as analyzed by Image] software. The size distribution of the 350 nanoparticles is shown in Figure 2b
with the sample studied consisting mostly of small particles (- 30 nm) and few aggregates between 50

and 100 nm in size. DLS size measurements are significantly different from the size obtained by TEM
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because they are strongly influenced by the presence of aggregates (the scattering intensity of the

particles is roughly proportional to o).
3.2 Pre-coating the silica surface with cellulase

Flowing a suspension of cellulase (in NaCl solution) across the silica-coated crystal resulted in sharp
frequency shifts (4/) indicative of a fast deposition of cellulase onto the silica surface (Figure S2). The
energy dissipation shifts (AD) obtained indicated the formation of a rigid layer of cellulase on the silica
surface; namely, the ratio —AD 3 /Af (3) for the cellulase film on silica was less than the empirical
limit, suggested by the manufacturer of QCM-D (Q-Sense)®’, of 1 x 107 for a rigid film at all IS
tested (Table S1). Upon rinsing the formed cellulase layer with the background artificial porewater, a
stable baseline was obtained indicating that the cellulase film is firmly bound to the crystal surface.
Representative measurements of the frequency and energy dissipation shifts obtained during the pre-

coating of silica surface with cellulase are presented in Figure S3.
3.3 PEG-nTiO; deposition on bare and cellulase-coated silica

The deposition rates of PEG-nTiO, onto bare silica over a range of NaCl concentrations are presented
in Figure 3a. Representative frequency shift measurements obtained during the deposition of PEG-
nTiO, on bare and cellulase-coated silica are presented in Figure S4 and Figure S5. At low salt
concentrations (10 — 60 mM NaCl), in the absence of cellulase, repulsive electrostatic interactions
dominate between the negatively charged PEG-nTiO; and the negatively charged bare silica surface,
resulting in unfavourable deposition of PEG-nTiO, under these conditions. This is consistent with
behaviour observed in other deposition studies with fullerene, TiO,, silicon nanocrystals (Si-NCs),
quantum dots and CeO; nanoparticles in which unfavourable deposition conditions were observed at
low IS.% % 9. 61-6A5 IS increases, the degree of charge screening and double layer compression of the
nanoparticles and silica surface increases resulting in higher deposition kinetics due to reduced
repulsive forces. This is also consistent with previous studies in which increase in deposition rates was
observed with increase in IS for unfavourable deposition conditions. ® ' '% 6 Also, changes in the
energy dissipated with time (Figure 3b) can be used to determine the rate of particle deposition as the

deposition of each particle yields an energy loss which is reflected in D.*> % Comparison of Figures 3a

and 3b shows similar trends in dAf;/dt and dAD3/dk.

Deposition rates of PEG-nTiO, onto cellulase-coated silica over a range of NaCl concentrations are
also presented in Figure 3a. These experiments show that interactions between the PEG-nTiO; and
the cellulase-coated silica play a significant role in the particle deposition behaviour. In the absence of
free cellulase in the solution, the deposition rate of PEG-TiO, onto cellulase-coated silica is
significantly lower than that on bare silica. Similar trend was obtained in the measurements of dAD3/dt

(Figure 3b). The layer of cellulase molecules formed on the silica surface hindered the deposition of
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PEG-nTiO; likely via electrosteric repulsion. Although it is not straightforward to compare the effect
of the cellulase protein with that of a very differently structured organic macromolecule, this result is
qualitatively in agreement with a previous study in which deposition of fullerene nanoparticles (NaCl,
pH 5.5) onto humic acid-coated and alginate-coated silica surfaces resulted in significantly lower
deposition rates (up to 1 order of magnitude) due to steric repulsion compared to deposition onto bare
silica surface.® Also, a similar trend was observed in a study on the deposition of zinc oxide

nanoparticles onto Suwannee River humic acid-coated silica surface.®’

The ratio —AD 3)/Af(3) provides insight into the rigidity of the deposited layer of particles and was
calculated for each experimental condition (Figure 4). The calculated —AD 3)/Af(3) ratios indicate
that slightly viscoelastic nanoparticle films are formed on the bare silica at all IS (i.e., —=AD 3)/Af(3) >
107). This is consistent with other studies in which polyacrylic-acid coated quantum dots and silicon
nanocrystals capped with organic acids of varying alkyl-chain length formed viscoelastic layers.”> ®The
nanoparticle films on the cellulase-coated silica are also mostly viscoelastic (Figure 4), and, in general,
more so than the films formed on the bare silica (except at 10 mM NaCl). The behaviour of PEG-
nTiO; observed at 10 mM NaCl can be attributed to the cellulase molecules on the silica surface. At
10 mM NaCl, as the particles approach the cellulase film, changes in the conformation of the cellulase
molecules in the soft film creates a larger contact area for particle attachment. This results in a more
rigid attachment of the particles onto the cellulase-coated silica compared to the bare silica at this low
IS. This is qualitatively in agreement with a study by Olsson et al. in which it was determined that the
presence of ligand-receptor interactions develops softer interfaces that yield stiffer bonds due to
increased contact areas.®® Olsson et al. suggest that a soft biotinylated polyethylene glycol (PEG) layer
deposited onto a silica surface was deformed upon approach of silica particles thereby creating a larger
contact area upon adhesion of the particles as compared to that of the bare silica surface thus yielding
a more rigid attachment of the silica particles. As IS increases up to 100 mM NaCl, values of the
—AD 3y/Af(3) ratio tend to increase for deposition onto the cellulase-coated silica indicative of the
formation of a more viscoelastic film of nanoparticles compared to films deposited on the bare silica.
This suggests a change in the conformation of the cellulase molecules which makes the layer of cellulase
molecules “less soft”. Neutral salts such as NaCl can significantly impact the conformational stability
of macromolecules such as cellulase due to the effect on the hydrophobic side chains on the interior
of proteins.””7! Salts have been shown to induce a change in the solvent structure of the proteins
thereby altering the thermodynamic equilibrium of the folded native structure of the protein.®” Thus,
the PEG-nTiO; particles deposit with a less stiff bond at this IS range compared to the lower IS. At
the highest IS of 300 mM NaCl, it is likely that denaturing of the protein leads to a collapse of the
cellulase molecules.”” This results in a more rigid binding of the particles to the cellulase-coated surface
at the highest IS tested. The relatively large AD; values indicate that the Sauerbrey equation (eq. 2)

would underestimate the mass of deposited particles from the Af; measurements. Thus, for the
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purposes of this study, the particle deposition rates are reported in terms of the initial slope of the

frequency shift as a function of time.
3.4 PEG-nTiO; deposition on cellulase-coated silica in the presence of suspended cellulase

A third series of experiments was conducted whereby the system was made more complex by addition
of free cellulase in the background porewater solution used to suspend PEG-nTiO,. Preliminary
experiments were conducted to establish the extent of deposition of the suspended cellulase onto a
silica surface pre-coated with cellulase in the absence of nanoparticles over a range of IS. Depending
on the salt concentration, frequency shifts ranging from 2 to 4 Hz were observed when a 1 mL
suspension of cellulase molecules (150 ppm) was introduced into the QCM-D chamber. These control
experiments indicate little adsorption of free cellulase onto the layer of cellulase already formed on the
silica surface. Therefore, in calculating the initial deposition rates of PEG-nTiO; in the presence of
free (suspended) and pre-adsorbed cellulase, the Af; contribution associated with deposition of
cellulase at each IS was accounted for by subtracting the respective Af3 values. Attempts to quantify
the amount of cellulase adsorbed onto the PEG-nTiO; particles using a colorimetric protein assay were
unsuccessful.

Nanoparticle deposition experiments were performed by introducing a suspension of PEG-nTiO, +
free cellulase into the chamber holding a cellulase-coated silica crystal. In these experiments, the PEG-
nTiO; particle deposition rate was lower than that measured on both bare and cellulase-coated silica
in the absence of free cellulase (Figures 3a and 3b). This is most likely due to improved electrosteric
stabilization of PEG-nTiO; as a result of adsorption of cellulase onto the PEG-nTiO; surface and
interaction of these coated particles with the adsorbed cellulase layer on the silica surface. This is
consistent with the trend observed in a study on the deposition of fullerene nanoparticles in the
presence of background humic acid on humic acid-coated silica surface in which it was observed that
adsorption of humic acid on the fullerene nanoparticles resulted in a greater steric stabilization on top
of the humic acid layer on the silica surface yielding a decrease in attachment efficiency.® This is also
consistent with the zeta potential measurements whereby the nanoparticles are more negatively
charged in the presence of free cellulase (Figure 1).

Calculated —AD (3y/Af(3) ratios for experiments conducted with cellulase in suspension are the same
as those measured in the absence of free cellulase onto cellulase-coated silica (Figure 4). This suggests
that although fewer particles are deposited onto the cellulase-coated silica in the presence of free
cellulase (Figure 3b), the viscoelasticity of the deposited PEG-nTiO; films on the cellulase-coated silica
is the same both in the presence and absence of free cellulase and similar energy is dissipated upon

deposition.

3.5 Measuring nanoparticle—surface interactions using an optical NanoTweezer
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Figure 5 shows the interaction energy measurements that illustrate the extent of repulsion the particles
experience when approaching the bare or cellulase-coated silica surface as a function of separation
distance between the particle and the surface. The repulsive energy increases exponentially as the
particle gets closer to the silica surface. In Figure 5a, for the bare silica surface, it can be observed that
the extent of repulsion decreases with increasing salt concentration (at a given separation distance). A
similar trend is observed in Figure 5b for the cellulase-coated silica surface. Figures 5c¢, 5d, and 5e,
show a comparison of measurements carried out with bare and cellulase-coated silica at a given IS. The
general trend observed is that the PEG-nTiO; particles encounter a lower repulsive energy when they

approach the bare silica compared to the cellulase-coated silica (at a given separation distance).

Eq. 4 describes the interaction energy curves shown in Figure 5, and the values for 4, a parameter
related to steric and electrostatic interactions, and Ap, the Debye length, can be determined by fitting
the experimental data. The laser power necessary to trap PEG-nTiO; particles interacting with a bare
or cellulase-coated silica surface and the corresponding calculated parameters that describe the
potential energy maps are shown in Table 1.

Results shown in Table 1 for the calculated Ap show that there is no statistically significant difference
in Debye screening when comparing bare and cellulase-coated silica for the three IS tested.
Nonetheless, we note a trend whereby A values are larger for the cellulase-coated surface, implying
that the particles start to interact with the coated surfaces at greater distances. In addition, it can be
observed that the calculated A is statistically larger when the particle is interacting with a cellulase-
coated silica, when comparing measurements obtained at the same IS. A is a parameter related to the
steric and electrostatic interactions hence, this indicates that greater repulsive forces are present when
the silica is coated with cellulase. The combination of both effects (higher electrosteric repulsion forces
and similar Debye lengths) will result in the particle being repelled to a greater extent upon approach
to the cellulase-coated surface than the bare surface. The NanoTweezer measurements complement
the QCM-D experiments as they were conducted at lower IS (where QCM-D could not detect
deposition) and therefore contribute to understanding the interactions between the particles and the
surface over a wider range of conditions. The trends in the NanoTweezer measurements support the
observations made in the QCM-D deposition experiments whereby more favourable interaction is

observed with the bare silica than the cellulase-coated silica.
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4. Conclusion

QCM-D was used to investigate the effect of cellulase on the deposition of PEG-nTiO; onto silica
surfaces. The presence of cellulase whether pre-coated onto the silica surface or suspended in the
background porewater solution resulted in significant reduction in deposition rates indicative of strong
repulsive interactions between the particles and the layer of cellulase adsorbed on the silica surface. At
all conditions examined, there was an increase in deposition rates with increase in solution IS due to
weaker repulsive particle-surface electrostatic interactions with increasing salt concentration. Ratios of
the dissipation shift to the frequency shift also gave insight into the rigidity of the deposited films.
Except at the lowest IS studied (10 mM NaCl), more viscoelastic films were formed in the presence of

cellulase compared to the films deposited on bare silica.

In many subsurface environments, extracellular soil enzymes may be present in the porewater as well
as on the surface of soil or aquifer grains and suspended particles. The results of this study suggest that
the presence of proteins such as extracellular cellulase may hinder the aggregation and deposition of
ENPs thereby impacting their mobility in natural environments. Thus, the impact of extracellular soil

proteins should be considered alongside other organic macromolecules such as humic and fulvic acids
in the study of the fate and behaviour of ENDs.
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Figure 1. (a) Hydrodynamic diameter and (b) zeta potential of PEG-nTiO5 as a function of salt concentration
in the presence and absence of cellulase. Each data point represents the mean of at least triplicate measurements

at the same experimental condition with error bars representing 95% confidence intervals. Dashed lines are

included as eye guides only.
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Figure 3. Average deposition rates determined from (a) -dAf,,/ dt and (B) dAD,,/ dt measurements for PEG-
nTiO; suspended in NaCl at different salt concentrations (pH 5.5 + 0.1) and different silica surface conditions
determined from the 3™ overtone measurements. Each data point represents the mean of triplicate

measurements at the same experimental condition with error bars representing 95% confidence interval.

10° 5 T
‘_A
‘N
L 6
' 10 - -
D 2 9
(5™
g i v 5
a © o o
? 10'7- .......................................................... e o
? o baresilica
e cellulase-coated silica
= cellulase-coated silica
with free cellulase
10° Loy

10 1(I)O 1000
ionic strength (mM NacCl)

Figure 4. Ratio of —AD3)/Af(3) as a function of IS at all experimental conditions studied. The dotted line
represents the limit of applicability for the Sauerbrey model as per Q-Sense.** Each data point represents the
mean of triplicate measurements at the same experimental conditions with error bars representing 95%

confidence interval.
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Figure 5. Interaction energy profiles for PEG-nTiO; interactions with (a) bare silica surface over an IS range
of 0.5 — 1.5 mM NaCl, (b) cellulase-coated silica surface over an IS range of 0.5 — 1.5 mM NaCl, (c) bare and

cellulase-coated silica surface at 0.5 mM NaCl, (d) bare and cellulase-coated silica surface at 1.0 mM NaCl (e)

bare and cellulase-coated silica surface at 1.5 mM NaCl.

Table 1. Laser power required to trap particles at different conditions and calculated 4 and Ap parameters

Laser power

Calculated Ap

- Salt
sonies | s | Totelor | Clotiata | ooz
(mM NacCl) g
(mV) (nm)
0.5 10 9.6+0.8 79423
bare silica 1 10 6.6+1.2 9.1+2.2
15 7 3.540.7 9.1£2.38
0.5 12.5 17.9+1.1 126+2.8
ce"“'afl‘?'wated 1 11 11.0+0.7 13.0+2.0
S 15 5.5 103£1.2 14.6 2.9




